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Preface

Since 1961 the author has taught a course mn Cytogenetics at
Montana State Unwversity Undergraduate and graduate stu

dents of Biclogy Chemistry Micromology Ammal and Range
Science, Plant and Sor! Scrence, Plant Pathology and Vetennary
Science are enrolled Therefore the subject matter has been pre

sented 1n an ntegrated way to correlate 1t with these diverse
disciplines This book has been prepared as a text for this course
The most recent Cytogenetics text was published 1n 1972, and
rapdly developing research i this field makes a new one
urgently needed

This book ncludes many aspects of Cytogenetics and related
fields and 15 wnitten for the college student as well as for the
researcher It 1s recommended that the student should have
taken preparatory courses m Principles of Genetics and Cytol

ogy The content 1s more than is usually taught during one quar-
ter of an academc year, thus allowmng an mstructor to choose
what he or she would hike to present to a class This approach
also allows the researcher ta obtam 2 broad exposure to this field
of biclogy References are generausly supplied to stmulate orig-
mal reading on the subject and to give access to valuable
sources The detailed mdex 1s intended to be of special assistance
to researchers

Indwidual chapters were carefully reviewed and constructively
enticized by Drs PENELOPE ALLDERDICE {Memonal Umversity,
New Foundland, Canada), CHarLES Burnnaw (Unverstty of
Minnesota), STepnaN Cuarvian (Clemson Unmiversity, South
Carohna) DoueLas Dewey {(USDA, SEA, Utah State Univer-
sity), FRIEDRICH ERRENDORFER {Untversity of Vienna, Aus-
tna), FRED ELLioTT (Michigan State University), STEVE FRAN

SEN {South Dakota State University), WERNER GOTTSCHALK
{University of Bonn, Fed Rep of Germany), WAYNE HANNA
(Georgia Costal Plain Expeniment Station), M L H KauL
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(Unnersity of Bonn, Fed Rep of Germany), ALEXANDER
Micke (International Atormic Encrgy Agency, Vienna, Aus-
tra), RosaLinD Morris (Umwversity of Nebraska), ROBERT
NiLan (Washington State Unnersity), Puittip PALLISTER
(Shodair Hospital, Helena, Montana), Rare Ritev (Plant
Breeding Institute, Cambnidge, Great Britain), OweN ROGERS
(Unnersity of New Hampshire), VAL SaPRA (Alabama A and
M Umversity}, ERNEST Sears (USDA, SEA, Unnersity of
Missoun), ROBERT Snerwoop (USDA, SEA. Pennsyhama
State Universtty), RoBerT So0sT (Unnversity of Californta,
Riverside) G LEDYARD STEBBINS, Jr (Unnversity of Califorma,
Davis) J SyBenGa (Agncultural Unnersity, Wageningen,
Netherlands) Tanumt Tsuchiva (Colorado State Unnersity),
BRuCE Young (USDA, SEA, Grassland Forage Research Cen-
ter Temple, Texas), Cueng Yu (Lousiana State Unnersity
Medical Center) Davip CAMERON, HELEN CAMERON, THOMAS
CARROLL, ScOTT COOPER, EUGENE HOCKETT, ERHARD HEHN,
HoMER METCALF, PIERCE MULLEN, JouN RUMELY, Davio
ShAAR, ERnesT VYSE, and GuyLyN WARREN (Montana State
Unnersity) 1appreciate the efforts of all these sctentists, many
of whose suggestions have been incorporated 1nto the text How-
ever, | am aware that continued smprovement 1s always possible
and 1 will therefore, be grateful for further corrections and
suggestions

T also thank all others who helped with the ty ping. proofreading,
reviewing and indexing  Finally, I thank my loving family,
RuTh, Ir1s ROSE, HEb1, and CHRISTINA, who. through'their
patience and help, have made this book possible

August, 1980 JURGEN SCHULZ-SCHAEFFER
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Part I Introduction




Chapter 1
History of Cytogenetics*

Many reviews of the history of biology have been written Dafferent approaches
have been used in writing these reviews This 1s not just another hist of dates 1o be
added to the multitude that has already been published Instead, the author pre-
sents some of the people who have contributed to the advancement of a science, the
motn es that led them 1o choose their subject of imeshigation the reasons for choos
1ng those subjects and the prior advances that made their contributions possible
Cytogenetics was developed from two onginally separate sciences—cytology and
geneties Cytogenencs deals winh the study of heredits through the methods of
cytology and genetics The science 1s concerned with the structure number, func
tion and t of and the vanations of these prop-
ertics as they relate to the and exp f the genes
1t also deals with nonchromosomal hereditary factors

To Fully understand the history of cytogenetics one has to look at its roots Con-
sequently this history of cytogeneticsincludes the histories of cytology and genetics
as well as cytogenetics The men who were chosen to be featured 1n this histoncal
sketch made significant contributions to these sciences and, in this sense, represent
mlestones Many other important contributions were made by other men, all of
whom could not be mentioned here

Johannes Sachariassen and Zacharias (1588-1631) Janssen, two Dutch eye-
glass makers, father and son, between the years 1591 and 1608 produced the first

They b o double comex lenses in a
tubc The magnification was rm\ more than ten times, but 1t nevertheless caused
great excitement

Walliam Hanvey (1578-1657) 1n 1651 put forward the concept that all Ining
things including man onginate from eggs and that the semen has a vitahzing rofe
n the reproduction process Harvey was a court physician to King Charles J of
England later he became a professor at Oxford While he was the king’s physicran,
though he once dissected a dae 1n the King’s forests, his privifege as the Ring's
physician He found a fetus 1n the uterus of the doe This mitiated hus interest in
the conception of hfe He eventually dissected more than 80 different species of
animals

*Altered and reprinted with permassion of the publisher from Schalz Schaeficr, 1, 1976

A Short History of Cytogenetics Biol Zentralbl 95193-221
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Since he did rot possess 2 microscope bz was naturzlly unable toobsene theeges
of mammals, but he presupposed ther exssterce on theoretical groerds 2 conclu
5101 that was confirm=d lone afterward Hanvey 2lso deseloped the theory of epr
geresis which states that in the course of embryome deselopmert new structures
2rd orgarisrs deselop from an ongmally undifferentizted mass of Inang matenal

Marcello Malpighi (1628 1694) a professor at Bologna, kaly and later pvate
physician to the Pope discovered the microscopic 2natony of both ammals ard
plants In 1661 be discovered the capllzries in the lunes of 2mmals ard. thus,
completed the story of the arculaion of the blood as told by Hanev He was
imnterested 10 the development of plant seeds the structure of plant stems and
roots 2nd the furction of leaves as well 2s i the anatomy of the silkworm, the

darelopment of the chick embryo and the microscopc structure of glards and
tssues

Robert Hooke (1635-1703) 2n arch as well 2s 2 pist ard the first
curator of the Roval Socrety of London 1n 1665 descnibed cork and otber cells and
introduoed the term cell His was the first drawing ever made of cells
Microscopes at that ime magmified 100 to 200 times with a distortion of shape and
color that increased with magmficanon Nevertheless these mucroscopes revealed
many new things Still 1t was necessary to wait for better lenses to see anything
more Scientists waited for 160 vears, and duning this period they naturally argued
about what thes had seen

Regmer de Graaf (1641 1673) a voung surgeon from Delft, \etberlands 1n
1672 discovered follicles in the human ovary 2nd d-ntified them, mncorrectly as
eggs They were named after him—Graafian follicles He discosered these folli
cles after he obsenved that the progeny of 15 presents ct wstics of
both the mothr 2nd the father- therefore he reasoned, both sexes must transmut
agents of heredity In search of some physical evidence for this observation, he
studied sections of ovaries prepared for exammatien He found that before con
ception there were small watery lumps on the surface of the ovanes He obsened
them first 1n rabbits then in ewes and finallv 1n human beings Although Graaf
&1d not see the cggs 1t now seemed certzin that female mammals and women
produced eggs hike the ones laid by birds or fishes 1t also seemed certain that the
epg contained within itself the role and unn ersal princple of heredity for all hfe
Those who supported this view became known as ovists

Nehemiah Grew (1628-1711) an English phvsician and plant anatormst, worked
with Hooke m London and described bladders and pores 1n wood and pith Grew
was 2n ardent student of plant structure He published two sllustrated volumes on
the microscopic anatomy of plants (1672 1682) In these volumes he advanced
2 theory that the pisul 1n plants corresponds to the female and the stamen with
1ts pollen 1o the male These were the first consistent studies leading to an urder

standing of the reproductne perts of plants In 2ll he published well over one
hundred engravings made from d of what he viewed through s
microscope
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Prerre Loms Moreau de Maupertms (1698 1759) President of Ring Fredenick
the Great s Academy of Sciences m Berlin and a membwr of the Roval Society of
London described an autosomat dominant pattern of mhentance m the polydactvly
of men and discussed a concept of segregation Hus study of human pedigrees was
a novel enterpris at that tme He descnbed this enterprise no less than three dif
ferent imes (1745 1751 and 1752) His studies were also the basts upon which he
founded his theory of the formation of the foetus and the nature of heredity a
theory that brillantly antiupated the discovertes of Mendel and de Vres He
app!l ed the mathematial theory of probabihity to genetics a century before Mendel
and undertook expuriments in ammal breeding to throw hight on hus theores

Toseph Gottlieh Kalreuter (1733 1806) German botaqust duning 1761 1766 pub

lished 1nformation about hybrids between plant varieties that nught resemble one
parcat or the other or present a combination of thetr features Camerarius was the
first to experiment m this held For a aumber of years Rolreuter crossed different
types of tabaceo with one another Later he crossed other plant genera such as
pinks 4quilegia ¥ erbascum and others Onc of his most valuable observations on
reciprocal ¢rosses showed the equality of contributions from the two parents Thus

he provided clear evidence that i reciprocal crosses the hereditary contnibution of
the twa parents to their offspring was equal

Jean Baptiste Prerre \ntoine de Vonet, better known to history as the Chevalier
de Lamarch (1744-1829) was a d scharged licutenant who at the age of fifty was
made professor of zoology 1n Parts France and attained lasting fame despite lus
lack of formal scientific tramng In 1309 he theonzed that species can change
gradually into new ones through a constant strengthening and perfecting of adap
tive characteristics and that these acquired characteristies are transmutted to the
offspring This theory 1s often called Lamarchism He also stated the importance
of the cell n the lving orgamsm

harl Ernst von Baer (1792 1876) a professor at hanigsberg Germany discovered
the mammalian egg and published two famous embryological works (1827 1828)

He found that there are microscopie specks of jelly mside the Graafian follicles on
the surface of the avary of the rahbut. He bad alsa fowd, that thare am vamlax
specks w the oviduct entering the womb He had nightly cancluded that these
specks one erghtiethof a centimeter across which happen to be the largest cells 1n
the body were the female germ cells They were the eggs long ago imagined by
Graaf Butit was not before 1854 that a sperm was seen making its way into the

egg of a frog and it was not until the following year that the same process was
seen 1n various weeds and algae

Robert Brown (1773 1858) a Scottish botarist in 1828 discovered the cell nucleus
in the flowening plant Tradescantia Although he practiced medicine as a surgeon
for five years he later abandoned this and turned hus efforts toward botanscal se1
ences He was libranan 1o the Linnacan Society and curator at the British
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Muscum Hi remarhable account (1828) of the properutes and behavor of the
nucleus stand unmodified and without correction He was a very skillful and careful
obxener He also obsened the random thermal moton of small particles sull
known as Brownisn movement

Hugo von Moh! (1805 1872) a German medical doctor and professor of physiof
aay and later of batany s penerally mentioned as the creator of modern plaat
crtology In 1835 1n hus doctoral dissertation he described cell division and empha
sized the smportance of protoptasm He upheld clearly and comineingly that the
cells an algae and even higher plants anse through partitton walls being formed
between presioushy exising oclls These partition walls he imvestipated and
described with great accuracy

Matthias Jacob Schlerden (1804 1881) 1s credited together with Schwann with
proposing the cell theory, which states that the cell is a umt of biological organt
zation Schleiden studied law and took up practice as an advocate Later he became
a professor of botany at Jena Germany He became famous with the publication
of hus Contributions to Phytogenesis tn 1838 He recognized the importance of
Brown s discovery of the cell nucleus which Brown humself had failed to do and
ought to reconstruct the course of development of the cell for which he wisely
chose the embryontc ccll as the starting point of his study He also discovered 1n
cells the formation of what 1s now known as the nucleolus

Theodor Schwann {1810-1882) a German professor of anatomy began work with
Schieiden s cell formation theory which he accepted in its entirety and expanded
1 1mo a general theory of the basis and orrgin of all hfe phenomena He apphed
Schleiden s discoverses 1n plants to amimals and mvented the term cell theory ;m
1838 however the term s generally atinbuted to Schieiden and Schwann and
dated 1839 Schwann refined this theory in the following way

1 The cell 1s the smallest building element of 2 mult cellular orpanism and 25 3 Lmt 18
ttself an elementary organism

2 Each cell n a multicellular organism has a specific task to accomphish 2nd represents
2 working umt

3 A cell can only be produced from another cell by cell division
Thas concept of the cell as a general unit of hife and as a common basis for the vital

phenomena 1n both the ammal and vegetable kingdoms was immed:ately and um
versally accepted

Rudolf Ludwig Carl % irchow (1821-1902) a German professor of pathological
anatomy was a figure of great importance i the intellectual social and political
history of nieteenth century Europe He confirmed the principle that cells artse
only from preexisung cells which 1s also referred to as the theory of cell meage
Diseases and their causes were the chief objects of Virchow s studies and this led
him to the reahzation of the cells as basic constituents of the organism both m
health and sickness In 1858 he published his Cellular Pathology a theory sdents

Tying the cells as the true causes of disease His observations gave Schlerden and
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Schwann s cell theor 1ts impact in terms of heredity and development for if pres
ent cells have come from preexssting cells then all cells 1race their ancestry back
10 the first cells in an unbroken hine of descent

Gregor Mendel (1822 1884) prelate of an Austrian monastery developed the fun
damental principles of heredity In 1866 he published his famous paper on Exper
iments i Plant Hybridr ation descnibing is garden pea experiments This paper
was the first to come from many years work. and 1t testified to a keen observation
of nature and a thorough grounding 1n mathematical thought His findings were
obscured for many years but finally were rediscovered m 1900

Peas have many advantages for research They are easy to polhinate and to protect
from foresgn pollen “Mendel noted the points of resemblance and difference
between certan saneties and convinced himself of the constancy of several pars
of charactenstics such as the round or wrinkled shape of the seed 1ts yellow or
green color the different colors of the seed pods and the tallness or dwarfness of
1he plants He then studted these charactenstics through several daughter genera
twons of the hybnds He did not merely note the development of the charactenstics
or thewr falure 10 appear in the hybnds but determined the frequency of their
appearance in the progeny resulting from various crosses His counts put the phe
nomena of tmhentance for the first time on 2 numenical basis and the new princt
ples which he eventually resealed became known as Mendel s Laws which are

1 Law of Segregation There are parrs of factors within the sexual organism 2nd one
factor of each pair goes into each mature germ cell Therefore each member of a parr
scgregates from the other i the parent and reumtes 1n the offspring This law deals
with one pair of genes and discusses the behavior of genes or alleles at the same locus
Law of Independent Assortment Eachof the genes segregates from the other and pars
agamin an mdependent fashion thus ging rse to sew combinations of charactenstics
This Jaw deals sith 1%0 or more pairs of genes and duscusses the behavior of genes or
non alleles at separate locay

~

Francis Galton (1822 1911) an English explorer and Fellow of the Royal Societs
10 1869 published Hereditary Gemus and so founded the scientsfie study of human
beredity This book also introduced the statistical method into the study of heredity
In 1876 he reported on studies of human twins m which he tned to separate the
effect of heredity and environment He deseloped the concept of regresston, a
TRAEIRTIRTA o the depree of Tesemilamce of 1Pents e 2o developed the
concept of g ¢ analysis of ly vanable or polygenic trauts such
as diabetes and height

To the science that he placed ughest of all he gave the name eugemes, 2 name
that has become unnersally accepted According to Stern (1960) eugenics 1s the
stud) of agencies under social control that may improve or smpair the hereditan
physical or mental qualities of future generations of men

Fredrich Miescher (1844-1895) a Swiss chemust, 1n 1871 reported that he had
ssolated nucleic acid and nucleoprotemn By that time 1t was clear from its unp ersal
occurrence that the nucleus was a peculiarly important cell constituent Howener

before any chemucal analysss of the nucleus was possible 1t was first necessary to
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separate, 1n quantity nuclet from the remainder of the cell Miescher decided to
attempt this and made, what seems at first sight, the bizarre choice of pus cells
He found that it was possible to get the cells in suspension and furthermore, by
treatment with dilute hydrochloric acid, pepsin, and cther, to scparate the nucler
from everthing else From those nucler he prepared a substance of remarkable
properties, namely nucleic acid, which later became known as DNA It was dis
tingwished by 3 hgh content of phosphorus, an element then rarely found in
organic substances of physiological origin So remarkable did Miescher's results
then appear that the publisher Hoppe-Seyler was reiuctant 1o print them until he
had htmself confirmed Miescher’s conclusion by experiment

Then Miescher worked on Rhine winter salmon sperm In the ssolated heads of the
sperm he not only found nucleic acid but also a highly basic mlrogcnous substance
to which he gave the name ¢ When p 1 d with nucleic
acid, the compound is referred to as nuclcoproxcm

Wilhelm August Oscar Hertwig (1849-1922) a professor of anatomy, 1n 1876 and
1877 studied reproduction in the sea urchtn, Paracentrotus Indus and concluded
that fertilization nvolves the union of sperm and egg This study initiated the
period of experimental cytology

‘When he was younger Oscar, along with his brorher Richard, was supposed 10
take over their father's factory, but a high school teacher recogmized their natural
saientific abilities and prevasted upon theis father to allow his boys to study chem
1stry At the University, however, the professor of chemustry turned out to be so
dull that the brothers soon changed to medicine, which also included zoology
When he became a professor of anatomy, Oscar Hertwig chose the eggs of sea
urchins for his first mvestigations of reproduction This proved to be 2 good choice
because many favorable conditions are met in the sea urchin, which 1s sull unsur
passed today for many experimental purposes Itis particularly favorable for obser-
vations of hiving cells The discovery of a new favorable object of investigation often
opens an entire new area of research The eggs of the sea urchin are transparent,
small (0 | mm in diameter) and favorable for studies under lagh magmfication
Hertwig was able to watch the sperm nucleus pass through the transtucent cyto-
plasm of the egg and realized that it would unite with the ovum oucleus Until
Hestwig’s investigations only unfavorable objects like the nontransparent eggs of
frogs were used, eggs that were fertiized inside the mother and could not be
observed easily

‘Walter Flemming (1843 1915),an Austrian cytologist, in 1882 proposed the term

mrtoss He sowed aia¢ tifle clromosomies spitt fongitudtnallly duning nuciear divr

sion and the formation of daughter nucles He also applied the name chromatinto

the stainable portion of the nucleus He was a distinguished observer, technician

and teacher

In an important paper (1879) he described mutosis i lving and fixed cells of the
An essential was his devels of tmproved fixing and

P
stainng methods to make visible cytological details His monograph (1879)
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included a remarkably foresighted treatment of the problems of cell division, some
f which are stil} active research problems today In 1882 the studies on the human
t began with Fl s d ton of cell division 1n

the corneal epithelium of humans

Avgust Weismann (1834-1914), 2 German buologist, m hus essays of 1883 and
1885 put forth his germplasm theory, which was an alternative explanation to
Lamarck’s theory of acquired charactenistics Weismann s theory was based on the
early separation, in the animal embryo. of the germplasm from the somateplasm
It emphasized the remarkable stability of the hereditary material Concervably,
httle if any, environmental influence could affect the genes, even though environ
mental modifications of external characterstics occurred Reproductionin ammals
was accomphshcd not by body cells or 1 but by the germplasm, which

was h d from g to generation
The fundamental premuse ts well cstabhshcd although some details of the germ-
plasm theory have been modified Wersmann speculated that the ch of

the sex cells were the carriers of bus germplasm, but he erced 1 assumuing that eack
chromosome could contain all hereditary matenial He also postulated that a pen-
odic reduction in chromosome number must occur m all sexval organisms and that
during fertilization a new combination of chromosomes and hereditary factors
takes place His theory was that the alternation of reduction and fertihzation 1s
necessary for constant ch bers for sexual reproduction
At that time this process had not been observed under the mucroscrope, and its
mechanism was a matter of speculation

Withelm Roux (1850-1924),2 German zoologst, 1n 1883 proposed that 1t was the
chromosomes that contamn the units of heredity He speculated on the question of
how the hereditary units could behave in such a way that each daughter cell
receives all that is 1n the parent cell and becomes 2 complete cell and not half a
cell or only part of 2 parent cell

The only mechanism he could devise to test us speculation was to line up objects
n a row and duplicate them exactly He therefore suggested that the significance
of cell dsvision lies 1n the fact that nucler have strings of bead like structures that
hine up and duplicate themselves If nucle: really have such structures, ke reasaned,
1t might be possible to explain the mech of hereditary tr from cell
10 cell The most ikely constituents of the nucleus to fill these requirements were
the chromosomes His hypothests was that not only the chromosomes but individual
parts of each chromosome were important in determining the individual’s devel-
opment, physiology, and morphotogy Proof of this hypothests was not given until
later This was i direct contrast to Wetsmann’s idea, that each chromosome could
contain all hereditary matenal

Edouard van Beneden (1845-1910), a highly reputed Belgtan zoologist, in 1883
showed that in the round worm, Ascaris megalocephala the number of chromo-
somes 1n the gametes 1s half the number that 1s 1n the body cells, and that 1n



10 History of Cytogeneties

fertihization, the chromosome contributions of egg and sperm to the zygote are
numencally equal Through this observation he confirmed Weismann's theory on
reduction and fertilizatton

Ascarss was a [avorable object for his studies Ths species has only 2n=8 chro-
mosomes and 1n a particularly favorable race only 2n=4 Also the size of its chro-
mosomes make them 1deal for obsenation Basic to the clanfication of the role of
the chromosomes as the physical agents of Mendclian phenomena was the discov-
ery of their behavior 1n merosis In his monograph, Beneden (1883) traced the
spermatogenests and oogenests of the round worm and proved Weismann's theory
of reduction and fertilization Confirmatian of these discos entes soon followed, but
the exact mechanism of reduction by synapsis and the formation of bivalent pairs
of chromosomes was not undersiood untl the 1890s

Carl Wilhelm von Nigeli (1817-1891), a Swiss botanst, though certatnly best
hnown as a cytologist, m 1884 made his major contribution with his theory of the
idioplasm According to this theory, the 1dioplasm 1s the sum of all hereditary
determunants of an organism, which in its fine structure ought to contain the hfe
formula of that orgamism With this theory he provided the chiel sumulus for the
view that there 1s a single hereditary substance This theory led Beneden, Stras-
burger Oscar Hertwig and Weismann to the belief that the dioplasm 1s located
m the substance of the chromosome Thus, nuclear division and chromosomes
were shifted 1nto the center of a umform and large field of biological studies In
1842 Nigeh p the first d gs of ch

Eduard Strasburger (1844-1912), a German cytologist, in 1884 described fertil
1zation tn angiosperms In the field of plant cytology, he was precmunent 1 hus
ume Equally distinguished as a research worker and a teacher, he attracted a
large number of students from many countries to his institute He was a leading
writer of textbooks, and his scientific productivity included hus epoch making cel!
studies (1884, 1904, 1905) Strasburger demonstrated that the principles of fer-
ultzation developed by Oscar Hertwig fur animals held also for plants

Hertwig and are dered the di of ferulization Before
Mendel’s work was discovered, tnterest had already developed 1n locating the
source of hereditary transmission Since sex cells, that 15, eggs and sperm were
known to be involved 1n fertihization and both parents were known to transmit their
charactenstics to the progeny, the first problem was to determtne which part of the
cell was mvolved in hereditary transmission Strasburger observed that the egg car-
nied more cytoplasm than the sperm Just like Kslreuter 100 years before him
Strasburger made rectprocal crosses between different plant species and found that
the results were simlar Since the egg and sperm were unequal with sespect to size
and amount of pl carnied, he d that the P 'Was not respon-
ssble for hereditary differences between spectes Consequently, he came to the con

cluston that the nucleus and its chromosomes are the matenial basss of heredity
and at the same time, the material governtng development Strasburgerstated that
molecular sumuli are passed from the nucleus to the cytoplasm that surrounds it,
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controtling the process of metabohism in the cell and giving a specific charactenstic
ta us growth

It 1s an important hrstorical fact that after the German zoologist Otto Buitschh had
discovered and understood mutotic diviston, the botanist, Strasburger called on
him, studied hus preparations, and realized that what he had seen in plant cells was
exactly the same thing Stnce then cytology has not made a serous distinction
between amimals and plants All the basic facts of chmmosom:xl structure and
behavior mutosss ferulization, sex chr 1 and cell
phystology are identical Thus, cytology developed m!o an independent science
drawing 1ts thscovenes from ammals, plants and humans

Ernst Abbe (1840-1908),2 German physicist, by 1886 had produced o1l immersion
objectives with a resolution of 0 25 um This advanced the resolving power of the
hght microscope to the absolute limit set by the wave tength of hight A further
advantage of this system was that the performance of these lenses was independent
of the thickness of the covershp Abbe was head of the German Zeiss corporation
which was the leading microscope manufacturer

Early 1n the 1830's Abbe jotned with Otto Schott, a glass manufacturer, 1n exper-
iments on adding vanous chermical elements such as baran and phosphorus ta the
silicate base of glass By 1886 they had produced therr Jena glass, which had novel
characteristics The improved lenses that these new matertals made possible were
called apochromate, because they eliminated the restdual chromatic aberration,
the secondary spectrum, of the achromat Cytologists such as Hertwig and Flem-
mung were using apachromatic objectives within a few years of their mtroducttan

Theodor Boveri {1862-1915), a professar at Wiirzburg, Germany, and a student
of the brothers Hertwig 1n fis celebrated Zellstudien (1887, 1888) together with
Oscar Hertwig (1890) discovered the real nature of reduction division In 1892 he
descrtbed meiosts and, particularly, synapsts m Ascarts He also explored the ques-
tion of the source of hereditary transmussion in animals, which Strasburger had
studied an plants

By shaking sea urchin eggs at a critical ime 1n their development, he produced
some eggs without nucler and some with nucler as usual Each of these kinds of
eggs were fertilized by a normal sperm from another spectes of sea urchin Eggs
facking 2 nucleus produced larvae resembling the species from which the sperms
were obtained, but those with nucler develaped mto hybrids, showing the charac-

tenistics of both spectes The cytoplasm n the two kands of eggs had not been

altered and 1t was therefore presumed that the nucleus and not the cytoplasm was

responsible for the transmsston of heredtary trauts

With his expenments on the double fertslization of sea urctun eggs, Tovopreustes
(1902, 1904, 1907), Boven: also contributed to the formulation of the chromosome
theory of inheritance, which will be discussed later He found eges that had been

fertihized by two spermatozoa Since each sperm introduced a centrosome mnto the

egg. and each centrosome divided 1 2ntscipation of the first cleavage division, the

nitial b and h were often ch 1zed by a tetraster, which

1s 2 spindle with four poles Since the dividing nucleus was triploid, the distribution
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of the chromosomes to four poles in anaphase was wrregular Bovert isolated many
of the first dwvision bt from these d eggs and d d that
mast were abnoemal i development but that all were not alike tn their abnor
malittes He concluded that abnormal development resulted from the irregular dis
tribution of chromosomes brought on by the multipolar division Each

must quently have p da certain quahty that expressed atscll
n development

1termann Henkang (1858 1942) a German zoologist in 1891 described 1n the
hemipteraninsect P)rrhioconss chromatinelements that he fabeled X and that now
arc known 10 be the sex or X chromosomes He found a peculiar chromatin ele
ment that in the second spermatocyte division first lagged behind the separating
anaphase chromosomes and then passed undivided to one pole while all the other
eleven chromosomes were equally divided  From this it followed that the sperms
were of two numerncally equal classes distinguished by the presence or absence of
this chromosome element This element had to have a close relationship for the
determination of sex if the egg was fertilized by onc class a male was formed 1f
by the other a female All the essentral features of Henking s description were
subsequently confirmed 1n other ammals by other observers This mechanism s
now called the XO system of sex determination

Edmund Beecher Wilson (1856 1939) an American biologist and Professor at
Columbia University was a superb synthesist as well as a simulating teacher and
mvestigator By 1896 he had been able to orgamze the cytological and embryo-
Togical knowledge of his day in the first edition of hus classic The Cell in Devel

opment and Inheritance Mendel s principles of genetics were still o be rediscov

ered but the beginming of cytogenetics and of the chromosome theory of
nheritance were clearly outlined by Wilson s statement that the visible chromo-
meres on the ch were in all probab much larger than the ulimate
ng units and that these units must be capable of asstrilation growth and
division without loss of their specific charactenistics Wilson brought the past in
relation to the future Four principles were laxd down by Wilson as the foundation
of the chromosome theory

The exact lengthwise division of the chromosomes at mitosis allows for the equal dis

tr bution of hinearly arranged particles to the davghter cells

The assumed material existence of the chromosomes tn the nucleus between mutoses
gives the genetic contnuity necessary for the organs of hercdity

The fact that the nucleus goes where things are happening shows its governing pos t on
1n the work of the cell

The equal ty of the chromosomes of the fusing germ cells corresponds te tt e cquality
of male and female in heredity

These arguments had long been known but were still widely disputed or misunder

stood at this time

~

w

IS

Carl Franz Joseph Correns (1864-1933) a German botamst 1n 1900 along with
Hugo de Vries and Erich von Tschermak was one of the three rediscoverers of the
fundamental principles of heredity first developed by Mendel 1n 1866 He had
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carried out extensive hybndization experiments on maize stocks (Matthiola)
beans peas and lilies at the Untversity of Tubingen duning the 1890s In 1899 he
had data from several generations of garden pea and maize and had arrived at
conclusions simular to those of Mendel He studied Mendel s paper because he
had read 2 statement that Mendel believed he had found constant numencal
relationshtps mn his expeniments Correns compared lis own and Mendel s data
and 1n 1900 he reported that he had observed the same kind of results with maize
He disagreed with de Vries in that he thought there were cases that did not con
form to the Mendelian scheme

Hugo de Vries (1848 1935) 2 Dutch biolozist and rediscoverer of Mendel s laws
was also known for tus mutation theery and studies on the eveung primrose and
maize De Vries published three papers on Mendeltsm in 1900 one of which for
the most part has been overlooked He later stated that he had worked out the
Mendehian scheme for himself and was later ted to Mendel s paper

In the 1880s de Vries a keen observer and objectnve scientist saw striking var

ations 1n the plant called Lamarck s eveming primrose Oenathera lamarckiana

which had been introduced from America and had grown wild i Europe He
collected seeds from plants that differed from the standard type and raised them
in his botanical garden at Hilversum a few mules east of Amsterdam On careful
observation many differences 1n growth form were seen among the different
plants One type of Oenothera called gigas was much larger than the average and
no intermediate gradations were observed between 1t and smaller types It seemed
to represent a distinct and discontinuous change from the usual size On one
occasion a gigas plant was found alone 1n a bed of plants of the standard size

The new plant produced only giants ke uself A dwarf tvpe called nanella which
gave rise only to dwarfs was also observed Other abrupt changes that affected
the color and shape of various parts of the plant were studied and the vanations
seemed to breed true

De Vnes visualized these changes as a source of vanation in evolution in contrast
to the gradual process suegested by Lamarck and Darwin The word mutation

mmplying change was used to describe such alterations In 1901 de V¥ rres published
hts accumulated data n a book entitled The Mutation Theors Mutations were
considered to be rare in nature but capable of providing varations by wiich races
and species were disinguwished De Vnies was careful to make a distinction between
hereditary and environmental vamation but his mutations are now known to
wclude changes in chromosome structure and number The term mutation today
1s used 1n a more restricted sense to speaify only gene changes or point mutations
and not visible chromosome changes

Ertch von Tschermak (187! 1967) an Austrian botanist s also constdered to be
one of the rediscoverers of Mendel s laws His interests were m practical plant
breeding and this ed to studies of the effects of crossing and mbreeding on vege
tatie vigor i peas He published two papers on the subject in 1900 He later wrate
that the three rediscoverers were fully aware of the fact that the independent dis
covery of the laws of heredity was far from bene the accomplishment it had been
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He can be closels wdentfied wath the denclopmentof gencues 25 2 saence 2lthough
his early saenufic work was in the field of plant phvsiolegy His first gemenc
paper On Herediy and Vancnon, appeared 11 1896 ard 1o 1898 be began the
tnvestrzations that have smee become elzsacs on barley 2nd beans.

In his paper on Pure Lines (1903) he showed 2 difference in the effects of selecton
when apphed 1o populations of ordmany cross feruhzing organisns 25 compared
with self fertlmne ones. Self fernhzation was found 1o produce bomon gosus or
pure hnes In cross bresdine populavons. selection was found to be effectve 1
2ltening the proportion of different tvpes When plants were self ferubzed over lone
penods selection was no loneer effectne. The plants hzd becone complete bomo-
vgous and no genctic vanatoa was left for selecuon 10 act 01 All vananonm a
pure ine 18 environmental

Frans Alfons Janssens' (1863 1924)name 15 gererall associated with the partial
chiasmatype theor, mhuch he 2dvanced m 1909 In 1905 he desenbed the config
urayons of the bvalent pawrs i the spermatogenesss of Amphibia that showed
chiasma hke conf 5. He 1nd: d that ch are produced by
exchanse betw een chromands of nonhomolog hromosomes and later d
the possible genetic sizmificance of these crossed seements of the chromosomes The
partial chiasma 1ype theory postulates that true chizsmata are the direct result of
crossing-over, being formed 2t precisely the points where the exchange of segments
betw een non sister chromatids 1ook place. This theory 1s now the most satisfactory
account of the relationship betw cen the cytologeally wisible chiasmata and genetic
€rossing over

Thomas Hunt Morgan (1866-1943) m 1910 discovered the mutant wkie gye and
consequently sex linkage 1 Drosophifa. With this discovery Drosophula genetics
had its beginning.

Drosophula melanogaster the frust fiv, proved to be one of the most wdeal laboratory

anmmals for cytog dies Ttsa uny or about 6 mmlong Compleung
1ts hfe eyele fromegp to fiy in aboul 10days, this mstc! supplies as many as thirty
a year, an pared 1o the relauve slowness of

the wsual laboratory animals. 1115 easily bred, fertile, and witha hfe spenthatcan
reach nmety days Thousands of these fliss can be handled 1n 2 few mull bottles,
whife the cost of feeding and upkesp 15 neghgble. The guant ch m the
salvary glands are several hundred times larger than nermal somatic chromo-
somes, and the bands rorcal the necessary detail for eytoeenetic studv The low

chromosome number of n=4 also 15 1deal

Within 2 short time, Morgan's v room 21 Columbia Unnersity m New York
became a very popular place. A steady stream of Amencan and foresgn students,
both doctoral and post-doctoral, passed through his labosatory Morgan was con-

cerned 2bout the exceptions 1o Mendel s second law of independent assortment.

This law imphes that an organism cannot passess more gene pawrs than the number

of chromosomes 1n a haploid set, of 1t 1s granted that the genes are borne on chro-

maosomes. Within the first decade after the rediscovery of Mendelism, this Jomcal

consequence of the theory was sharply contradicted by expenience
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Obviously some extension or revision of the theory was necessary Morgan s alter
native linkage theory supposed that genes are organized in a definite linear order
within the chromosome These genes are expected to exhibit linkage of they he
within the same chromosome but should they lie in nonhomologous chromosomes
they would be transmutted according to the principle of independent assortment
The possibilitics of recombination for linked genes were thus envistoned to depend
on the breakage of chromosomes and their rejoining in such a way as to resultin
the exch of equal without di b of the basic hincar sequence
It must be recalled at this point that Morgan s theory unhke the purely formalistic
approach of Bateson and Punnet (1906) rested solidly on a body of accumulated
cytological evtdence concerning the intimate details of chromeseme behavior dur
ing the prophase of the first meiotic divistons The first test of the validity of these
assumptions was provided by Morgan 1n 1911 when he showed that several sex
linked mutants in Drosophtla were associated with the behavior of the hetero-
morphic sex Duning the foll g decades th ds of expen
ments in a wealth of diverse b 1 forms have confirmed the Iity of
Morgan s interpretation of linkage In 1933 Morgan was the first to receive the
Nobel Pnize 1n medicine and physiology for accomphishments n the field of
genetics for his development of the theory of the gene

Ralph A Emerson (1873 1947) together with E M East 1n 1913 published 2
paper on maize m which they reported that the F, was much more vanable than
the F They mterpreted this as being due to the segregation of several pairs of
genes Their joint paper s a class ¢ in the ficld of genetics 2and marks the bringing
of the inh of 3} into the general scheme of Mende!
1sm ln 1914 Emerson discovered the first mutant in maze blotched leaf (b1
Chrom 2 Emerson et al 1935)

Emerson the son of a long line of Amencan farmers including the celebrated
Adams famuly was teaching horticulture at the University of Nebraska Later he
came to Cornell University where he tramned a group of workers 1n genetics who
are now spread all over Amenica and mitiated a remarkable orgamization for
cooperative work The maize work which started independently of the Dromplula
work took fresh impetus from the of the first

papers The disadvantage of maize was that as mentioned before the l’nm fly
would produce 30 generations before the maize plant completes one But the
marze workers had one great advantage over the fly workers the chromosomes in
merotic maize cells are more easily studied under the microscope and this cyto-
Iogical simphicity made their mapping less difficuls Moss of she delicate cyvtore
netic work 1n maize was later done by Barbara McChntock, one of the most skl
ful and persevering of the younger genetics workers i America at that time

n 1914 Emerson also suggested that some genes might not be completely stable
He studted a vaniegated vanety of maize that had a white penicarp with numerous
red spots of varying size Genetically these plants were homozygous for the reces-
sive gene for white Emerson concluded that this gene must be unstable that 1t
can mutate spontaneously into the dominant allele for red and that each red spot
on the kernel 1s made up of cells that came from one cell in which such 2 mutation
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arose This was a very revolutionary wdea at that time Such unstable genes are
now referred to as mutable genes.

Albert Franais Blaheslee (1874 1954) Amencan botamst and geneticist, in 1921
discovered trisomics 10 the Jimson weed, Daturg stramomum a plant species
from which the drug belladonna 1s obtained He worked at the Cold Spning Har-
bor Station for Expenmental Evolution for the Carnegie Institution of Washing
ton In 1937, together with Oswald T Avery he discovered that doubling of the
chromosome set 1n plants may be induced by use of the alkaloid colchicine After
Blakeslee discovered trisomucs, he mtrated the first cnitical study of aneuplod
plants with Belling (1924) The tnsomics differed morprologically from the wald-
type plants 1n several specific ways Consprcuous deviations from the normal were
obsenved 1n the shape and spine charactenstics of the seed capsules These traits
were associated with the extra chromosome winch gave the plant an extra dose
of all those genres d 1n the extra chr It was thus possible to 1den-
ufy some genes with their chromosomes giving further evidence that certain
genes are located in particular chromosomes

Calvin Blackman Bridges (1889-1938) a research assocate of the Carnegie
Institution of Washington, tn 1923 was the first to discover dupheations, defi-
ciencies, and locations in Drosophila ct He also observed trip-
lowd wntersexes wn Drosophula Brdges joined T S Paunter’s mvestigations of the
grant salnary gland ch for turther refi of techmque and fuller
and more salient details He stretched the chromosomes of the salivary gland cells
unul they were more than 150 times longer than those of the egg cells He made
preparations from larvae that had been raised to their maximum size by supplying
them with an extra diet of yeast

Bridges kept working, studying deficiencies and duphications, in an effort to revamp
his chromosome maps In 1935 he published the first complete map of all four
Drosophil l chr Several revised maps of these chromo-
somes were published later The genetic hnkage map was superimposed on the
cytological map He also devised 2 special numberning sysiem that is still used today
toidentify particular bands allustrated In 1936 hus son, Philtp N Bridges, came to
is help Calvin Bridges, a brilhant, stmple, and unaffected worker, never fimshed
sy Sle b doven bumsdl s band darmg Vs vorls Yeat e dred of 2 reemt
attack in Los Angeles in 1938

Robert Joaclm Feulgen (1884-1955), German biochermst, in 1924 together with
H Rossenbeck described a test for the presence of DNA This specific staming
reaction 1s now called Feulgen reaction. Through this reaction 1t was proven that
DNA 15 located i the chromosomes of interphase cells In 1914 Feulgen showed
that the unstable carbohydrate of the thymus 1ype of nucleic acd was not a hexose,
as 1t had been regarded until then, but a pentose On gentle hy drolysis this pentose
hiberated aldehyde, which could be detected by the usual reagent for this class of
substance, the dye fuchsin decolorised by sulphurousacid Ten years later ths test
was applied to sections of tissue under the mucroscope Feulgen and Rossenbeck
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were then greatly surprised to find that the nucler of the wheat germ gave a strong
reaction to this test, for this result showed that a nucleic acid of the thymus type
could be found 1n plam cells The thymus type of nucleic acid, of course, 15 now
hnown as DNA The full significance and potentiality of the Feulgen reaction,
applied as histochemtical method, only slowly became understood Cytologists did
not begin to employ 1t untl the late 1920s This method 1s still the safest one to
distinguish DNA or chromatin from cytoplasm and nucleok or RNA

Herman Joseph Muller (1890-1967) 1n 1912 joned Morgan's fly group at
Columbta Unwersity with an assistantship in zoology In 1915 he completed his
Ph D study with a thesis on fruit flies called The Mechanics of Crossing Over, show-
g how genes are exchanged between chromosomes Columbia Unnersity was an
exating place during Muller's graduate years, the young scrence of genetics was
getung greater tmpetus in America

In 1914 while working for his doctorate, he came across a new fly with a bent
wing The usual routine for a new mutant was followed in an attempt to find its
linkage group After an elaborate series of selected breeding experiments, the new
character refused 10 associate itself with any of those 1n the three demonstrated
linkage groups of chromosomes The obvious conclusion was that it befonged to the
small feurth chromasome that all this while had been floating apparently uselessly
1n the nucleus waiting for a mutant character with which to be associated What
for a moment had appeared as an obstacle to the acceptance of the validity of the
hinkage theory was converted into additional evidence of its plausibihiry

The discovery of crossing over and the elucidation of its cytological basis necessar
1ly occasianed a magar revision of the gene concept that was to nclude anather
fundamental property [n crossing over, genes behaved as units between which, but
not through which exchanges occurred Once a mutant was detected 1t was a rcl
atively stmple matter todi both thech with which it was

as well as1ts specific g ytological locus on that ch But the study
of gene mutation was senicusly hampered by the low rate of spontancous mutations
This serious lumitation to direct study of the gene was removed by the cpochal
discovery of Muller in 1927 that the mutation rate could be increased several thou-
sand percent through the action of x rays For this discovery Muller recerved the
Nobel Prize in 1946 1n 1928, one year after Muller's paper, L J Stadler venified
the increase of the mutation rate by x rays 1n plants

Hitosh Kihara (b 1893), former Japanese Professor at Kyoto University, in 1930
formulated a method he called genome analysis. This method 1s designed to deter
mune the diploid ancestors of allopolyploid species Several years earher Kihara
together with Ono sn 1926 had introduced the terms auto- and allopelyploidy 11
order to better distinguish between these two important classes of ploidy The
method of genome analysis was fiest used 1n such important plant genera as Tr-
ncum Aegilops Niconana Raphanus Brassica and Rosa The method consists of
the analysis of meotic chromosome pairing 1n the hybrids between polyplotds and
diploids If the diploid has at one ttme or another contributed to the formation of
the polyploid, chromosome patring should occur between two sets of homologous
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chromosomes n the hybnid This method has subsequently contributed to the
knowledge of systematic relationshtps between many cultnated and wild polyplod
species

Curt Stern (b 1902) a German born American geneticist i 1931 presented cyto-
legical proof of crossing over in Drosophila This was done independently of
McClintock s and Creightons demonstration in maize during the same year
Stern s study which mvolved the sex chromosomes provided considerably larger
populations 11 which genetic crossing over was more precisely localized More
specifically Stern used an X chromosome with an arm of a Y chromosome
attached to its nght end and an X IV translocation fn both cases two marker
genes between the cytologically 1dentifiable regions were avallable and 1t was
demonstrated that recombination between the marker genes was regularly accom

panted by ton between the cytological markers These papers gave the
final cytological proof that genetic crossing over 1s accompanied by an exchange
of parts between chromosomes Beyond any question these were some of the truly
great experiments of modern biology

G h Chrustschoff et al tn 1931 published 2 first attempt to study human chro-
mosomes using cultures of leucocytes from pertpheral blood In 1935 Chrustschoff
and Berhin published details of culture techniques for human leucocytes This
important paper has until recently passed relatively unnoticed and no effort was
made at the time to adapt this technique to the chromosome analysis of humans

J Belling (1866-1933) 1n 1931 developed a new classical model of crossing over
He studied plants of the lly and related familtes The cytological study of the
merotic processes was actively investigated at about this period to see what really
happened at crossing over His model was based on the assumptton of random
breaking of the thin paired chromosome strands with reunton of the broken ends
which coutd lead to mnterchanses between homologues If two breaks happened to
occur at the same level He related the phenomenon to the production of new
davghter chromatds an idea that has been mvolved 1 many of the more recent
Interpretations

Cynil Dean Darlhington (b 1903) professor of botany at the University of Oxford
IR an attempt to explain meiosis adsanced the precocsty theory He published hus
opnmons 1n a long series of papers and first developed the general scheme in Recent
Advances in Cytology (1932) The scheme was very generally accepted and for a
time was considered the very backbone of cytogenetics He assumed that the chro-
mosomes have a tendency to be 1n a patred state at all imes In mitosis ths con

dition 1s met 1n that the chromosomes entering prophase are already double

According to this theory meiotic prophase 1s assumed to start precociously with
chromosames that have not yet split and this 1s held responstble for chromosome
pairng

Darlington said that the ch are n an fied or d state
electrostatically To become saturated they must pair homologously When the
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chromosomcs become double 1n late pachytene, the sauisficd state is between sister
ds instead of The pasred homol conse-
quently fall apart and diplotene 1s mitiated This lh:ory was logically beautiful in
superfically expimning the genctic imphecations of meiosis But since both DNA
and protesn synthests have now been shown to be completed before metotic chro-
mosome pairing oceurs, the precocity theory appears no longer to be vahid
This theory 1s only onc of the many thought provokig rdeas that Darlington devel
oped duning this period These 1deas were challenging and sumulating and initiated
a wealth of rescarch all over the world In 1929, for instance, Darlington coined
the term chiasma terminalizationn order to explain the progresstve shift between
diplotene and metaphase § 1n the distnbution of chiasmata along the arms of paed
chromosomes from their points of origin to more distal positions

Ernst August Friedrich Rusha (b 1906), Director of the Max Planck Institute for
Electron Microscopy in Berlin, Germany, together with Knoll published a descrip-
tien of one of the first electron microscopes in 1932 Their instrument consisted of
an electron source and two magmfying lenses A condenser lens was not used The
resolution obtained with this iastrument was below that attamed with the hght
mucroscope Nevertheless, they obtained the first electron mucrographs of an illu-
rmunated specimen

In 1934 Ruska described an improved version of this electron microscope to which
a condenser lens was added The micrographs obtained indicated that the potential
existed 1o surpass the resolving power of the light microscope The uniquely high
resolving power of a microscope using electrons as the tltuminating beam 15
explaimed quite ssmply from the fact that electrons have an assoviated wavelength
smaller than that of any other radiation practicable for usc 1n a Iight microscope
system By 1940 commercial instruments with limiting resolving power of 2 5 om
were manufactured 1n Germany and America By 1946, 1mprovement i techmque
and design made st possible to demonstrate resolutions from 0 85 nm to 1 5 nm
Because the electromagnetic lenses that must be used for focusing the clectron
beam cannot be corrected for spherical and chromatic aberrations, the resolution
Lot of 0 8 nm to 1 nem 1s still the experimental and theoretical limst of the miceo-
scape, despite the approxsmate 0 005 nm wavelength of electrons

Most of the advances possible with the electron microscope have involved the cyto-
plasm of the cell since the chromosomes are notable for their lack of the membra
nous and granular str P in the cytopl: Tech of spread
ng interpt Y for electron P very recent
developments that can contribute to new 1deas of chromosome ultrastructure

Eml Heitz (b 1892), German geneticist, professor at the University of Tubingen
and associated with the Max Planck Society in 1933 together with Bauer discov-
ered the importance of the giant chromosomes 1n the salivary gland cells of dip
teran 1nsect spectes as important objects 1n cytogenetic research These structures
had been discovered prior to this in 1881, but had not been 1dentified as chromo-
somes They represent bundles of chromosome subumits or chromatids Since they
are not spiralized they are about 100 to 150 times longer than ordmary mitotic
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chromosames This unusual length and their banding pattern make them very suit-
able for chromosome identification and gene locahzation

In 1928 and 1929 Heitz was the first to distinguish two types of chromatin which
he named euchromatin and heterochromatin. Enchromatin stains hightly or not at
all i interphase and prophase, while heterochromatnstains darkly m these stages
Heterochromatin 1s an extremely helpful marker for chromosome mapping in the
pachytene stage of meiotic prophase In 1931 Henz showed a correlation between
the number of nucleol in the interphase nucleus and the number of a particular
type of chromosome, now called the nucleolus orgamzer ch A study
of these chromosomes mdtcated that the nucleolus 1s organtzed at a speaific site
on the chromosome

Tobjorn Oskar Caspersson (b 1910) head of the Medical Cell Research and
Genetics Department of the Karolinska [nstitute of Stockholm Sweden, in 1936
began to develop ultraviolet photomicrography for the study of nucleic acids
within the nuclens These substances absorb ultraviolet hight very strongly 1n 2
most characteristic and selective fashion The method has the great advantage of
being able to use unstained matenal as the object and, thus, the contrast i the
resulting photomicrographs was indrectly due to the components themselves and
not to therr affinity for a stain, the depth of which 1s largely dependent on the
conditions of use So the density of nucleic acids could readily be compared from
one tissue to another [t was found that wherever cells of tissues are growing rap-
1dly, the density of nucleic acids withn them was relatively high Evidence of thts
kind thus pomnted to the conclusion that nucleic actds have some biological func
tion m the process of synthesis within the cell It also helped to pinpoint the trme
penod dunng which such nucleic acd synthesis does take place {Caspersson
1947)

George Wells Beadle (b 1903), later president of the University of Chicago, with
Edward L Tatum in 1941 and 1n 2 monographin 1945 developed the one gene-
one enzyme concept. In 1958, together with Lederberg, they received the Nobel
Prize 1n medicine and physiology for the discovery that genes regulate certam
defimte chemical processes Their study on the boichemical genetics of the pink
bread mold, Neurospora crassa. 1s now a classic, and 1t marked 2 sigmficant turn-
ang pont 1n the analysis of the general problem of genetic control 1n metabolism
and development

Instead of attempting to work out the chemical basis for known genetic characters,
they dehiberately reversed the procedure and set out to determine 1f 2nd how the
gene controlled known biochemical reactions The wild stratn of bread mold could
be made to grow on a medum contamning sugar and 1norgamc salts The salts
ncluded nitrogen compounds out of which the mold was able to manufacture for
atself all the necessary amino acids Not one amino 2¢1d had to be added to the
medim Beadle and Tatum then subjected the spores of the meld to x-rays Occa
stonally, an irradiated spore would refuse to grow on the medim, but 1t would
grow if a certain amino acid such as lysime were added Apparently, the irradiated
spore had lost the capacity to manufacture its own lysine out of the norganic mitro-
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gen compounds Without Iysine 1t could not grow If Iysine were added to the
med um 1t could grow It seemed evident that an enzyme that normally would
have catalvzed one of the reactions that led to lysine was not formed by the spore
Supposedhy a particular gene had been mutated by the x ravs

According 10 thetr one gene-one enzyme hypothesis the gene controls the synthe

sts or the actmity of but a single protein or enzyme with catalyuc actmaty Since
tts formulaton this concept has been venfied in principle even though it was con

troversial when first announced

Oswald T Arery (1877 1955) 2 member of the staff of the Rockefeller [nstitute
Hospital New York. together with MacLeod and McCarty 1n 1943 showed the
significance of DNA s the hereditary matenal through studies of transformation
inbactena The phenomenon that they called “transformation™ imalties 2 transfer
of genetic information by means of naked extracellular DNA They showed that
purified D\A preparations extracted from a particular smooth strain of Preu-
mococcus bactena can confer an inhentable smoothness on bactena that were
formerh roush The expeniments 2lso showed that the preparations most actnve
1m brineing about transformation were those purest and most free of protein This
fact effectnely cast doubt on the wide spread 2nd commonly 2ccepted behef that
proteins were the medrators of broloeical speaficity and cellular inhernitance To
the chemusts at that time and carlier the problem of nucleoprotein was first of all
he problem of protean The suructure of the nonp portions of

appeared 100 simple to them It was the protein portion that counted Aserys
discoverv set the stage for the raprdly ensumng elaboration of the structure func
uon and importance of DNA which ten years later led 10 the development of the
Wason Crick model for the DNA molecule

Murray Liewellvn Barr (b 1903) 2 Canadian physician together with Bertram
n 1949 unexpectedly discovered a small stamable body i the nondmidimg nucler
of females and its absence m those of males This bods 15 now called sex-chromatin
or Barr body, after its sentor discoverer It can be seen tn many nissues of females
sncluding the eprdermus and the oral mucosa and 2lso n the ammotic fd sur
rounding female fetuses often wondered whether d ! set
devaants had XX or XY constitutron Before the discovery of the Barr bodv 1o
knowledee was available on this topic W e now know that the Barr body 15 a het
erochromatic X-chromosome that dunng interphase 1s completely or for the most
part, postuvely heteropycnotic and condensed The discovery a few years later of
the sex chromatin and the correct human chromosome number was rapidly fol
Jowed by the discovery of the first human chromosome abnormalities i the late
19505 These discoventes were followed by 2 world wide outburst of research on
human chromosomes

Barbara MieChntoch (b 1902) 1n 1930 discovered the Activator-Dissoctation
system it matze She s 2 Distingwished Service member of the Genettes Research
Unit of the Camegie Instrtution at Celd Spring Harbor New York She was men
uomed earhier for her skiliful 2nd persevenng cytogenetic work on maize m her
earlier years and for her presentation of cytologreal proof of crossme cver in 1931
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1n her stndies of the Activator Dissomationsystem MeClintock demonstrated that
genic expression 15 inttmately related to chromosomal orgamzation In 2 vanable
and mutable strain of matze, two loct were shown to be 1n control of genic acuon
n the course of development. One of the loa cafled Actnator (Ac) seemed to be
a2 master locus in that the second locus called Dissoctanion (Ds) was unable to
function 1n s absence Both loct were believed to be blocks of heterochromatin
The presence of both loc1 in the same nucleus gave rs¢ 10 an INCTEAse v sponta

neous chromosome breaks and unstable and mutable geme locr But Ds also had
a second function 1o the presence of Ac It affected genes lying adyacent to 1t m
that they mutated to the recessive condition McClintock discovered several differ

ent such gene controlling systems i marze The full stemificance of McChntock s
find nes s still not appreciated Similar systems were later found tn Drosophila
and mouse But most importantof all her findines led to the epoch maling discov

enes n bactena ten years later that revealed an entirely new class of reculatory
genes

John Albert Levan (b 1905) a prafessar of cytalogv at the Unwversity of Lund.
Sweden together with the Indonesian born Amencan Joe Him Tpe m 1950
showed favorable results with their oxyquinoline squash techmique 1n 40 plant spe
cies Tovether they first worked out the importance of this chemical agent for chro-
mosome analysis The metaphase chromosomes were centracted, the spindle was
destroyed and d d not interfere with the spreading of the chromoesomes at squash
e and many cells were arrested 1n metaphase, which mereased the chance of
finding good preparations

Later the two scientists applied the squash techmque to human tissue In 1956 they
published a paper on the chromoesome number of man giang 46 25 the 2n number
Therr counts were made from tissue culture preparations of lung tissue from four
d fferent human embryos With previously used techmiques 1t had been extremely
difficult to make counts m human matenal Unul then the human chromosome
number was assumed to be 2n=48 Tpno and Levan s demonstration was soon
verified by several other research workers As a matter of fact, two Enelish imves
tigatars a few months later reported 46 chromosomes 1n testicular preparations of
three adults This represented the basis for cytogenetc research m man, and ver
tebrates a field of mvestigation that has developed wath an avalanche like
rapdity

In the following years the Turner s, Klmefelter s and Down s syndromes were
hinked to chromosome ancuplody Levans special scientific mierest 15 chromo-
sames m relation to cancer In 1956 he reported 70 to 80 chromosomes 1 two
highly malignant effusions of lung and stomach carcinoma of man Recently
{1966) he studied the nonrandom representation of chromosomes m tumor stem
cell bnes from 40 human cancers and concloded that chromesomes of the C gromp
were over represented while those of D and G groups were under represented.

Sir Franass Harry Compton Crick (b 1916) Briush biophysicwst and geneucist
ard Kieckhefer Research Professor at the Salk Insutute at San Diego, Califorma,
1 1953 wath the Amencan James Dewey Watson, published 2 paper m which they
proposed a model for the molecular structure of DNA The model they proposed
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1 now widely known as the Watson-Crick model For the discovery of the molec-
ular structure of DNA and its sigmficance for the transfer of information in lving
material they received the 1962 Nobel Prize in med:cine and physiology together
with Maurice Hugh Frederick Wilkins from New Zealand

The discovery of the double helix structures of DNA was based on the achieve

ments of Wilkins and his colleagues at the Kings College in London They had
1aken good x ray diffraction pictures and had analyzed and interpreted the photo-
graphs Watson and Cnck had made the bnlhant deductions that revealed the
structure of the molecule This model of DNA proved immediately fruitful Tts
structure and the theory of its replication was so clear and uncomplicated that
geneticists at once accepled 1t Al imvestigasions since this discovery supported #

Enzymatic synthesis of RNA and DNA followed 1n the 1950s, and by 1961 Crick
and his coworkers 1n an ingentous experiment furmshed evidence of the triplet
nature of (he codon, the smallest comt of bases 10 a polynuclestide, which
determunes that a specific amino acid shall be inserted at a specific position into 2
polypeptide chatn

The discovery of the tniplet genctic code 1s based on the work of Crick and Niren

berg as an answer (o the problem of designating 20 amuno acids by a nucleotide
code of only four In 1966 Crick ad d the wobble hypoth-
es1s, which was proposed to provide rules {or the pasting of a codon in messenger
RNA and for an anticodon 1n transfer RNA of the third position of the codon,
degencracy of the code was explained by this hypothesis The first 2 positions of
the triplet codan on messenger RNA pair precisely with the anticodon on transfer
RNA but paining of the third position may be wobbly, and independent of the
nucleotide that 1s present at the third position

Francois Jacob (b 1920), Chief of the Department of Microbial Genetics at the
Pasteur Institute in Pans France, together with Jacques Monod 1n 1961 published
a classic paper on the regulation of protein synthests through which they introduced
many new concepts mto genetics and established others that had been debated for
several years by researchers Together with Andre LwofT they recetved the 1965
Nobel Prize 1n medictne and physiology for their discovery of a previously unknown
class of genes whose function 1s to regulate the activity of other genes

In their concept there 1s an interplay between three kinds of genes, structural
genes, operator genes, and regulator genes. The structural gene corresponds to the
classtcal gene, possessing the ability to synthesize a specific protein or enzyme that
has a speeral task during the life and development of the individual It would, haw-
ever, be mconvenient if this enzyme production occurred all the time It would be
advantageous tf 1t were stopped and started again when necessary, this activity 1s
controlled by the operator and regulator genes The operator gene apparently is
located 1n immediate proximity to the structural gene and represents something
like a switch mechan:sm that esther turns on or shuts off the actwity of the struc-
tural gene The operator gene, however, does not know when thts should be done,
but receives orders from a specific regulator gene This gene may not necessarily
be located close to the operator gene, but may be located 1n another part of the
chromosome The regulator gene gives 1ts orders via a repressor product that inter-
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acts with the operator gene to shut 1t off under conditions i which the structural
gene products are not needed

Mary Franais Lyon, Head of the Genetics Section of the Medical Research Coun

al Radiobiology Unit at Berkshire England in 1961 independently from L B
Russel s work during the same year developed the single active X hypathesis of
dosage comp ton m man and Is known as the Lyon Hypothests Lyon
worked with mice She provided evidence suggesting that one X chromosome 1s
mactivated 1n some early embryonic cells and thetr descendants that the other s
inactivated in the rest and that females are cansequently X chromosome mosatcs

This s a specific manifestation of 2 much wider biological phencmenan the mac

uwity of whele chromosome sets specific chromosomes or specific chromosomal
regions Lyon s genetic findings vernfied the cytological discovery by Barr of smali
stainable bodies in the female nucler of nondividing nerve cells i cats This stain

able body 15 one of the two X ch that 15 Ity inactivated by
heterochromatimzation

Wolfgang Beermann (b 1921) Director of the Max Planck Institute of Bialogy at
Tubingen Germany mn 1961 demonstrated that a puffing locus on a polytene chro

mosome of a dipteran insect Chironomus 15 the site of a gene These pufls arse
at different points on these chromosomes and many are found only n specific tis

sues but vary within a tissue at different times The present view 1s that the pufl
sigrufies RN A synthesis and this view s supported by expersments that stasn RNA
differentrally and show its localtzation n the puff

Sol Spiegelman (b 1914} professor of microbiology at the Unwversity of Illinais
1n 1961 together with B D Hall demonstrated that hybnd molecules can be
formed containing one single stranded DNA and one RNA melecule that are com

pl 'y in base seq This tech opened the way to the 1solation and
charactenization of different kinds of RNA Nuclewe acid hybndization has since
been exploted to study the cell s mechamsm for manufactuning protens One
strand of nucleic acid will combine with another wherever the subunts of the two
strands are complementary Artificral hybrnid combinations clarify the flow of infor

mation 1 the Lving cell It 1s now known that the actual synthesis of protein mol

ecules 1s accomplished with the help of ribosomes which serve as warkbenches of
Pt syRkeys wothe tyagastn wd ovderily Wd e aurdetmtie RNA m
position while the message 1s being read In 1965 Spiegelman together wath Ritossa
showed that the genes producing the ribosomal RNA of Drosophtla are located m
the nucleolus organizer regions of the chromosomes It appears now that the pre

cursor matenal or rib 1 RNA 15 factured by the leolus organizer

and 1s then transferred to the nucleolus for final assembly into nb These
findungs ace wn line with recent research that indicates that living organisms cannot
exist without nucleolar organizer chromosomes

James Bonmer (b 1910) a professor of brology at the Californta Instetute of Tech
nology 1n 1962 together with R € Huang studted the protein components of
chromosomes and found that 1n some cases the rates at which messenger RNA
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was p d could be d by g histones This pointed strongly to
the I of histones 1a k gene action If such a mechanism exists,
some proteins could serve as locks ihibiting the action of certain nucleic acid
molecules Every cell, regardless of its level of specialization, could sull contan
all genes but each might possess 1ts own kinds of regulating proteins that would
block out certain genes mn certain cells

Margit M. K. Nass (b 1931) and Sylvan Nass (b 1929), a rescarch couple from
the Department of Therapeutic Research, University of Pennsylvania, School of
Medicine and of the Department of Molecular Biology at the Eastern Pennsyl-
vania Psychiatric Institute, Philadelphia, in 1962 and 1963 furnished one of the
earhiest reliable reports of mitochondrial DNA
Under the electron mucroscope they observed fibrous DNasc-sensttive regions in
thin sectioned chick mitochondria In the same year (1962) Ris and Plaut dem
by clectron and h 1 methods that chloroplasts in
the plant Chlamydomonas moewusi contamned DNA Other cytochemrcal tests
had preceded these observations 1n mitochondria and chloroplasts, but they had

not been as s the ones d The d under the elec-
tron microscope imtiated a search in many laboratories that confirmed these find-
ings When viewed with the electron these so-called

chromosomes differ from nuclear chromosomes of the same cells by their closer
resemblance to pure DNA In general, they tend to carry much less protein, are
believed to lack hustone, and 1n these and other respects are simular in orgamization
to bacteral or viral chromosomes Even the total amounts of DNA per mitochon
drion or per chloroplast are similar to the amount per cell in bacteria such as
Escherichia colt The study of extrachromosomal or cytoplasmi¢ inheritance has
entered a new phase through these new and interesting discoveries

Henry Harns (b 1925),a professor of pathology and Head of the Department of
Cell Biology at the University of Oxford, England, together with Watkins 1n 1965
developed a techmque that uses appropriate viruses to cause somatic cells of very
different onigins, such as from species of different genera, to fuse snto one binu-
cleate cell The method 1s now generally referred to as somatic cell hybridization
or cell fusion Hybridization between somatic cells 1 vitro promuses to provide
the basis for cytogenetic analysis of somatic cells n culture The assignment of
genes to specific chromesomes 15 perhaps the simplest and most 1immediately
achievable goal to the analysis of hybrid lines formed by fusing different cells
These proneering studies that are now being conducted by several laboratories
around the world have led 1o 1apid advantes 1 Ahe knowiedge of the uman dhie-
mosome map Harns and his colleagues are now heavily engaged mn the analysis
of malignancy by cell fusion

Ernest Joseph DuPraw (b 1931), a professor of anatomy, who was engaged 1n
chnical traiming and research at Stanford Umiversity School of Medicine, m 1965
and 1966 published techniques of spreading interphase and metaphase chromo-
somes for electron microscopy and contributed new 1deas on chromosome struc
ture His method of whole mount electron microscopy involves growing leuco-
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cytes ar ather cells 1n culture They are blocked at metaphase by using colchicine
to disaggregate the mutotic apparatus The blocked cells are spread on an air-
water terface that bursts them and releases the chromasomes Finally, the intact
chromosomes and nucler are picked up on electron microscope gnids washed or
treated with analytical reagents, and dried from liquid CO, by the critical pont
method

DuPraw studied honey bee and human chromosomes by this method Honey bee
chromesomes are well swited for thus approach because they are extremely smalt
and rod shaped Whole mount electron mucroscapy has an advantage over thin

sectroning because thin sectioned chromosomes are much more difficult to inter

pret with respect to fiber configurattons and dimenstons, and there has been wide
disagreement among published estimates of fiber dtameters DuPraw s interpre-
tation af chromosomal arganzation s called the folded fiber model. Before inter

phase replication each chromosome 1s thought to consist of a umit chromatid, that
1s a single long 20 nm to 50 nm fiber that contains 2 DNA double helix i super

cotled configuration DuPraw was only one of many workers who were trying to
solve the puzzle of the molecular structure of the chromosome

Tobjérn Oskar Caspersson (b 1910}, Swedish cell bialogtst, who was menttoned
carlier for hus proneering studies of nucleic acds, (see p 21) tn 1968 zlong wath
his colleagues, was the first to d te that when ph: hr

are stained with quinacrine mustard or related substances and examned by flu
orescence microscopy, each pair stamns 1n a specific pattern of dark and hght bands
called Q-bands. This revived a whole new search for methods that permit distine
tion between individual phase chr and chr

One of the more prominent and simpler, new methods developed 1n the beginning
of the 19705 1s the Giemsa staimng method. When chromosomes are treated with
a denatuning agent such as trypsin and then stained with Giemsa stain, they take
up stain patterns of dark and hight bands, called G-bands, very sumlar but not
rdentrcal to Q bands Gremsa banding 1s simpler and less expensive than fluores
cent banding and provides much the same information, so 1t will probably become
more widely used Chromosome banding techmiques have greatly broadened the

of chr analysis in 1cs Now that hase chromo
somes ¢an be ndvidually dentified, ch rearr can be more
easily r d, and the ch 1nvolved can be specifically identified As
a of genes on chr 15 a

Damel Nathans (b 1928) a professor of microbiology at Johns Hopkins Univer
sity, Baltimore, Maryland, and his coworkers i 1973 published a paper on the use
of restrictton enzymes for chromosome mapping (Danna et al, 1973} They set the
stage for an explosion of research on restriction maps, transenpt maps, and
nucleotide sequencing of 1solated restriction fragments The so-called restriction
effect was first discovered by Dussoix and Arber in 1962 They demonstrated that
restriction enzymes act like chemucal knives that cut DNA strands into defined
fragments In 1970 Hamulton O Smuth and coworkers reported the punfication

and charactenzation of a specific restriction endonuclease of the type 11 (Kelly
and Smith, 1970)
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Restriction enzvmes belong 1o two dufferent tyvpes according to their restriction
products Tvpe 1 cuts at umgue DNA sites resulting 1n speaific fragments with
unique termunal sequences The cuts are within sequences that show twofold svn
AAGCTT
TTCGAA
endonucleases are smaller and simpler 10 subunit composttion than type I and are
more spectfic 1n their cleavage sites Nathans, Smuth, and Arber were the winners
of the 1978 Nobel Pnize for Medicine Arber was credited with having first pre-
dicted the eusience of resinchon enzymes, Smith with having wolated the first
such enzvme and Nathans with having first apphed these enzymes to the study
of geneties Restriction enzvines have become a very important tool 1n the study
of DNA They allow the wsolation of sufficaently short DNA fragments and the
sequencing of their nucleotides

metn around 3 gnven reference pomi | e g Type 1! restneuon

Stantey \orman Cohen (b 1917), Department of Medicine, Stanford University
School of Medictne 1n Stanford Califormia, in 1973, together with A C Y
Chang developed the techmque of DNA cloning by which DNA molecules from
prohanotic and eularyouc sourees can be spheed 1ogether via plasmid velueles
(Cohen et al, 1973) They 1solated DNA pieces from the bacterium Staphalo-
eoecus and sphoed them into nonconjugal plasmids Such resulting recombinant
plasmuds 1n turn were then introduced 1nto Eschenckia coli Onee the isolated
DNA segment s icorporated 1n the £ colt bactentum, 1t can be reproduced
therein to provide researchers with enough recombinant DNA 1o determune the
exact sequence of the nucleotides

The potentral usefulness of such genetic mampulation lies mn the fact that i b
passing the sexual cvele a new genette combimation of tnhented propertiesis estab-
Lished Large amounts of a particular gene or combnation of several genes car be
obtamed for studs by this method Clomng indvidual eukaryotic genes with therr
adjoming control elements could reveal the process of gene expression in euhan
otes which has been very difficult to study because of the enormous complcm\ of
the eukanotic genome For instance a A phag Bh ch

was constructed and 1t was discovered that so-called intervening sequences 1n the
mouse chromosome about 550 nucleotides i length do not code for 3 globm at all
(Leder et al 1977) Intervening sequences have also been found 10 rabbit globmn
genes 10 genes corresponding to Drosophula 28S nibosamal RNA, adenovirus,
Simuar virus 40 mouse rmmunoglobin yeast tRNA, and chicken ovalbumtn and
appear to be a common occurrence of euhan oue gene orgamization (Leder et al.
1978) Cloning 1s considered by some geneticists 1o be of potential major medical
and agncultural benefit Insulin penes have been sphiced nto bactena (Villa
Komarov et at, 1978), and work that will introduce mitrogen fixing genes {rf)
1nto genomes of crop plants s 1a progress (Strewcher and Valentine, 1977)

Charles Allen Thomas Jr. (b 1927) Department of Cellular Biologs, Scrips Clin
1eal and Research Foundation La Jolla Calforma, mm 1974 together with D A
‘Wilson discovered the widespread occurrence of the so-called palindromes, hair
pin ke structures resuiting from imerted repetitious DNA which 1s located at
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intenals along the chromatids of eukaryotic chromosomes The name “pahn-
dromes™ applies because these sequences read the same both backward and for-

ATCTA

ward (e g, l') Palindromes may be mmature “handles™ that could

be useful n the dissection of chromosomes Boyer (1974) reported that many sites
recogmzed by restriction endonucleases prove 1o be palindromes Many pahn-
dromes, particularly those recogmzed by restrictsion enzymes, are only 3 to 10
base pairs long  Longer ones are hundreds of base pairs 1n size

This short history has shown some of the trends 1n cytology. genetics, and cytoge-
neucs during the last four hundred years It demonstrates the close interdepen-
dence of tool development. the imagination of people, and the art of integrating
bits of information to a framework of facts and working hypotheses From the
early microscope bunlders, who saw the first cells and discorered some of the first
principles of life, to the sophisticated researchers of the 20th century. who bave the
most advanced technology at their disposal, it 15 a story of fascinaung development
that can be read from the Ines and ambitions of many devoted scientists

*t s12nds for turn-aroond region, the pomnt where the single linear DN A charmn folds back
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Chapter 2
Gross Morphology of Chromosomes

Ttis chap er emphaszes the aspects of gross mophologs of chromosomes that are
visth's und-t the bight rucroscope. In Chaprer 3 2spects of fine structure wili be
duscussed
There are saverzl stares at which chromosomes can be studied, 2nd cach stage bhas
advantzess a~d disadvartages. The st2ge of the cell evele m which the chromo-
somes zre most ezsily 1d~atified 2nd distingashed 15 dunng mitotic metaphase
whenthen are Lsuall most condensed or corled In the past, methods for prepanre
ritenc metaphase chromosomes did rot reveal mans morphological charactenstics
that could be Lsed to distieLish them wathn the conplemert. Only 2 few entena
conld be emploned to descrite them Due 1o the lack of simple and reproducibiz
d.ffere~nal stairi~g procedures for such od n2n retaphase chromosomes, ovtol
costs turad therr major 21embo 1o spectal chromosoms tvpes sich 2s the grant
salitary gland chromosomes of 1msects ard some other organis™s that cust in the
prophase staes Because of theor polviens —an increase m latera]l muluphatv—
1hen reveal much detaal that usualhy caraet be stud ed i ordimarn prophases Other
2dvzruages of the study of prophase are (1) the possihiline to distirguish berwesn
eu ard heterochromatin, (2) the visibility of chromomeres, ard (3) the presence
of rucleol that are ed with specific chromosomes 2nd that mark them 2s
1 h For tkese reasons mam species have bern
sthject to pachitene analusis. But there are disadvantagss to the morpholoecal
study of the pachvtere chromosomes of mziesis. Becerse of therr conniderable
ergih, thoy 2re pot vsLally 21) wisib'e 1 squash preperations. The hueher the -
mmmber of ckremosomes, the mome difficalt 1s 2 pachviere apalvss.
Hewerem notevers ogamusm can be analvzed in this manner Those sceztsts who
worked ¢ the mzponty of speaiss, 1ncludine man, kad to rely on the nan
metzphase chremosoms 2nz2lvsis. Bot 2 recent major breaktbrough in evieesnebc
technolom kas suddern]y changed this sitmanon (see Chaprer 1) Several reliab'e
ethods 2re pow 2vzilable that revez] uigr~ banding patterns m ouionc met2
phase chromosemas.
2 1971 2n 28 boc comrmttes mestizo 07 the Stardardization of Humen Chro-
rcsomes was beld to revise the nomenclatere svstem 1 hebt of pew tachmgres
znd pew find ~gs (Pans Conference, 1971) This svstem ef ovtoesnztic kumen
vemenclatore was agam revised m 1978 (Iztzrmationz] Svstem, 1978) The Pars
Confergnce describes four & Terent chremosoms bendize methods pow known 25
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C-banding, G banding Q banding, and R-banding In this chapter we will consider
the different apphcations for studying the gross morphology of chromosomes

2.1 Mitotic Metaphase Chromosomes

Because of the recentness of the discovery of banding patterns in mitotic metaphase
chromosomes the majonty of metaphase chromosome analyses have been carned
out with the aid of other methods [t 15 therefore important for the student of chro-
mosome morphology to famihianze himself with earlier approaches Mitotic meta
phase chromosomes usually range 1n sizes from about 0 5 um to 30 um n length
and from 0 2 gmto 3 um in diameter Plants and ammals alike can have very small
chromosomes but on the average plants have larger chromosomes than animals

211 Total Length of Chromosomes

The morphology of a chr n mitotic P 1s described by two major
factors 1ts total length and the position of the centromere In order to demonstrate
these characteristics, cytologists construct idiograms of the karyotypes of spectes
The karyotype as described by Battaglta (1952) s the particular chromosome com

plement of an individual or a related group of individuals, as defined by chromo-
some stze, morphology, and number An idiogram 1s a digrammatic representa-
tion of the gametic chromosome set (n) of a given spectes and 1s used to compare
the karyotype of one species with those of other species Figure 2 1 shows an idi-
ogram of Agropyron orientale (Schulz-Schaeffer and Jurasits, 1962) There exsst
karyotypes with chromosomes essentially simular 1 stze and others with chro-
mosomes differing greatly in size The average size of chromosomes 1s 6 um The
longest chromaosomes exist i the plant genus Trillium and are longer than 30 pm

The shortest chromosomes are less than 1 #m 1n length and occur n fungy, rushes,
sedges, and 1n some ammals In many species we find two distinct sizes of chro-
mosomes, large ones and small ones Such karyotypes occur 1n the plant genera
Yucca and Haemanthus (Fig 22) and mn birds and lizards In polyplotd plant
species, groups of chromosomes 1n different size classes give clues of parental
ongin For instance, 1n the grass genus Bromus the North Amenican octoplotds

_ A. ORIENTALE 2n=28

Fig 21 Idogram of Agropyron orientale (2n=28) The satellite chromosomes are
placed at the begmumng of the Wdiogram and are arranged according to the length of their
satetlites The rest of the ch are arranged ding to the length of their short
arms One umt of the scale to the left of the idiogram equals 0 72 gm (From Schulz-
Schaeffer and Jurasits, 1962 Reprinted by permussion of McClure Newspapers Inc,
Burhington Vermont)
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Fig 22 Mitouc metaphase chromosomes
of the plant Haemanthus katharinae
{2n=18) X 2000 (Courtesyof Dr A H
Sparrow, Biology Department, Brookha
ven National Laboratory, Upton, New
York}

q
BN

(AABBCCLL) have 6 basic genomes® (6x) of medium stze chromosomes and 2
basic genomes (2x) of long chromosomes According to genome analysis by Steb-
ins (Stebbins and Tobgy, 1944, Siebbins 19472}, the medium size chromosomes
are homol with the ch of the hexaploid spectes of section Cerato-
chloa confined to South Amenica {AABBCC) while the long chromosomes (LL)
are homologous with those of the North American diploids of section Bromopsis
Simular homelogies exist between the genomes of Old World and New World cot-
tons {Skovsted, 1934)

212 The Centromere

Centromeres could be classified as follows
1 Localized centromcres
2 Neocentromeres
3 Nonlocalized centromeres

a Polycentromeres

b Holocentromeres
The localized centr the normal condi i whicha
possesses a permanently locahzcd region to which the spindle fiber attaches during
form under certain conditions 1n which
the centromere region ss replaced by a secondary center of movement These are
exceptional cases in which the chromosome ends move first during anaphase of

*Basic genome A group of chromosomes that are thought to have been present in the
gametes of the diploid ancestors of polyploids and those groups that are present in the
gametes of the still existing diplords of a genus The number of chromosames 1n a basic

genome 1s represented by the basic chromosome number or x—number (x=7 n
Bromus)
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mewosis (Rhoades 1952) “onlocalized centromeresare those 1n which the spindle
attachment 1s not confined to a strictlv locahized chromosome area In the case of
polycentromeres,each chromosome s attached bv manv spindle fibers Here manv
centromeres are separated bv noncentric segments Examples of this tvpe of cen

tromere are some ascand nematodes Holocentromeres (Hughes-Schrader and
Ris 1941) are diffuse 1n nature where everv paint along the chromesome shows
centromenc actvity Such centromeres have been observed in Hemuptern Hom

optera Prousta and the tugher plant genus Luzula

The site of the focalized centromere 1 often referred to as the primary constriction
or kinetochore Its location on the chromosome 1s probably the most important
character m determinmg the merphology of the chromosome The centromere s
observed as a constriction in the metaphase chromosome and ts stamned hghter than
cther parts of the chromosome This constnction can be located toward the end of
the chromesome 1n the center or in between According to its position it will sub-
dmde the chromosome mto 2 equallv or unequally sized arms Chromesomes are
categorized according to the position of the centromere as telocentnic, sub-
telocentric, sub 1c,and tric ch

Chromosame arms formed by the location of the centromere can be measured and
therr lengths expressed 1 different ways A very popular nomenclature for
expressing these measurements 1s the one used by the Human Chromosome Study
Group (Chicago Cenference 1966) Thus nomenclature designates the short arm
with the letter “p™ (abbreviation for petir French for shorr) and the long arm

with the letter *q * The mtio between the arms 15 often calcutated as the arm
rato

2

Vo

or as the centromeric index (Chicago Conference 1966 ( {

WS
c o PX100 s N
pPtq =
bR
Other wdices or formulas have been used also -

Telocentric chromosomes are those with a termmally located centromere 'ﬁ;c;
tne chromosomes may anse by centromere misdwision or breakage induced withm
the centromere region Telocentnes are generallv considered to be unstable smce
fractuning of the centromere 1s usually involved The instability of telocentrics 1s
considered to be the reason for their ranty in nature

Most chromosomes are monocentric, having only one centromere per chromosome
Chromosomes with two centromeres are called dicentne Such dicentric chromo-
somes are usually the product of structural chanses Dicentric chromosomes mav
pass through cell divisions without difficulty But it may happen that the two cen
tromeres pass to opposite poles which causes bridge formation If such bndees
break each daughter nucleus will contain two broken chromatid ends Freshly b;o~
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ken chromand ends have the tendency to fuse, which in this case will result 1n
newly formed dicentnics A sinular cycle may happen during the next dwiston
McClintock (1938a, 1938b, 1941a, 1941b, 1941c, 1942, 1944) studied this chro-
mosome behavior 1n maize and called 1t the breakage-fusion-bridge cycle (sce
Chapter 11) The irregular behavior of dicentric chromosomes must be the reason
that they normally do not occur tn nature and cannot generally be mantamned in
laboratory or field stocks of most organisms #However, a transmissible dicentric
chromosome was discovered by Sears and Camara (1952) 1n wheat, Tritscum aes
mum L The reason for the transmussibility must be the partial snactvity of the
second centromere As long as one of the two has stronger 1

activity than the other, 1t can cause the chromosome to be pulled to one pole in sts
enttrety without tearing Other forms of centromeric activity in chromosomes are
of the neocentric and diffuse kind But since they are not localized, they do not
contribute to the morphology of the chromesome They therefore will be discussed
later

213 The Nucleolus Organizer Region

In addition to a primary constriction formed by the centromere, certain chromo-
somes reveal a region that is called secondary constriction. This region ss respon
sible for the formation of the nucleolus during telophase and 1s d with this
structure during interphase and prophase, 1t 1s therefore called the nucleolus orga-
mizer region (McClintock 1934) It 1s also the chromosomal site of rnibosomal
RNA synthesis as mentioned 1n Chapter 1 (see Spregelman, p 25) However, m
metaphase the nucleolus s generally not vistble This region 1a its teue sense 1§
really not a constrictton ke the centromere since its drameter 1s mostly as great
as the remainder of the chromosome But the regon 1s usually very stnikingly
marked since 1t I1s negatively heteropycnotic to such a degree that the remaining
portion of the chromosome, the so-called satellite, seems to be removed from the
vest of the chromosome like a chromosome fragment Each species usually pos-
sesses at least one homol parr of fus organizer a pair
that has 2 nucleolus organizer region Very often, each basic genome (x) has such
a parr of nucleolus organizer or satellite chromosomes. In the genus Bromus 31
spectes were 1nvestigated that represented 166 basic genomes The number of sat-
eilite chromosomes found were 160, almost comerding with the number of baste
genomes (Schulz Schaeffer, 1960) In this way, satellite chromosomes can serve
as marker chromosomes for specific basic genomes, and they are, therefore, val-
uable for cytotaxonomic studies The size of the satellite can vary considerably
‘Satellites are generally attached to the short arm of a nuclealus organizer chro-
mosome In the human ¢h the so-called ic (sub-
telocentric) chromosomes of the D and G groups all have tiny satellites that are
so small they are often not mamifested in every cell (Fig 23) Larger satellites
can possess a separate constriction and are then called tandem satellites (Taylor,
1926) Satellite type XIV (Fig 2 4) of Bromus sitchensis Trin, B haenkeanus
{Presst ) Kunth, B col Steud, and B vald; R A Phil, of the section




Mitotic Metaphase Chromosomes 37

(13 [T

¥ B3 3F &3 %% X KA
] 7 8

9 10 n 12

D E
N a0 A4 XX _ARK__AM
13 14 15 16 17 18
F G
I % XI A A a A 8 )
v 20 21 22 XY

Fig 23 Karyotype of human male {Courtesy of Dr Philipp Patlister Shodair Crippled
Children Hospital Helena Montana)

Ceratochloa of Bromus has such a tandem satellite (Schulz Schaeffer 1960) Sat
ellites also may show considerable vanation in size This may be correlated to the
fact that satellites are mostly believed to be heterochromatic Heterochromatin
1s generally considered to be vaid of genetic activity found 1n euchromatin Con
sequently 1t 1s relatively dispensible to the genome However Phillips etal (1977)
demonstrated that the gene for polymutotic (pa) 1n maize 15 located 1n the satellite
of chromosome 6 Giant satellites in man were first reported by Tyio et al i 1960
Other so-called secondary constrictions have been detected that are not connected
with pucleolus organization The author at one time proposed to call these tertiary

Vool oda 1 WV VNI VI X X X X X Xiv

HIHIH

=

N

-ttty

Fig 24 Satellite chromosomes of the genus Bromus arranged according to the length

of the satellites One scale unit equals 0 5 um (From Schulz Schaefler 1960 Reprinted
by permussion of the American Genetic Association Washington D C)
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222 The Chromomeres

The chromomeres are bead-like projections, along the entire length of a pachytene
chromosome, that are heavier stamned than the interchromomeric regions (Fig
25B) They are typical for mitotic and metotic prophase alike The now almost
generally accepted mterpretation of chromomeres is that they are structures result
1ng from local cotling of 2 continuous DNA thread They probably represent units
of DNA replicatton, RNA synthests, and RNA processing (Rieger et al , 1976)
The heterochromatic chromomeres stain darker than the euchromatic chromo-
meres They also seem to be larger than the euchromatic chromomeres and have,
therefore, been referred to as macrochromomeres (Gottschalk, 1954) as opposed
to microchromomeres. Chromomeres also vary 1n size within these artificial size
classes For instance, the chromomeres next to the centomere are large and
become progressively smaller toward the chromosome ends Lima-de-Fana
(1952) detected a chromomere size gradient that described this progression i
diminishing chromomere size He concluded that a detatled pachytene chromo-
some analysis includes a study of the number, size and disposition of the chro-
momeres of each chromosome, thus permutting construction of a map of each
chromosome type (Fig 2 5A) The number of chromomeres within a pachytene
chromosome seems to be reasonably constant and can serve as a rehable morpho-
logical charactenistic Different methods of constructing pachytene chromosome
maps have been apphed One method (Gottschalk, 1954) uses a schematic illus-
tration of the chromosome 1n which the heterochromatin 1s depicted as a dark bar
and the euchromattc portions as a thin line The numbers of the chromomeres 1n

Lt
‘:“‘{‘ [}
- *;,‘s"" 3:; ‘f’.
b r
2 5.\*"
Fig 25 (4) Pachytene bwalent - A

depicting chromomere size gradient
mdicating that chromomeres next to
centromeres are large and become
progressively smaller toward chromo-
some ends (From Lima de-Farta,
1549 Redrawn by permssion of the Necleolus
Mendelian Society, Lund Sweden)
{B) Pachytene bivalent showing bead
Iike chromosomes {from Rieger et al ,
968)
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26)

223 The Centromere

Some essential charactenstics of the centromere have been already given 1n Section
212 Centromeres m pachytene often show up characteristically dtfferent from
those 1n mitotsc metaphase In many animal and plant species the pachytene cen
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tromere consists of one to three chromomere paurs of different sizes, that are con
nected ta the chromosome arms by thin fibers Here again, Lima-de-Faria (1949,
1954) made a careful studv of this structure He suggested that the centromere 1
a compound structure that could be fractured with each broken part still function-
1ng as a separate centromere

224 The Telomeres

Telomeres are the enlarged termunal chromomeres of chromosomes They seem to
be an mtegral part of chromosomes, just like the centromere w that the chromo-
somes do fot function normally when the telomeres are missing They seem to seal
off the ends of normal chromosomes so that they cannot join with other broken
chromosome ends In special instances telomeres can have centromertc activity
and are then called neocentromeres (Rhoades and Kerr 1949) Lima de-Fanaand
Sarvella (1958) studied the compound structure of the telomere i several plant
species and stated 1t consists of two separately distinctive regrons the protelomere
and the eutelomere. According to their observation the protelomere ts a termtnal
deep staiming structure with sharp hmuts, usually consisting of one to three dark
stamung large chromomeres The eutelomere s a weakly staining subtermmal seg-
ment adjacent to the pratelomere One compound telomere may consist of as many
as eight different chromomeres Parts of such a structure may break off without
loss of genetic function of such a structure According to electron-microscoptc
mvestigations, the telomere consists of wrregularly folded chromatin fibers that
rarely terminate at the chromosome ends, but loop back into the chromatid (Rie-
geretal, 1976)

2.2.5 The Nucleolus Organizer Region

The identification of the nucleolus organizer region (NOR) 1s simplified 11 the
pachytene stage since the nucleolus 1s m immediate contact with this regton at ths
time of mesotic division Specific chromomeres are recogmzable in this region dur-
Ing prophase, and they are called nucleolus organizer bodies. In maize,
McClintock (1934) demonstrated a heteropycnotic knob m this region on chro-
mosome 6 and showed that this knob 1s the organizer of the nucleolus As 1n the
<t ol Yhe centromere and the teélomere, this kndb 1s 2 compound structure After
breakage, both fractured portions are capable of forming nucleoh For some reason
the smaller portion 1s able to form the larger of the two nuclecl When only one
of the two broken parts of the nucleolus orgamzer body are presentn a cell, 1t 15
capable of collecting the entire mass of the nucleolar matenial More recent studies
show the role of this orgamzer 1n nucleolus formation (Givens, 1974, Givens and
Phillips, 1976) Brown and Gurden (1964) first demonstrated 1nt the toad, Xenopus
laewis that the nucleolus 1s not only the site where nbosomal RNA 1s accumulated
and stored but also the site where 1t 1s synthesized They detected a deletion 1n the
nucleolus orgamzer region of chromesome 12, called Gonz Normal Xenopus cells
(+/+) contaned 2 nuclech but heterozygous cells (+ [/ G-nu) only one. Hetero-
Zygous toads were viable When two heterozygous toads were hybridized, approx-
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6 Gross Morphology of Chromosomes
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Fig 211 Dugrammzuc repressnta won of human chramosoms bands 2s obsorved w1th
1= Q- G 2nd P bandmg m-thods (From Parss Conference 1971 Repranted by per
mussion of § havger A G, “ew Yok)

tures under prescnibed condrmons while low repetions DNA zrd umgue DNA
do not, thereby resulting m the differential stainmg reaction (Hsw, 1973) In most
of the mzmmalizn species construtive haterochromatn s located 1o the prox

1ty of the centromere Thez amount of 1t 1n cach chromosome seems to be char

WORTER. Yt W T, TR I psT Yo v (e Yiddires 2id Sew W8T

Crz1e Holmes et 21, 1973) Ncvertheless, the Humzn Chrormosone Study Group
hes starizd 1o Lse C bandme for 1he charactenzation of chromosomes Banding
patierns obtzinzd with this method do not permit indmiduel identification of each
human chromoesons bt are heipful 1n the process (Fig 210} The C bend 1zch-
mgqus 1s very Lseful for idzntifying the Y chromosomsz of marmels which is ofien
entirehy heterochromatic pariculasly i species wheve 11s lenpth extends 2 pm
{Hsu, 1973) C banding has been 2kso 2pplied to plant matenizl Vosa znd Merch
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Negative of pale staini g @ and G-ba s >
D Poait ve Rdands f 1 Varialle t anek
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(1972) demonstrated thit plunt heterochromiin muy show up even more dr-
mitiaally than ammil heterschromiun Forimtanee LindeLaursen {197%) tned
10 explare the extent of hand heteromorphy 1n barley by Giemna € banding i
onder to evalinnte the use of the bands as mirker n ¢y (osenetic Ve 0N

232 G-Bandy

;h;(i tanding techmique provides more detatl thin € banding Alongwith Q and
nding 1t idend for the ey toneneticist stnee almoat every chromosame within
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demonstrate the nucleolus orgamizer Along with C-banding, 1t has proven to be
a supenor method for plant matenal (Gerlach 1977, Jewell, 1979)

The popular G-banding method has refused to reveal G-banding patterns i plant
chromosomes The absence of G-bands 1n plants was explained by Greilhuber
{1977) He states that plant chromosomes contain much more DNA i metaphase
than vertebrate chromosomes of the same fength For sumple optical reasons ver-
tebrate chromosomes would not show G bands either at such a hgh degree of
contraction



Chapter 3
Fine Structure of Chromosomes

In 1976 Watson wrote that “even today™ our fundamental knowledge of the molec
ular structure of chromosomes 1s very incomplete This 1s parucularly relevant for
the more complex chromosomes of higher plants and ammals The main chromo-
some component of bacteria and viruses 1s deoxyribonucleic acid (DNA) How-
ever, up to 50% of the chromosomes of higher orgamsms 1s protein Information
on the ultrastructure of chromosomes has been obtained by various techmques
mcluding X ray diffraction, chemical analysts, electron mucroscopy, and
autoradiography

31 The Structure of DNA

Deoxyribonucleic aaid the genetic matenial of all cells, 1s a polymer of deoxyn

bonucleotides Its primary building block 15 called the nucleotide and consists of 3
types of simple molecutes a phosphate a pentose sugar deoxyribose, and ane of
four nitrogenous bases The sugar molecules are linked together by the phosphates,
and each sugar molecule 1s attached to a single base The bases are ether purine
(adenine and guantne) er pyrimudine (cytosine and thymine) bases Nucleotides
Iinked together by t bonds form a px de The secondary
structure of DNA has been successfully described by several authors Wilkens and
Randall 1n 1953 concluded from x-ray diffraction studies 1n sperm heads of the
cuitlefish, Sepra that the polynucleotide chains of DNA are helical and not
extended Watson and Crick (1953a, 1953b), Franklin and Gosling (1953), and
‘Wilkins et al {1953) all came to the concluston that two helices are present in the
DNA molecule As was mentioned m Chapter 1, Watson and Crick (1953a,
1953b) made the bnilrant deductions that showed how the two hehices fit 10gether

They are linked together by hydrogen bondimg of the base pairs (thymune-adenine,
cytosine guanine) so that each base pair forms a link between the sugar molecule
on one hehix and the opposite sugar molecule at the same level on the other helix
(Watson Crick model} (Fig 3 1) The two right-handed helices are cotled m an
interlocked form (plectonemically} about the same axis Each turn or prtch of the
so-called double helix includes 10 base pairs (Fig 3 2) When DNA 1n crystalline
form 1s studied by x ray diffraction, the double helix makes one full turn every
34 nm
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Fig 31 A iwo-dimensional representation of a DNA double helix showmg the opposite
polarities of the sugar phosphate hinkages 1n the two strands (From Herskowitz, 1967)

3.2 The Structure of RNA

Closely related in structure and function to DNA 1s nibonucleic acid or RNA

DNA and RNA differ 1n the compasition of their pentose The RNA pentose sugar
15 2 nbose instead of a deoxyribose Further, RNA contains no thymme but rather
the closely related pyrimidine uraci

In contrast to DNA, the RNA molecules are usually single stranded In connection
with the chromosome structure, RNA 13 important since 1t 1s the primary carrier
of genetic information 1n some viruses In these viruses DNA 1s replaced by RNA

The major function of RNA n the cell 1s to serve as a template substance The
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as

Fig 32 Double stranded DNA hel Y with the dimens ons of the hel ces ind cated {From
Herskowtz, 1967)

template RNAs are mostly called messenger RNA or mRINA Other RNAs in
the cell are nbosomal or rRNA and transfer or tRNA

33 Nucleoprotemns

As menuoned up to 507 of the chromosomes of higher organisms 1s protetn Pro-
teins associated with DNA 1 the nucleus are basic proteins such as protamine
and histone They are of low molecular weight the protamines between 1000 and
5000 the histones between 10000 and 20 000 Protamtnes are a component of
ammal sperm chromosomes Sesveral theories have been advanced about the spe

cral relationships of DNA and proteins i the chromosome One earhier theory
postulated that a histone « hehix fits into the grooves of the DNA double helix
(Zubay and Doty 1959) More recently it is believed that the eukaryotic DNA
1s tightly complexed to proteins and comprises the nucleoprotein fibers ealled
chromatin (Watson 1976) According to electron phs this has
a beaded structure and the components of this structure are spheroid chromatin
umts called » bedses or nucleosomes € 0-8 0 nm 1n drameter (Olins and Olins
1974 Qudet et al 1975) Olns and Olins and Qudet et al used this name
because of the new discovery of these bodies In spite of their different magmiude
such nucl are very of the ch: visible under the light
mucroscope 1n leptotene and pachytene which have been known since at least
1896 when Wilson described them in the first edition of fus book The Cell in
Development and Heredity (see Chapter 1) However nucleosomes and chramo-
meres should not be mustaken for one another Each of the nucleosomes or repeat

mg units 1s belteved to have 140 DNA base pairs and eight histone molecules
made up of the four mam types of histone H2a H2b H3 and H4 (khornberg

1974) The structure of the »bodies has not yet been entirely revealed but the
eight histone molecules are beheved to fill the central part of the rucleosome The
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histoncs 1n this structure are behieved to be invalved in the process of ¢hromosomal
contraction Chramesome condensation may be a function af cyelte chemical
changes of these hitones as they are being phosphon]ited, methylated, and ace-
tylated (Watson, 1976)

Vengerov et al (1978) proposed a model for @ mucleasome package that 1s 4 20
nm globule formed by s1x aucleosomes (4 to 8 estimated by Muller et al  1978) ot
a nuelensomal fiber with nternuclcosomal DNA segments bemng wound around
the nucleosames 10 which part of the DNA 1s covered by histane H1 The drameter
of the mternucleasomal DNA hinkers s 2 nm (Nig 3 3) Such DNA linkers vary
in length from about 30 to 70 base purs (Flgin and Weintraub, 1979) Shelton et
al (1978) estimated the size of the aircular Simuan virus 40 chromusome as being
5.224 base pairs, with a nucleasome size of 187 base purs, the aumber of nucleo-
sames being 22 and the DNA hnkers varying in size from 0 to 172 with 237 of
them 20 base purs in size. Nucleosomes arc actially too small in wize 1o bein the
magnitude of actual genes The present idea of gene wize an the order of approx-
imately 1000 DNA base purs (Goodenough, 1978)

3.4 Models of Chromosome Ultrastructure

Models of the ultrastructure of chromosomes reflect theories bised on availible
data and serve at the basis for further experimentation Data that serve for such
madels are collected from a wide range of approiches The broid seope of attack-
ing this problem 1s reflected 1n a recent symposium an Chromosonte Structure
and Function (Cold Spring Harbor Sympowa on Quantutative Biology, 1974)
Almost a hundred difTerent ways of dissecting the chromosome are represented,

™
N See— e
a —_— Nurleotome

Fig 33 Maodel of the ancleo-
wame package (From Vengernv
et al, 1978 Reprinted with
permission of VEBR  Georg
Thieme, Lesprig)
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rarmne from many different hiochemcal approactes 1o different wavs of eviolog

1calls anabvzing the Litrastructure

The class cal approach 1 the study of chromosome structure 1s, of course, the
avto'omcal 2ralvss Wath the rerease of resolution obtained by the discnvers of
the clectren ructoscope 1t was hoped that the structure of the chromosoe could
be stud ed1n detail But because of the lack of good fixation methods and sufficet
cenrrast, there sull does rot exist a comvirang picture of the ultrastructure of
chromasames (sce Chaprer 1) Ven fire fibnls, 2 nm to 4 nm 1 diameter, that
appear hae the doub'e kelix strands of the W atson-Crick DNA model have been
otnenved 11 sectiomed materz] The dirensions of the chromatid pares at the hght
™ croscope level are 2t the onder of 200 pm. Sioce both pheromena—double belix
ard chromatids—are bel oved to kave analoeos Lirear arrane-ment of genes that
are rrvohed i crossing over chiasra formanon, ard mutauonal everts, the ques-
uen of bow the mo'ecLlzr structure can be built irto the wistble chromosomes
2rses The presemt prevailing coneept s that o-¢ fone thread of DNA 1s ammznesd
1 the chromatd in seme cotled or fo'ded marmer

331 The Folded Fiber Model

Tt folded fiber model of chromaso™e Litrastrcture ss besed 09 the method of
ko' Mot electren rucroscops desenbed 12 Chaprer 1 This model was dovel

oped by DuPraw (196> 1968) 11 oder to 1nteerate the [2rge body of expenirental
esmetic. ovic’aecal, ard b ockemucal datz math the new morpbological discovenes.
In ths rodel each urrepl cated monad chromosome or emit chromatid 1s loosely
packed 1n wreeLlarhy transverse 2~4 lergitudimalhy fo'd=d sprrals of 2 sl 20 e
10 ‘0 rm elementan fiter which comtaims ome extremely lomg strele DNA douts
belix i supercot'sd confisuration keld tegsther by prore1n mo'ecules. Repleation
of the chromesee octLrs at sveral sutes 2lomg the length of this fiber where DNA
pelvrzrase catalvzes DNA svotbesss 2t fork configurations The Iate repheating
seements of the fher 2t the cemtroz-e 2rd eheakere serve to bo'd tog~ther the
sester chremands (Fig 34)

Fig 34A-C. Duaeram illgstraume a fold=d fider
model of chromeserme strecture. (A) &ch el
cated {e=st

2 s2e'e 20-<0 £ fiber l!:lur"l:i 2 DNA doe-
Bre kelix m sepe-coiled confizraixn. (B) Repl-
caticn of the chremeseme oocurs 2t soveral srtss.
akre the kereth of the fber wher DNA pelvimer

2se cazhzes DNA svotbess 2t fork configurs

nees. (O) The latz replicatmg segmets of the Eber
at the cmtroemere and ehowkere serve to bold
toemtker the smtss chrewands. {Frooy DePraw
196%1)
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342 The Molecular Chromosome Model

DPraw s fo'ded fiber mod 115 19 b= with the molecular model of ch

2s formulzted by Tavle- et al (1957) Taylo- (1958 1963) Freese (1958) ard
Schwarz (1960) Th=most irportart conrles g was that the ¢k omosom=15 com-
posed of o1lv 07~ DN A strard probebly cossting of se evzl mo'ecutes of DNVA
2ssocrzted liezzrhy This mod=] 1s besed on the as Lrptien that (b~ ¢ omosozt
DN\A folloss 2 sermcomenatr = mod= of replicatioy The ser consenatn = mod=
was comGrmad by tnuzted thym dim= [2belinz experirats thet €=omstrated that
th DN\A doub ~ P=Iix separztes 1oto two separate pohru leotid strzrds as the
Pydrog= brds between the rusleotid pars break As the two strards Lamind
ezch swribssizes a row comp'==rtar copr of DNA ru lsonidss, fzzding to the
formanon of th= 1wo dowb = strarded DNA mo'ecules Bz2lf d=mmed from th= paremt
o zce'= zrd kalf rewly svrtbesized (Fiz 3 5)

O-=of th= not so essemtiz] features of th= ro zcular ¢ emoso™=mod 11 that th-
chromaso™= 15 composed of 2 rurmber of sthu~it DNA belices linked end to end
b 2 senssof protarm mo’zeetss (Fiz 3 6) Col »z2nd Lncolinz of the chromeso=
rzy be explured by the 1~tevzction of su h proter metacples with each other
(Freese 1933) Pecent datz seem (o gre stromg evidence zzzist the presence of
such prereri binkevs Th= g~ ~z71ts of DNA has been for d to be senstin= ey to
deorynbort lease 2nd not to nbo-uelease e proteolvtt enzvres

343 The Multustranded Chromosome Model

O of th= o'dsst 27d most semously discossed argu—=ts of chromoso™= fire
structere has been the guestion of polvnerm vs on nerm In sprt= of 2 recently
prziling conpents of Lrinery o sim2l- strandad ess of DNA 11 the chroo-
so™e, sem= aspeets of ehromosem= strorture 2r+ still pot rezdihy explaired by 2

5 i

-
o

Lebx 2t 1% bez =~ 2 of rephication 208 each of
e 3 czods prod 1 7z 2 pew strand (Mol Red
2fter B, 1963)

Fiz 35 Drzreany showi~g the separat g &t - é
~,

K >
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Fig 38 The “Generzl Chromosome
Model ™ according to Crick (1971)
According to this model, the globular
control DNA s 1n the baads and the
fibrous coding DNA 15 n the interbands
(Redrawn with permission of Macrmillan
Journals LTD London)

Fibrous Globular
coding contral
DNA DNA

344 General Chromosome Model

In 1971 Crick proposed a general mode! for the chromosomes of higher orgamisms
In contrast to the folded fiber model, this model 1s strongly based en findings m
molecular geneties The model suggested that chromosomal DNA falls mto two
classes (1) globular control DNA 1n the bands and (2) fibrous coding DNA
mterbands (Fig 3 8) This mode! also suggests that the DNA in a chromatid s a

CHRTD CHRTD

500 &
SF-1 SF-3
s i
B R 75,
DBC
;Spsnn

Fig 39 The Hoskins (1969) model of the centromere The chromatid arms (CHRTD)
are extending upward and downward, the spndle fibres {SF-1, -2, -3, and -4) extend from
the centromere 1o the left and to the nght The chromonemata (50 nm) extend across the
centromere from one arm of one chromatid to sts other arm (M-matrix of the centro-
meres ) (Courtesy of Dr Godfrey Hoskins, Hoskins Pathology Laboratones, Dallas,
Texas Reprinted by permission of Caryologia Firenze ltaly)
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very long monomere (Prescott, 1970 Laird 1971) that probably runs continuously

from one end of the chromaud to the other

This model has 3 basic features

1 The cod ne sequences of DNA are postulated to be mainly in the interbands (Vogel
1964}

* The recogr tion s tes needed for control purposes in higher organsms are mamly
urpa red s nele stretehes of double stranded DNA (Guerer 1966)

Tt~ forces 2rd energy reed=d to unparr the recogmuion stretches of DNA are provided
by the of DNA wath ¢h 1 protemns —probably histones

-

35 Ultrastructure of the Centromere

A well-documented mod- of the fine structure of the centromere s based on elec
tron mucroscopic analysts of Hoskins (3969) Hoskins used a method of mucro-
mampulation by which he pulled the centromeres out of the cells l‘or detailed
stdy The model (Fig 3 9) shows two ch ds of 2 h

held together 1 the centromere regions by two hemisphenc or valentine-shaped
matrices (M) assocrated base to base The two arms of each chromatid are mter
connected across the matnix by chromonemata (20 am 1n dizmeter) that are con-
tinuous with the chromonemata of the chromatids This model seems to tend to
a polvneme coneept of the chromosome Also 21tached to the matnx are the spin-
dle fiber bundles (SF) two to each matnx (a total of 4 to each centromere) In
1be area of attachment 10 the matrx, there 15 2 swelling of the bundles which 1
called the spindle spherule
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The Mechan mof Crosoane Over - 63
42 The Mechanism of Crossing Over

The mechinnm of eremminy aver s still not undentood ind s clasely relited to the
unsalved problem of chramasatine nltewtructuee Comequenthy severtl dsael
and newer hypotheses of crosin., over exint Only some wall be discussed here

421 The Partial Choasmatype Theory

As mentoned i Chapter 1 Jansens m 1909 vy inced the partnal chismatype
theory, which s now qevepted s the most revsanible exphmition of the reliton
ship between cytolocie iy absen able it ind evpenmentailhy denonstrated
genctic croamne over \evording 1o this theory chismty are the diret result of
crossing over 1nd 1re formed extly 1t the ponts where the bre ke or exchnee
of non siter chromids ocvurs (N 4 1) Crosans, over ovvurs ony between 2 of
the 4 chromttids present 1t am anen pomt but threes 1nd four \trand crossims,
over 15 posstble 1n 1y gnven reaen

422 The Belling Hypothess

Belling's hy pothests (19311 1931b 1933) correlites crossing over with the repro-
duction of new chromitids The histonetl importinee of this work wis briefly
mentioned n Chapter 1 Belling ~ hypothests 1 the basis for sanie of the more
recent theories and merits discussion in more detul This hy pothests requires some
kind of relational cothng (Section 6 3) between homolo.ues 4t the tme of <hro-
mid reproduction (Fiz 42) The theory further postubites that new chromo-
meres 1re formed qlonuside their respective siter chromomeres without the for

mation of interconnecting hibers (Fiz 4 2A) The next step an this scheme w the
formation of the connecting hibers between the newly synthestzed chromomeres
(Fiz 42B) Dunnn this process sections of nonsister chrom ttidy get intercon

L

[
Fig 414001 B Schemine drawing of the eyt ucal mamfetatn of erasms over in
diplotene acvonding 1o the partil chiasmatypy theory (4) Four eytibiacally vwable
chiasmata occur at exactly the Ponts where genetic crosane over has ocvurred in pachy
tere presiously Black chromatd seements mry symbolize paterntl chromy yme onwin
and white ones maternal (B) Advanced stage of chiism termumalizatin in dnlaness
Chuasmata ke started to move towtrd chrom>. ome endy Crasswer ponts tad chiny
mita do not coincide anymore Two chismita hue become end chitsmats (From

Swamon 1957 After D
wood s N.ll) er Darhington 1930 Redriwn by permnsstn of Prentice-Hall Fngle
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R B
——  ——  Panngand DNA Rephicat on
Coit ng
Change of
Breakage Template
Rec procal
Reun on Copy g

Recomb natian

Recombination

an 4 3Aand B of the break (A) and copy choice
(B) hypotheses of crossig over (From Hamerton 197la Redrawn by permission of
Academuc Press New York)

two of the four chromatids present during crossing over are shown The figure (A)
shows two non-sister chromatids each consisting of a DNA double helix The hor-
1zontal kines represent polynucleotide chains The arrows indicate the direction of
the sugar-phosphate backbone and also delimit the extend of the polaron. The
polaron 1s the unt of the chromosome by which it 1s subdivided 1n terms of linkage
points where crossing over can be imtiated The short vertical hines depict the
hydrogen bonds between the bases of the complementary nucleotide chains The
figure (B) also shows two opposite non sister chromatid nucleotide chains of
opposnc polanty breaking off enzymatically at one end of the polaron The broken

de chains sep from their 1 y chamns over the mam part
of the polaron length New chamns {broken lines m C) are synthesized along the
polaron where the old ones were broken off After the new chatns have been syn-
thesized, they w turn also break off from therr complementary nuclectide tem-
plates (D) The old and newly synthesized break products are now pairing up as
hybrid duplexes to form new complementary DNA double helices (E) Any stll
eusting gaps are now being filled with complementary nucleoude preces (F) The
old unpaired nucleotide chamns are now breaking do\m by digestion and are thus

{ (G, H) C 15 TIOW i

4.3 The Cytological Basis of Crossing Over

Chromatid exchanges 1n metosis are observable under the microscope by the for-
maton of unmustakable structures between homologous chromosomes (homo-
togues) called chiasmata (Fig 4 5) As can be seen clearly, a chuasma invalves only
one chromatid, but each of the two homologues are involved 1n its formation

The events taking place 1n metosts, described later (Chapter 7), give us further
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Fig 44 Diagram of the polaron hybrnd DNA mode! of erossing over (From Rieger et
al 1976 Afer Whitchouse 1965)

msight into the physical basts of crossing over It may be only mentioned here that
homologous chromesomes are brought together 1n a snug unton dunng carly pro-
phase and then separate dunng diplotene By this ime the chromatid exchanges
have taken place and at the exchange points the chiasmata begin to show up cyto-
logically These then. are naturally the points of so-called “crossing over 2 phys

Fig 4.5 Photograph of a late diplotenc biva
(tl lent 1n a spermatocyte of the Costa Rican
plethodontid salamander Oedipina poel ¢
{Courtesy of Dr James Kezer Department of
Biology University of Oregon Eugene)
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X—chromosoma broken be ow the B Jocus 8roken end 1s
cepresented in the complement by be ng attached to chromosome
IV twhite cirele = centromere)

Broken end

: Elongated X ~chromosoma w th 2 largs port on of the Y—chromosome

. (wh te} attached to the car end  (horizantal | nes ind cate crossover
location)

.

e

Broken X~chromosome with Y—chromosome portion attached to 1t
fesuiting from eross ngover between car and B focus

Y—chromosome

Fig 46 (contd | Explanation of chromosomes used in Stern's (1931) expeniment

mosome, (3) carnanion and normal shape, a crossover type and {4) normal eye
color and Bar-shaped eye with a crossover type broken and elongated chromo-
some Stern made a genetic and cytologreal analysis of 364 non crossover and
crossaver F, females, and mn almost all of them there was exact agrecment
between the genctic and cytological data This demonstrated that genettc recom-
bination was fs d by a P h of ¢h d matenal
between the two homologous chromosomes
The number of chiasmata per pair of homologucs 1s imited by the Icngth of the
Adjacent or do not occur y A
chiasma 1n a given chromosome region suppressesa chiasma 1n the adjacent rcgnon
Thus has been called chromosome mtcrl‘erence(Mu][cr, 1916), chiasma interfer-
ence (Mather, 1933}, or (Whaiteh 1963) Intesference
mcreases with decreasing distance bctwccn successive genes and decreases with
ncreasing distance

4.4  Locating Genes on Chromosomes and Genetic
Mapping
One of the main functions of the chromosome s the block transfer of genes Cyto-

have been d n first genes to specific chromosomes
and, 1f possible, locating their position on the chromasome




Lovating Gores on Crc woomes and Genete Maypine &9

Saveral methods have been usad o assign genes 1o thar repaective chremaosemic of
hinkge groups. Some of them wall te only mentrened here and desonbed w detul
At the appropriate place s ook Speues with lagh numbans of chremosomes
are diftult 10 work wath for gene lvatien: The discovery of monesoms aed the
establnhment of monesomug setres has helpad i the A tinent of tetes to spes
b chironuseme or linkage sroupe, The ietrepert of mofonetines W 1s i tobaece
A 7 R 2nedN) by Clhasen and Goodspead (1926) wha at that tme
reported about phints wath 47 chromasemies (4% 1) Lawaung genes by the use
of monosermes s discussad i Chapter 16

The most extensave studies imvelung pene lvatien have been crered cut with
tneomues e 2x+ 1) In Chapter 1 the dicoveny of trisommes by Blkeslee
U920 wan daenbad By the detection of trisomite Fits, genes wan be asounted
with speutie remasomies, | mere detailed deseriptien of trsamue wene analvsis
will abso be gven i Chapter 16 The uee of tramsdacations i mappng genes will
be shomn in Chapter 14

Genetic nuapping involves the asagnment of penes o ypeatin hinkage groups and
the deternun iton of the reltive distanee of these genes to other kiown genes
that knkaee group. This provess assumies tht genes are arringed i a hinear onder
aleng the chromaveme 15 fist postulated by Meren The sequence of the genes on
the chremearmie can be determined from the threespomt eress dovised by Stertes
sant (1913) The following ceumple s tiken from Swanson (1937) 17 enc assumes
that the corraut sequential arrangement of three penes 18 e then A testuross of
the heterosvgote + 4 +/eN to the tnple recewsve ¢ A4 A would result in the
followang genotvpes

:-; t 4{;::: nencronover parental wdnduals

+he N

ab AN ] «ingle erossover recombinants el 1

+

a ::5: :: ] single Cronsover revotnbinants, L 2
bt

:-kt:l’;.:: double erossover indniduals

Aswe hnow from incomplete Iinkage studics, the number of recombinant indu e
valas e than the number of parent1l combinations Consequently the nomber
of the nencrossover parent 1l andnadu i would be the hughest The freguenaes tn
the tea amgle Rpmsans Tevnnerh Aevaes ik depard o ek drefonie e
genes ¢ and b and between b and ¢ The number of wdiniduts i the double
erossover el will be the smallest The double erasover ¢liss gives information
the line e are of the g.et o along the chromosome, I the dou-
ble cranover elass (b4 and @+-¢) gene b hs shifted ts position with ats dome
snant allele wath respect 10 genes @ and ¢ The erder of the three genes must theres
forebe (A Ansetunl ex wnple of the three-painteross 1s shown in Chaptee 14 {ree
Table 14 1)
Mam <uch yenetie dat fead 1o the construction of genetie maps Claksieal exane
Ples of such penetie maps ate thase of Drosep! a nr ol mogaster (g 4 7) and of
mure, Zeamns (Nig 43) Lach gene is shown on the genetie map as & pomt on
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Locating Genes on Chromesomes and Genetic Mappine mn

the linear chromosome The distance between any two genes 1s 2 funcuon of the
recombinant frequences

Genetic maps do not reveal the actual distance of the genes because crossing over
does not occur at the same frequency at different sections of the cytological or
chromosome map In order to get actual distances one has to resort to delefton
mapping or cyvtog P This seeks to determine the locus of
a specific gene on the chromosome map Such locus may be detected for a speaific
arm for a fraction of such an arm or for 2 minute deleted segment of a chro-
mosome To carry out such mapping a specific mutation can for nstance be
ppointed to a deficiency (Chapter 11) in the corresponding chromosome

When 2n orgamsm has a recessne nonlethal mutation in a chromosome and 15
heterozy gous for a deficient segment on 1ts homologous chromosome the recessne
mutation will be expressed in the phenotvpe This phenomenon has been referred
1o as pseudodominance

The best results with deletion mapping have been achieved 1n the localization of
genes on the gant salnary gland chr of Drosophila These ch

are extended to such a s1ze and have so mitch detail that small deletions can be
traced with an excellent degree of accuracy

Mackensen i 1935 and Shizynska in 1938 used deletions to locate genes on the
Drosophila chromosome map Shzynska s study 1s shown in Ficure 49 The black
areas on the diagram show the deficient regions of 14 different deficiency mutants
all of which produce the w lute-Norch phenotype These areas are correlated to the
numbenng system of Bndges (1935) that diides parts of chromosomes with
Arabic numbers uses caprtal letters for subdivisions and gnes Arabic numbers
to the bands within the subdivisions As an example band 3C7 1s deleted 1n dele
tion mutants N8 Mohr 264-38 264-36 264 30 264 31 264-32, 264-33 264-37
264-39 264-2 and 264-19 (Fig 49) Bndees numbering system mn turn s cor
related to the bands on the chromosome map 1n Figure 49

In order to be able to appreciate the phenotypic expression of such mutated genes
a picture of a fly with notched wing (V) 1s shown 1n Figure 4 10

Cytogenetic mapping also has been carried out 1n humans By 1977 over 110 gene
loct had been assiened to specific human autosomes and about 100 more to the
X-chromosome (Mchustk and Ruddle 1977) The total number has since
climbed to 347 (see Fie 4 11) The use of somatic cell hybnidization for cytoge
TR stuthes hias been mentoned wm Chapter 1 {Tamms and Watkons 1565) The
assignment of genes to speaific ch 1s a possible of such studies
One such approach 1s the synteny test by which one can investizate 1f two genetic
toct are inked to the same chromosome depending on their correlated loss or
retention in hybnd cells The first such successful test was performed by Nabholtz
etal (1969) who demonstrated that the loci for HGPRT (hypoxanthine suanme
phosphonibosy Itransferase) and G6PD (glucose 6-phosphate dehydrogenase) are
both located on the X-chromosome

Another approach 1s the assignment test where the location of a particular gene on
2 speaific human ch 15 d d by the dance between the
presence or absence of this chromosome and a specific phenotype in many hvbnd
clones (Mchusich and Ruddle 1977)
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Chapter 5
Function of Sex-Chromosomes

By now 1t mav be obvious that the author emphasizes the historical importance of
the discoveries that made cvtorenetics the science 1115 today That 1s why the first
chapter was written i such detarl and the student 1s often referred back to 1t 10
order to freshen his recollection The first studies of chromosomes that determun=
sex were undertaken at the end of the last century As mentioned m Chapter 1

Henkimne in 1891 for the first ume described what 1s now known as the X chro-
mosome Half of the sperm of the insect Prrrhocoris apterus received this chro-
mosome and half did not Ths svstem 1s now known as the X O system A much
more common svstem s the X Y svstem which will be discussed first

51 The X-Y Svstem

The X Y svstem s a basic form of sex determination in antmals and 10 some plants
This mvohes a structural difference between the sex chromosomes that can be
observed ¢ A pair of sex may be unequalin
size and shape tn ane sex {heteromorphuc) but equal mn size 10 the ather (homo-
morphiclk The sex that harbors the heteromorphicsex chromosome parr was called
by Waison (1911) the heterogametic sex because durine metosis 1t produces two
types of gametes one male determmme and one female determmme He called
the sex with the b phic ch pair the h sex stnce 1t
produces only one tvpe of gametes In most vertebrate and m many msect species
the heterorametic sex (X)) 1s the male and the homogamenc sex (AX) 1s the
female However n birds i some moths and 1n fishes amphibians and reptiles
for instance the opposite relation s true m that the male 15 the homogametic sex
(XX) The homoloeies of the X and Y chromosomes can vary from species to
species The sex chromosomes (X and Y) may have a long homologous region
and a very short differential region or 2 short homolocous rerion and a lone dif
ferential region In some species such regions have been mapped accordine to their
size In Melandrium album for instance the homologous or painne region 1s very
short propertionally speaking In Fig 51 a dizeram of the X and Y chromosomes
of Melandrium 1s presented

Asshownm Fip 51 there are male and female supressor regions as well as male
and femnale prometing regions on the sex chromosomes dependme on the role of
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80 Function of Sex-Chromosomes.

1n a normal female, the balance between two sets of autosomes and two X chro
mosomes produces femaleness (X/A = 1), while in a normal male, the autosomes
outweigh the X chromosames (X/A =0 5) resulung i maleness The X chro-
mosomes seem to nfluence female development, while the autosomies scem to
influence male development Other imbalances produce superfemales, supermales,
and intersexes

512 Goldschmidt’s Theory

Goldschrmidt's work {1934) was carnied out on the gypsy moth, Lymantria dispar
In this organtsm the male 1s homogametic (XX), and the female 1s heterogametic
{XY) The gypsy moth was chosen for these studies because intersexes {gynandro-
morphs) are common tn this species Goldschmidt concluded that in Ly mantria the
sex was determined by the relative strength or balance of a female determining
factor (F), which 1s inherited from the mother, and male determining factors (M),
which are Jocated on the X chromosomes At different times Goldschmudt thought
that the F factor was either carried on the Y chromosome or 1n the cytoplasm
Figure 52 depicts the second contentron In this scheme the female formula 1s
F/M (F>M), and the male formula 1s F/MM (MM >F) F-and M determiners
duffered n potency wn diflerent races, their relative strengths were approximately
the same n every race There were strong and weak F’s and strong and weak M's
Intersexes occurred regularly among the offspring of crosses between different
geogeaphical races If a female with strong F and weak M was crossed with races
that had M’s of different strength, the XX offspring, even though being geneti-
cally males (chromosomal sex), were not necessanly phenotypical males If the
introduced M-determiners were strong, the offspring was male, if the introduced
M determiners were weak, the phenotypical expression of the offspring was
female Intersexes occurred when male- and female determiners were mn balance
Gotdschmidt concluded further that the different strengths of M depended on 13
genes, the different strengths of F on 8 genes or cytoplasmic dosage factors

Goldschoudt (1915, 1916, 1920, 1922, 1923, 1929, 1934) and tus coworkers also

Fig 52 Sex expression mn Lymantria dispar
according to Goldschmidt (1934) The female-
determumng factor 15 carned 1 the eytoplasm
the male determining  factor 1 the
chromosome
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propased a mechamism by which these sex factars influenced the development of
the sex phenotype He called this mechanism the time law. He assumed that the

begm therr devel as females or as males (chromosomal sex) and
develop as such to a certain point, called the turning point, after which they devel-
oped into the opposite sex The degree of intersexnality 1s determined by the timing
of the switch-over in differentratron

513 Pipkin’s Theory

Piphin (1940 1942, 1947, 1960) concluded from her work that the sex in Droso-
phila melanogasterwas decided by a balance between male-determming factors in
the second and third and female-determinimg factors in the X chromosomes (Fig
53) Her work was based on a method developed by Dobzhanshy and Schultz
(1934) that added or subtracted broken pieces of an X to the normal 2X of tnp-
lord intersexes (see Table 5 1) The femmzing effect of the X portion could be
measured by the degree of intersexuality mn the fies No single female sex genes
could be located through these very thorough studies The femimizing effect of the
extra X sections was proportional to the size of these sections It was concluded
that many female sex genes were spread over the X chromosome The conclusion
thal the male-determimng factors were located 1n the third chromesome came
from the following process of elimination Bridges (1922) ongtnally assumed that
the male-determners must be carried in the autosomes Obviously. the fourth
chromosome must be disregarded as a carrier because haplo-IV and triplo-1V
Drosophtla indwiduals do not affect the mtersexes Piphin (1947) carefully
checked the second cb with the trans! and triploid method and
did not find any sex-determuners 1n 1t She hikewise did not find sex-determiners
if the second chromosome only was involved (Pipkm, 1960) Her suggestion was
that both the second and the third chromosomes are responsible for the shift
tonard maleness found 1n ordinary 2x3A tnploid intersexes {see Table 5 1)

1L gg 99 ¢ -

Fig 53 Pipkin’s (1947) theory on sex d Expl:
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52 The Function of the Y Chromosome

The function of the Y varies ding to the Anexcellent
review on this subject 1s published by Di (1965) This ct may
vary from bearing some functional umits of great importance to being completely
lost as 1n the already menttoned X O system The Y chromosome mostly has a
high proportionof heterochromatin, which 1s generally considered as having a high
degree of gemic inertness Historically, the Y chromosome was considered to con-
tain degenerate genes or no genes at all (Muller, 1914a, 1914b) This 1dea was
based on some of the early discoveries In r flies without Y chr
(XO) were viable but flies without X chromosomes (YO, YY) were inviable The
Y chromosome consequently was not necessary for survival Females with addi-
tional Y ¢t (XXY) were indi hable from normat flies (Muller,
1914a, 1914b) Males with two Y's {XYY) also did not show any different mor
phology As shown in Table 5 1, the Y did not scem to have any appreciable effect
on the sex expression of Drosophila
The sudden discovery in 1959 (Ford et al , Jacobs and Strong) that the Y 1n man
15 strongly male determuneng drastically changed the earhier conctusions Later it
was found that even XXXXY individuals and mosaics of the type XXXY/
XXXXY/XXXXXY are phenotypically male in man (Anders et al,, 1960) Work
with mice, cats and other mammals also tndicated that the Y 1s male-determning
mn these ammals
In the flowering plant wild campion of the pink family, Melandrium diocium as
1n man and mammals, the Y chromosome 1s also strongly male-determiming This
15 the only plant species in which the function of the Y chromosome has been inten
swvely investigated (Warmke, 1946, Westergaard, 1958) It 1s interesting that this
study predates the findings 1n man by 14 years, but 1t did not have the same impact
as the discovery 1n man In Melandrium the XYY, XXY, and XXXY types are
all male, but the XXXXY 15 her hrodite The Y ch 1s larger than
the X chromosome 1n this spectes (Fig 5 1) In many species the Y chromosome
ts much smaller than the X, which also has been used as an argument of 1ts rel-
ative inertness
Very few genes have been located on the Y chromosome They are referred to as
kolandric genes (Enriques 1922) The first Y-hinked gene 1n any species was the
one for a black pigment spot in the fish, Lebtstes resiculatus (Schrmdt 1920) Only
two Y linked charactenstics are presently hsted for the human gene map
{McKusick and Ruddle, 1977) They are the histocompatibility gene (FH-Y) and
the testis determuming factor (TDF) From studies of chromosome aberrations it
was conctuded that these two genes may be at the same locus on the short arm of
chromosome Y close to the centromere (Wachtel et al, 1976) H-Y regulates
1 properties of bility antigens F bility anti-
gens determined by the Y chromosome have also been reported for mxcc rats, and
gunea pigs (Wachtel et al, 1974) Other characteristics were located on the
human Y chromosome at vanous times but firm evidence 1s lacking
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5.3 Dosage Compensation

The term dosage compensation was comed by Muller et al (1931) 1n order to
account for the fact that in Drosophila there must exist mechansms that equalize
the effective dosage of sex linked genes 1n the male (XY XO) and female (XX)
orgamsms For instance, in Drosophila the X chromosome carrtes many sex linked
genes that are not responsible for sex expression Such genes do not have corre

spanding alleles on the Y chr and are ly present in a hemizy-
gous condition in the males However, males and females are morphologically and
physiologically so sumilar in expression that 1t seems that one gene dosage 1s as
effective as two We will see later that the effect of the dosage has an appreciable
effect on gene expression in individuals that have mussing or additional chromo-
somes (Chapter 17) In man even the monosomic or hemuzygous condition of the
smallest chromosome (one fourth of the size of the X) s lethal The fact that the
hemzygous (XY, XO) and disomic (XX) condittons of the X chromosome have
similar phenotypic expression has been explained with some kind of dosage com-
pensation mechanism

In Drosophila dosage P 1on has been explained to be the result of the
action of modifier genes, so-called dosage compensation genes, on the X chro-
mosome that cancel the effect of different doses of a given gene (Muller, 1947)

The dosage 10n h of D htla appears to operate by foraing
a given X-linked gene 1n the XY-male to work harder, while restraining the activ-
1ty of the same X-linked gene on each of the two X’s of the female (Ohno, 1967)

5.31 The Single Active X Hypothesis

Tn man and mammals another mechanism seems to provide for the inactivation of
the second X chromosome as 2 means of dosage compensation This mechanism 1s
called the single active X hypothesis or Lyon hypothesis {Lyon, 1961, 1962a,
1962b, 1963, 1970, 1971, 1972) mentioned 1n Chapter 1 The Lyon hypothess
makes the following conclustons

In XY-males, the single X chromosome ts active 1n all cells, while 1n each cell of the
female (XX) one of the two X chromosomes becomes inactivated

Paternal and maternal X chromosomes have an equal chance of being inactivated
Tnactivation oceurs early in the life of the female embryo This smplies that 1n XX
orgamsms both X chromosomes are euchromatic and active in RNA synthesis during
early embryenic development

Once 1t has been decided which X chromosome 15 inactivated 1n a cell, the same X
chromosome will always be wnactivated in the descendants of that cell

The inactive X chr becomes forms the sex chromatin
found 1n interphase, which 1s believed ta be the late replicating X chromosome {Ohno
and Hauschka, 1960)

Lyon’s hypothesis 1s derved from her studies of the X-linked coat color genes m
mice These dominant genes produce different phenotypes in males and females 1f
males, for instance, carry the gene for mottled {#f0), the mice will have a umiform
coat color (Mo/Y) If females are heterozygous for mottled {Mo/+), they have a

N

woos
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Fig 54 A femzle mousce heterozygous for the X
linked gene dappled (Mo”/+) havtng a variegated
coat with particles of mutant and wildtype color
{After Lyon 1966 Rcprinted by permussion of Pau]
Elek Limited London)

variegated coat with patches of mutant or wild type color The same pattern 1s
produced 1n females carrying the gene for dappled (Mo*) (Fig 54) The pig

mented wild type patches (4) descended from cells 1n which the X chromosome
carrying the mutant gene (AMo) was mactivated The mutant patches (Mo) orige

nated from cells 1n which the X chromosomc carrying the wild type gene (-+) was
nactivated

Apphication of the Lyon hypothesis to human beings has come from the study of
cultured skin fibroblasts (Beutler et al 1962 Davidson et al 1963) They found
electrophoretic variants of glucose 6 phosphate dehydrogenase (G6PD) Clones
from G6PD heterozygous females were 50% normal and 50% deficient

532 Sex Chromatin and Drumsticks

The discovery of sex chromatn or Barr bodies by Barr and Bertram (1949) 1n
cats 15 closely related to the ph of dosage Barr s discovery
was based on some earlier findings During the first decade of this century Mont
gomery (1904 1906) discovered the heteropycnetic behavior of the X chromo-
some 1n the male germ line of the hemipteran wnsect Pyrrhocoris Heteropyenotic
chromosomes are those that are out of phase (allecycly) if they are compared
with the coling cycle tn which the rest of the chromosomes of the set are engaged
They are also out of phase 1n respect to their staimng properties Positive heter
opycnosis 15 the condition of the chromosome when 1t ts densely colled negative
heteropycnaosis 1s the condition when 1t ts Iess spiralized These terms correspond
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to the expresstons heterochromatin and cuchromatin, mentioned in Chapters 1
and 2 that designate the staimng properties of chromosomes Densely cosled pos
itively heteropycnotic materal s considered to be t t 1c or darkly
staining and less spiralized Negatively heteropycnotic materal is considered to
be euchromatin 1t has normal and less darkly statning properttes in interphasc
and prophase

In order to understand the nature of sex chromatin one should distinguish
between facultative and t T 1n (Brown 1966) Facultative
t omatin 1s euch that can be b 1 d during the cell
cycle Constitutive heterochromatin 1s always heterochromaumzed and 1 1s the
usual form It 1s the chromatin that 1s found 1n the centromere regions near the

1 n the Ihites and tn the nucleolus organizer region Constitutive het
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erochromatin has also been termed satellite DNA (Yumis and Yasmunch, 1970,
1971) It 1s thought that satellite DNA 15 composed of relatvely short, repeated
polynucleotide sequences (Walker and McClaren 1965, Britten and Kokne,
1968) This heterochromatin 1s 2150 referred to as redundant or repetitie. It
occurs commonly among cukaryotes It comprises some 10% of the genomes of
tigher orgamsms Both chromatins have the formation of interphase chromocen

ters and late DNA replication 1 common

The discussion of sex chromatin 1s mamly related to the facultatne heterochro-
matin Sex chromatinis found 1n 20 10 96% of the nucler of all females in humans
and many mammahan spectes, but it 1s absent or rasely found 1n the nucler of
males of the same species Sex chromatin 1s generally focated at the periphery of
the interphase nucleus away from the matn chrematin mass just tside and close
to or flatiened apainst the inner surface of the nuclear emvelope (Fig 55) Butnt
also can be located at other sites of the nucleus The size of this body ts about
08x! 1 um As mentioned, the first suggestion of the possible relationship between
the sex chromatin and one of the two X chromosomes present sn females was made
n 1959 The basis for this assumption was the fact that whenever two Xs were
found in the karyotype of an organism, a Barr body was detected in imnterphase
nucler A of tvo X 15 the pr for the presence of
2 Barr body and if more than two X chromosomesare present, more than one Barr
body can be expected 1o at least some of the interphase nucles The ease with which
sex chromatin now can be detected as in scrapings from the oral mucosa (Mar-
berger et al, 1955, Moore and Barr, 1955) makes 1t a most valuable tool for sex
diagnosis

Another method for sex diagnosis 1s the determinatton of the presence or absence
of the so-called drumsticks. These were first discovered by Davidson and Smith
(1953)1n the g polymorph it phil leucocy tes of human blood

These are drumstick-like chromattn appendices that are attached by 2 fine chro-
matin thread to one lobe of the polymorph nucleus Drumsticks do not vary with

Fig 56 Chromatin appendixes called
“drumsticks” of the neutrophil leuco-
cytes of buman female Drumsticks do
not vary with ape (X 2666) (Courtesy
of Cardlina Biologscal Supply Co Bur
Iington NC)




Dosage Compensatien 87

9 Red-eyed SLin teeyed
. - w
Parents X
~ :
-
RS -
~ -
o 1
FIRN '
e AN
- ~
. w .
4 X
Red-eved ¥/h t2eyed

Gametes

1 .]ﬂz
10w

Fig 57 Duagram of 2 cross between a red-eyed female (4 /4) and a white-eyed male
{w/y) the resulting F, (+/w +/y) and the F, from a cross between the F, individuals
This diagram demonstrates sex inkage (After Morgan 1910b)

age (Fig 56} Therrsize1s 1 4 pmto 1 6 gm1n diameter Drumsticks are found
about one out of 40 leucocytes of normal females and in less than one mn 500 cells
of normal males It has been hypothesized that drumsticks correspond to sex chro-
matin 1n that they represent the heteropycnotic region of the X chromosome It 1s,
however, doubtful if such 2 conclusion can be made at this ume

Sex chromatin and drumsticks are both valid structures for sex diagness aithough
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Movement of Chromosomes




Chapter 6
Chromosomes During Mitosis

’

In this part on the movement of chromosomes, the so-catled normal behavior of
the chromosomes durtng the processes of cell division and cell umon will be dis
cussed These two processes guarantee the conttnuation of species from one gen-
eratton to the next
In cell dvision there exist two major phases, karyokinesis (or mitosis) and cyto-
kinesis The term mitos:s 1s usually preferred over karyokinesis. During muttosts
the heredstary snformation that 1s contained n the chromosomes is passed on to the
daughter nucter During cytokinesis, which usually follows mitosss, the cytoplasm
and its incls are divided cell reprod Since the ch
as the carriers of the hereditary umits, are the major topic of discussion, only mrtosts
15 lr:aled i this chapter The pnncxpal stages of mitosis are prophase, metahinesis,
h and However, in order to understand the entire
cell cycle, interphase 1s included 1n this discusston Figure 6 1 depicts the different
mitotte stages in an antmal cell

61 Interphase

in the mterphase nucteus, the chromalm the substance that contains the genetic
matenial appears to be dispersed hout the entire I The nucleolus
and the chromocenters (Chapter 2) stand aut by their dense staiung praperttes

In terms of the cell cycle, the interphase takes up a relatvely long time interval
The reason for this long period 1s that during nterphase some very important func-
tions of the cell cycle are taken care of, such as metabolism and synthesis The
interphase period 1s generally subdivided into three phases—the G, pertod the S
peniod {synthesis), and the G, period (Howard and Pele, 1953) The Jength of these
periods vartes according to species and probably also according to different tissues
of the same species la Fig 6 2, the refatwe duratien of these wnterphases 1s 1ndi
cated along with the estimated period of mitosis for cells such as cultured cells of
man and hamster, root tip cells of the broad bean (Vicia faba) and spermatogonia
and spermatocytes of grasshoppers The duratton of the cell cycle m these organ-
1sms 1s 18 to 19 hours, while the S period lasts 6 to 8 hours During the S period,
some ck ly and othersare late Heterochromaticchro-
mosomes such as the allocyclic X chromoesome menttoned 1n Chapter § are usually
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Inerphane Earty Provhase 1 44 g Proghase
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Late Araphase Te ovhass

Imerphase
Fig 6 1 Mitouc stages in an ammal cell

Tate replicating The S peniod 15 usually preceded by a presynthetic pap period
called G, The physiological condition of the cell determunes the length of the G,
period Some cells such as wmactnely growing yeast may not have 2 G, period
During the G, penod the ¢h are not redupl d This penod can be
considered as a preparatory penod for DNA synthesis The chromosomes are
released from their condensed condition, which they had assumed duning mitosss
T has not been possible as yet to ascribe with certamnty any speaific biochemnscal
events to erther the G, penod or the G, penod (John and Lews, 1969) Both RNA
and protemn synthesis are evident during the G penods as well as duning the S
peniod Near the end of the G, penod, the beginning of the S peniod 15 tnggered
by a yet unknown event This 15 a period of actnve DNA synthesis dunng which
the chromosomes replicate The S penod can bz traced by the use of fabeled DNA
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v Fig 62 Life cycle of dwiding cells such
as those of humans hamster root tips of
the broad bean and spermatogonia and
spermatocytes of grasshoppers Phases
indscated are mitotic division (M) syn
thesis (S) gap between M and S (G)
and gap between S and M (G;) (After
Swanson et al 1967 Redrawn by per
mission of Prentice Hall Tnc  Engle
wood Clffs N 1)

[ G

precursors such as thymidine Several enzymes catalyze the process of DNA rep-
lication The most crtical one 1s DNA polymerase This enzyme copies each
strand of the DNA double helix into a complementary strand Since the DNA
strand 1n a human chromosome has an esimated length of 30 000 gm and DNA
replication occurs at a calculated speed of 0 5 um per minute DNA replecation
would take much too long to account for a typical S period of 6 to 8 hours assum
ing rephication proceeds sequentially from one end to the other But 1t was discov
ered that DNA rephcation occurs at many different places along the chromosome
atonce Duning synthesis short transtent DNA fragments were observed that are
called Okazaki pieces (Okazakietal 1968 Huberman and Riggs 1968) which
correspond to the earlier hypothestzed replicons (Jacob and Brenner 1963) Such
Okazaki pieces are autonomous DNA units with an average estimated Jength of
about 1000 nucleotrdes or 30 um that are eventually joined together by the action
of DNA hgases forming the final product the complete DNA daughter strand
The post synthetic G, period 1s a gap between synthesis and mitosis Duning this
period the chromosomes are 11 a reduplicated state Irradiation experiments have
verified this When irradiated during G the chromosomes yield chromosme aber
rations and when irradiated duning G, chromatid aberrations During the mter
phase durectly preceding meiosis the G, period 15 ether very short or completely
miusstng Duration of the interphase pertiods G S and G, mn relatton to the mitotic
period have been determined for many species A recent summary for higher plants
was published by Van t Hof (1974)

62 Preparation for Mitosis

One of the preparatory phenomena of the cell for mutosts 1s cellular growth (Mazia
1961) A preductofa d such as a late el daughter cell usually
almost doubles 1ts volume by the end of interphase before 1t divides agam This
apphes particularly to cells 1 mtoucally active nssues 1t demonsirates that
mitosis ts a cetlular process and not entirely imited to the nucleus The preparation




Preparation for Mitosis 93

Fig 63 Cross section of a centriole from a human lympha- L m

cyte at the interphase stage The 9 triplet fibers consist of 3 PR+

microtubules each (X 316 000} (Fram Sutte 1963) L ‘Qh e
R, o°

R N

L o

L
e

for rmutosts ts gong on continuously throughout the hife of the cell Preparation for
the next cell division already has started durtng the course of the previous dvision

There are many preparations for a given dmviston which all have to be completed
before the mitotic apparatus becomes functional Bradbury et al (1974a 1974b)
proposed that during the G pertod the mitration of mutotie cell division 15 con

trolled by the level of the growth associated enzyme F1 histone phosphokinase
{HKG) but direct proof 1s not yet avarlable Another preparatory process for
mutests 1s the replication and poleward movement of the centrioles of the centro-
some {Boven: 1888)

621 The Centrosome

The centrosome which contains the centrioles 15 a region of clear cytoplasm adja
cent ta the outer side of the nuclear membrane of cells 1n many ammals and 1n
some lower plants (Bover: 1895) It was first described by Beneden in the 1870's
and by Bover1 1n 1888 sn his famous Cell Studies mentioned 1n Chapter |
Centricles have been studted m detail with the electron microscope (Fig 6 3) They
are shaped like a short hollow cylnder about 300 nm to 800 nm tong and 160 nm
to 250 nmin diameter The wall of the cylinder contams 9 triplet fibers that consist
of 3 mu bules each The my bules are about 15 am to 20 am n dameter
The three microtubules of each triplet fiber are arranged m a lime tilted about 30
to 40 to the tangent of the curcumference of the centriale

During the G period of mterphase usually two centrioles are observed They are
generally rephcated during the S pertod The ultrastructure of centriole replication
was first described by Bernhard and DeHarven {(1960) and Gall (1961)

The new centriole anses as smaller procentriole at an angle greater than 90 to
the mother centriole forming an L shaped angle with the mother (Fiz 6 4) The
diameter of the procentriole 1s almost equal to that of the mother but the lenath
15 only about 70 nm when 1t first becomes visible under the electron mrcroscope
The procentriole gradually increases m size untl it reaches the dimensions of the
mother centriole In moest ergamisms centniole rephication 1s finished by the end of
interphase (G, period) At that ume two pairs of centrioles or two centriole
duplexes are visible at one side of the nuclear envelope (Fig 6 3)

At the beginning of prophase one centniole duplex starts to move away from the
other one and mugrates around the pertphery of the nucleus The other centriole
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Fig 64 Longitudinal sections of cen
inoles from the alga Mifella The new
centriole arises at an angle greater
than 90° to the mother centriole
formung an L-shaped angle with the
mother X 52200 (Micrograph from
Turner 1968 Reprnted by permis
sion of the Rockefeller University
Press New York)

duplex remains in tts previous position During this ttme small spindle fragments
appear between the separating centeiole paws

Atthe b of phase the centriole pair has obtatned a position
opposite to its two partners A complete spindle fiber system formed by the asters
now stretches from centriole pair to centriole patr During anaphase the centriole
patrs scem to be pushed farther apart by the continuous spindle fibers

There may be some exceptions to this generat centriole behavior described above

80 3 q‘%
& — T ) — 4 —
G S G2
s
% )
A
Prophase Metaphase Anaphase

Fig 65 The centriole cycle dunng interphase and cell dwision {Modificd after Efe-
ments of Cytology Second edition by Norman § Cohn 1969 by Harcourt Brace Java
novich Inc Redrawn by permission of the publisher)
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The centriole duplex separation may be delayed beyond the beginming of prophase
(Fig 6 5) Bothcentriole duplexes may migrate around the cell as a umt with hittle
change 1 their center to center spacing prior to separation Duplex separation may
occur at any pownt within the mud prophase prometaphase period (Rattner and
Berns 1976)

The function of centrioles seems to be connected with the formation of the spindle
fiber h and the d of during mitosis The
centnole 1s the place where the tubuhin (Borisy and Taylor 1967) 1s assembled and
senves as the center of the spindle microtubules (spindle fiber) orgamization Tub-
ulin 15 the subumt protemn of the microtubules

63 Prophase

Prophase 1s the beginning stage of mitosis During this stage the chromosomes
become wisible as thin threads This 1s accomphshed by progressive cotling and
folding Each prophase chromosome now consists of two adjacent chromosome
threads called chromatids, which are the result of chromosome reduplication dur
ing the S peniod of interphase The coiling and folding transform the largely
ded bolic ch 1nto a shape suitable for transport A diagram
matic representation of the cothing cycle 1s shownin Fig 6 6 Dunngearly prophase
the two chromatids are twisted about cach other i relational coils (No 2 Fig
6 6) The cotls mterlock 1n such a manner that the chromatids cannot be separated
without unwinding the col Thes kind of twisting 1s also called plectonemuc coting
(Fig 67A) Such chromatid assoctation 1s different from the one occurring 1n
merotic prophase, which 1s called paranemic coiling (Fig 6 7B) where the chro-
matds are casily separated laterally (Sparrow et al, 1941) As prophase proceeds
and the chromosomes become shorter, the relational colling disappeats, the chro-
matids disengage themselves and Le side by side (No 4, of Fig 6 6) Later, duning
the coiling cycle (metaphase and anaphase), two levels of colling can be seen (No
6, Fig 66) The large coils are called somatic coils, the small ones that are
smposed upon the large ones are called minor eols. As seen in the diagram, the
mutrally small somatic coils decrease 1n number with progressing prophase and at
the same time increase i diameter This causes an apparent thickening of the
chromosomes that 15 often referred to as contraction
Dunng prophase, the nucleolus of most species breaks down and disappears Elec-
tron microscopic studies have revealed that the component parts of the nucleolus
disperse throughout the nucleus duning this stage In some lower forms of hfe the
nucleolus persists through metaphase and anaphase and divides 1nto two halves
that are distnibuted to the daughter cells
At the end of prophase, the nuclear envelope breaks down into fragments This
allows the chromosomes to spread over the greater part of the cell and gives them
2 better chance to separate as ch ds dunng poleward t Electron
FICTeSCOpIC myvestigation seems to prove that pieces of the nuclear envelope dis
perse 1nto the cytoplasm and become part of the endoplasmic reticulum It 1s pos
sible that the nuclear enselope ongmates from the endoplasmic retrculum {Bern
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Fig 66 Diagrammatic representation of the mitotic corling cycle of a chromosome Cen-
teameres are shawn as circles—(1) lateephase (2, 3, and 4) Prophase {5} Prometaphase

(6) Metaphase metaphase chromatids show mayor and minor coils (7) Anaphase (8)
Telophase (Modified after De Roberus et al , 1965)

%

Fig 67Aand B Diagram of two possible types of colling between chromosomal subunits
{A) Plectoncrmc coiling (B) Paranemic coiling
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hard 1959 Whaley et al 1960 Porter 1961) Protozoa and fung: comprise an
exception in that the nuclear envelope remains intact throughout the entire mitotic
dvision
Right after the disappearance of the nuclear envelope the spindle fiber apparatus
appears

64 Metakinesis

The term metakanests was first used by Wassermana n 1926 and was brought
into popular use by Mazia (1961) Many textbooks do not distinguish between
metakinesis and metaphase but include the discussion of both of these stages
under metaphase But many of the important features of metakmnesis are omitted
from the if it is oot dered sep ly Metakinests 1s aoften also
referred to as prometaphase {(Lawrence 1931)

Darlington {1937) divided the movement of the chromosomes during the metaki
netic stage nto three substages

1 chromosome congression

2 centromere onentation

3 chromosome d stribution

641 Chromosome Congression

During chromosome congression the chromosomes move to the equatoral plate
half way between the two poles of the spindle where the centrole pairs are located
The chromosomes reach a position of equiibrium at the equatonal plate In gen

eral this 15 d d except 1n where small chromosomes
perform their movement out of step with the large ones in the same complement
Detailed cinematographtcstudies by Bajer and Mole Bajer (1954 1956) show that
individual chromosomes may move toward the pole at first then make a turn and
finally arnve at the equator The movement toward the equator may be very
abrupt The chromosomes are now freely floating m the cytoplasm unrestricted by
the nuclear envelope In the grasshopper neuroblast this metakinetic movement
lasts only four minutes out of a total duration of mitosss of three hours (Carlson
and Hollaender 1948) It 1s possible that the spindle fibers are required for the
movement of the chromosome toward the equatorial plate since they are not able
to mugrate when the spindle has been destroyed with the spindle fiber poison col

chicine (O Mara 1939 Eigsti 1942 Berger and Witkus 1943 Allenetal 1950

Hadder and Wilson 1958 Malawista et al 1968)

642 Centromere Onentation

This metakinetic movement was described i1n detail by Darlington (1936) It deals
with the orientation of the hinetic sites of the chromosomes toward opposite poles
through movements that lead toward therr orderly arrangement in the equator
(coor ) Each phase ch consists of two chromatids and each
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Metak nesis Metaphase Anaphase
Fig 68 A of mutotic (From Rieger and Michaelis 1958)

of these chromatds has a kinetic site and an akinetic site (Fig 6 8) The kinetic
sites are oniented toward the poles through forces that oniginate from the poles and
that very well could be the spindle fibers While the chromosomes previousty were
located 1n the cell at random, centromere orientation places them into a stable
equilibium at the equator According to Darlington, the same forces that accom
plish are ble for moving the chromosomes toward
the poles at anaphase (Fig 6 8)

643 Chromosome Distribution

The third process of 15 The cen-
tromeres come to be ortented 1n such a way that their correspending chromosomes
are more or less evenly distributed on the equatorial plate Darlington thinks that
thts even distribution of the chromosomes is caused by some kind of body repulsion
The chromosomes are not always distributed at random on the equatorial plate,
but they may be subject to specific arrangement This was already known by such
prominentcytologists as Wilson (1925) and Schrader (1953) The metaphase chro-
mosomes of many insects are arranged 1n such a way that the larger chromosomes
lie on the periphery of the equatorial plate while the smaller chromosomes he in
the middle On the other hand, there 1s also the reverse tendency such as observed
1 human cells were the largest chromosomes, numbers 1 and 2, were found near
the middle while the smaller chromosomes, Y and numbers 13, 17, 18, and 21, lay
near the periphery (Miller et al , 1963)

6.5 Metaphase

At metaphase the chromosomes are at their highest level of coiling and therefore
appear to be shorter and thicker than in any other stage This makes them 1deal
for Sytotaxonomic studtes because they are most sharply defined during this stage
(Chapter 2, Section 2 1) There 1s no longer much relational coiling present, and,
consequently, the chromatids are no jonger twisted about each other but he stde
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Fig 694 and B C pairs . mitolic =
metaphase of Allium cepa (2n=16)

Four hours of treatment wath 0 2% col & % 2=
chicine solution (4) Uncoiling of col (/J .

chicine  treated  chromosomes  has F 2\
reduced the number of turns 1n cach {4‘ ¥ \
chromosome arm producing figure 8 Q
and forceps types (B) Cross type ¢ _::.\’ A \E
pars are only connected 2t the centro- w2

mere (X 1258) (Schulz Schaefler

unpublished)

by side (No 6 Fig 6 6) Proof of this conclusion 15 the ease of separation of the
chromosome arms as a result of colchicine treatment which leaves the chromo-
somes only hed at the undivided Such colch fl d
h d n pt are called c-pawrs {Fig 69) and have a
cross shaped appearance (Levan 1938)
Metaphase 1s much shorter than prophase but on the average somewhat longer
than anaphase Table 6 1 gives a companison of the length of mitotic stages of
different ussues of a number of 2mmal and plant species
The end of metaphase is signaled by an almost simultancous sphtuing of the cen
drormeses and separation of 2N sister chromatids at the comtromeres Beowin {1972)
wnites that somehow all the chromosomes know when to separate and start ana
phasc and that they all do this at the same time even 1f most of them have fo wait
for one laggard to arrnve late on the hase plate The 1l h
for this separation remains to be discovered

66 Anaphase

Anaphase s a stage of active and rapid mosement and 1s the shortest of all mitotic
stages (Table 6 1) Dunng this stage the spindle clongates and the centniole
duplexes—if present—muone closer to the cell penphery (Fig 65) As the centro-



Chapter 7
Chromosomes During Meiosis

As mentioned w Chapter 1, the essenual facts of meosis and fertiization m
animals and plants were demonstrated by Beneden (1883), Strasburger (1884),
Boven (1890) and Oscar Hertwig (1890) These imvesupators found that the most
important result of fertilization was the fusion of gametes of maternal and pater-
nal engin Since the nucler of a particular species maimtain therr constant chro-
mosome number (2n) from to they luded that a mech
amsm had to operate that would compensate for the increase of chromosome
number dunng fertiization This mechantsm was found to be 3 reduction of chro-
mosomes before ferttlization, 2s 1t occurs in meiosts of igher plants and ammals
Other essential charactenstcs of meioss are the panng of chromosomes, which
makes reduction possble, and crossing over as discussed m Chapter 4, which pro-
vides for recombination
Metosis includes two nuclear divisions that generally succeed each other rapdhy
and during which the chromosomes divide only once In spite of mod:fied types of
meiosts having been obseried the details of the basic process are very sumilar for
humans and for the majonty of lugher anumals and plants These two dusions
have been called different names according 1o the different functions carmied out
durng these divisions by the chromosomes Names like heterotypicvs homeotypic
as well as reductionsl vs equational diision are some more famuliar terms The
first of the two divisions has been called Aeteron pic because it 15 the more unusual
one while the secand was calted komeon: pic because @ 1s more strular to & normal
mutotic dwision The terms “reductional™ for the first and “equational *for the sec
ond meiotic division are rmsnomers and would be correct 1f crossing oy er would not
occur In the presence of crossing over, however, portions of the chromosomes
dnade reducuionally durme the first melotic division (prereductional sepsration)
while other portions dinide reductionally dunng the sccoud meotic division (post-
During red segments of
non sister chromatids disassocrate, while durine equational separation, homologous
segments of <tster chromatids separate Logically, there 1s also preequationat and

These ph are i Fig 71 Dunng
the first meiotic drision (M) of this lustration, a predomunantly paternal chro-
mosone (black) moves away froma p maternal chr (white)

1n a reductional fashion, while portions that have been exchanged by crossinz over
separate from one another 10 an equatonal fashion (black from black and white
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Fig 71 Prereduction and postreduction 1 -
meosis Chromoseme  separation s predomi

nantly reductional in mewns § of this dlvatration

(white segments separating from black ones)

Only wmall segments seprate equationally

(white from white and black from black) Chro

matid separation m meons 11 predanunantly

equational 1n thic llustration

3 Maternat

Paternat

Mo os st

e nsig 11

~
S 3 Matemal
'r Maternal
SN

from white) During the second dwiaion g predominantly maternal chromand
(white) moves away from a predomunantly maternal chromatid (white) in an equa-
tional fashion while small portions (black v white) dwvide reductionally In reality,
nane of the two metotic divisiand are truly reductional or equatianal The real con-
thtiont depends on the crossover situation of a given meiosiy

The most commonly used nomenclature for the two divisions are the terms
meiosis [ (M1) and meiosis 11 (MI1) or first and second meotic divisions In order
1o understand me10s1s, some other terminology should be introduced here The
prophase of the first meiotic dwision usually 1s of long duration since homologous
chromosomes (homologues) are pawng durimg this geriad in synagais. Smes each,
pictner of such a pair af gwster chromatids (reduplicatian accurred in the preced-
1ng synthess penod as described for mitous), there are now four chromatids pres-
ent immediately after synapsis Such a group of four chromatids 13 generally
referred to as a tetrad chromosome (Nemec, 1910) (Fig 72) A tetrad chro-
mosome 19 also called a bisalent refernng to the two homologous chromosomes
belonging to1t During anaphase I the tetrad chromosome separates into two dyad
chromasomes (Nemec 1910), each of which consists of two chromatids Such a
dyad chromosame can alsa be called a univalent. Duning anaphase 1 the dyad
chromosomes dyvide 1nto monad chromosames or umit chromatids This completes
the entire cycle of two merotic cell divisions (Fig 7 2)
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QOQ Un t chromatid at end of premerotic
telophase (Moniad Chromosome)

Chromasame after $ perad of premeiot
interphase cons sting of two sister
chromat ds {Dyad Chromosome)

A biva ent or Tetrad Crromosome after
synaps s of prophase | cons sting of 4
chromatids or two homolagous chramosomes
a paternal [black) and a maternal {wh t2)

Aun va ent or Dyad Chromosome after

Anaphase I consisting of 2 chromatids

parily paterna} {black portions) and

partly matemal (white port ons)
M A Monaad Chromosome or unit chromatid

atter Ananhase {1

Fig 72 The formanon of dyad chromesomes tetrad chromosomes and monad chro-
mosomes during a regular meiotic cycle

Other relationships during meiosis and mutosis can be expressed 1n terms of total
DNA present during these different stages For this purpose the C-value has been
employed If C represents the amount of DNA 1n a haploid gamete before ferti)
rzation, then a gamete will have an amount of 1C and a zygote of 2C (Fig 7 3)
During the S period of premeiotic mitosts the DNA content 1n the cell will nise
to 4C Mutotic anaphase will bring it back down to 2C During the S period
ymmediately preceding meosts at wall rise back to 4C Anaphase 1 will reduce the
DNA content to 2C and anaphase 11 to the ongmal 1C value

Meiosis and gametogenesis (Chapter 8) occur only 1n special tissues of organisms
that during development are differentiated and are set astde as gamete forming
tissues Wersmana 1 1883 and 1885 10 his germ plasm theory (see Chapter 1)
callesd this speeal rssne the gexm, boe.,

Meiosis like mutosis has been diided 1nto stages and substages They are called

Premeiotic Interphase Anaphase I

Prophase 1 Telophase 1
Leptotene Interkinesis
Zygotene Prophase 1
Pachytene Metaphase 11
Diplotene Anaphase I{
Diakinesis Telophase II

e L e



Premerotic Interphase 108

WMictcdvsons Meotedvsons
5 A
H s A s A
H
g e
P fFent zmon
S
2
H l
Z 2Zvgote A,
H
L _camene Gamete
Sequence o stages

Fig 73 Increase and decrease of the € ralue duning mitonc and meiotic cyveles of amy
mals and plants S synthess A anaphase (From Swanson et al 1967 Redrawn by
permssion of Prentice Hall Inc Englewood Chifls N.J )

A sct drawing of a homol parr of ch passing through these
stages 1s represented in Fig 74

7.1 Premeiotic Interphase

Premeiotic interphase 15 sery sxmllar o prcmllouc mlcrphasc in that duning the S
penod the ct are redup d Compared with the mitotic S penod the
meiotic S period 1s longer

In cells of anthers of Ly {Ltlum longiflorum) and tulip {Tulipa gesneriana) 2
umque histone was found that was absent or nearly so from the somaunc tissues of
these plants (Shendan and Stern, 1967) This histone was therefore called meiohie
histone. It 1s synthesized duning the S penod of premerotic interphase and persists
through meiosis, microsp and pollen The possible function
of 2 meiotic histone 1s not known But histones are thought to be imohed 1n some
way or another 1n the segulation of genetic activity The discosenes of Huang and
Bonner (1962) have been discussed 1n this connection in Chapter 1 We know that
the entire process of cell division in general and of meiosis specifically 1s under
nigoTous control of certamn genes or groups of genes It 1s not hard to follow thata

specific merotic histone would have a eertain function in the regulation of the rather
specific phenomena of meiosis Very few analyses of melotic histones have been

reported so far, and future research in this area seems promising

The duration of the different stazes of meiosis vanes from species 1o species A

summary of data from some higher plants was recently published by Van't Hof
(1974)and1s shownan Table 7 1 1f these data are compared with Table 6 1.1t can

be seen that merosis 1n general, and 1ts first division m particular, Yasts consider
ably longer than mitosis
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Leptotene Zygotene. Pactyytene
Diplotene Diakjnesis. Metaphase |
N
S\ #7%
Anaphase |
Prophase i Metaphase 11 Anaphase It
Fig74 of a pair of passing through

the stages of meiosis

72 Prophasel

An important feature of Prophase I 1s the great merease 10 volume of the nucleus
This increase is greater than that during mitosis and is partly due to an merease 1n
hydration which 1s several times greater than in rutosts Accordng to Beasley
(1938) the volume of the meiotic prophase nucle1 1n plants and ammals 15 3 to 4
times that of mitotic prophase nucler Prophase I of meios:s 1s also of extremely
long duration 1f 1t 1s compared with mutotsc prophase (Table 6 1 2nd Table 7 1)
The chromosomes have to perform spectfic functrons during this pestod that they
do not have to carry out during mutotic prophase Such functions are chromosome
painng chromatid exchange, repulsion, and terminahzation According to these
functions, prophase I 1s divided nto § substages leptotene, zygotene, pachytene,
diplotene, and diakinesis These stages are not nigid entities but rather arbitrary



107

Prophase |

(2267 2213 PXNEAL (TL61) QI PUF Wauudy L £16e)

N 0011 osT oT0
M f07 40 0 €1 sU  s0 $0 l  $0 01 fI oc
M ['TH 20 0 rL QI s0 s0 91 ¥0 9B Il 133
3 orel o 00y 0oL
ar orrl on om
A 0921 ot o o1
aw 03 (0 L0 Bl 0% c0 (0 81 S0 Ot ¥ o6
a2 S ot Ot U I 01 O 0% 96 O o% rn
a3 osr art or
i 0lsl 0 oot 091
N 09t o oor oor
S rou 0 30 ZU QT 88 s@ 9y 90 TT 3w 06
096 or: ot
ol 06 0f (13
preesy wonEIny - E3 z =] ] > z o) ¥ =
{puojg W m, m 8 ® E m ) w H : 2
1By 5 P 3 £ S P 3 § 3 < 5
F ] E & F % R % H

Tq SIIED Ahow Jo uannng

$L
rol
0oL

LY

DA DI gnL
synanig
WED el
anp 300 wantjpieg
V430 DpuIIPDIL
Dropand PRVIIIPOLL
41pas22 2ppNIS
2pas) oS
20piTp OO0ORY
i aoldu0) wnyry
wApipuD) iy}
A wmpsOR
3 g

Snioe sunury ety

By

S EL 0 SINOISW JO ST JO UNEMP YL § £90L



108 Chromosomes During Meiosis

dwisions of a continuum They serve mainly to help the student to better under
stand the functions

721 Leptotene

Leptotene does not dffer very much from early prophase in mitosis with the excep-
tion that meiotic prophase cells arc larger than mitotic ones Leptotenc chromo-
somes arc longer and thinner than those in early mitotic prophase Also during
leptotene bead like structures called chromomeres (Section 2 2 2) are appearing
along the entire length of the chromosomes Early observers such as Belling
(1928) constdered these structures to be the visible mamifestations of the genes
but other studies seem to substantiate that they are merely regions of the chromatin
threads (chromonemata) that are more tightly coiled than the interchromomeric
regtons {Ris 1945) In Crick s (1971) chromosome model (sec Fig 3 6) he inter
prets the gene regions {coding DNA) to be located 1n the mnterchromomenic
regrons (interbands) Other studics such as the very thorough investigation of the
zeste-white {zw) chromosome region of the Drosophila X chromosome (Judd et
al 1972) seem to indicated that there 1s a correspondence between the presence
of an amphificd chromomere (polytene band) and the presence of a gene In other
cases several genes were located in a region of a polytene chromosome where only
one band s present

Tn some 1nstances paruicntarty in ammals a certmin type of polarrzation has been
observed in this stage 1n which the ends of the chromosomes seem to be attached
to the nuclear envelope (Moens 1969b) at the site where the centrosome 1s located
1n ammal cells Thts has been referred to as the bouquet stage (Eisen 1900) which
can be observed in both leptatenc and pachytene A barley cell in pachytene sug
gesung such arrangement ts shown in Fig 7 5 1t has been speculated that bouquet
formation may aid in the union of homologous chromosomes during synaps:s tn the
next stage zygotene A similar phenomenon has been described wn plants where
the chromosomes are densely clumped to one side leaving the rest of the nucleus
clear Such clumping tnto a more or less dense knot has been referred to as sym
zes1s (McClung 1903) or symzetic hnot (Fig 7 6) It has been claimed by some
that symizesis may be due to a fixat:on artifact An merease of size of the nucleolus
durning leptotene has been related to RNA and protein synthesis

722 Zygotene

As o mitosis the chromosomes during metosis gradually become shorter in fength
and wider 1 diameter as a result of progressive coting Cothing mechanisms were
described 10 the last chapter Swanson (1957) states that in meiosis the coiling
picture 1s comparable to mitosis but 1s more complicated and that this 1s due to the
occurrence of synapsis and chiasma formation A greater degree of contraction is
attained by the chromosomes 1n merosis This greater contraction ts partly accom
plished by the major coals n metaphase | and anaphase | that are larger in diam
eter but fewer n number than the somatic coils (Chapter 6) 1n mutosis
Zygotene1s primanly the stage of patring of homologues This paiing 1s envisioned
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Fig 7.5 A barley cell in pachytene sug-
gesting bouquet arrangement of the chro-
mosomes {Courtesy of Mrs Chnisune E
Fastnaught McGnff, Department of Plant
and Sl Scence, Montana  State
Unnersity)

as being 1n a zipper-hke fashton starting at any or even at several “contact points

along the ch and p ding until all homol arema pair-
mg eqmlibnium Painng s not always letely fimshed Excep are also those
h that have nonh ! sections such as the sex chromosomes (see

Fig 51) Butn general, meiotic patning of homologous chromosomes 1s remarka-
bly precise and specific and gene by gene Exceptions have been observed and sum

manzed (Riley and Law, 1965)

The phenomenon of chromosome painng 1s called synapsis and was apparently
first observed by Moore 1 1895 Synapsis 15 a prerequisite for an orderly sepa-
ration of homologous chromosomes during first meiotic anaphase Electron micro-
scope studies have revetled some remarkable insight into synapsts 1n recent years

Fig 76 Mazeeellm leptotene Chromo-
somes are clumped 1nto a dense symzetic
knot (X 632)  (Schulz Schacfler,
unpublished)
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Fig 77 Electronm crograph of the ultrastencture of the synaptonemal complex of the
ascomycete Aeof elfa {From Westergaard and Wettsie n 1970 Repninted by perm s
s on of Carlsberg Laboratory Copenhagen)

Moses 1n 1956 first discovered a tripartate nbbon at the site of synapsis tn cray fish
called the synaptonemal complex

7221 The Synapronemal Complex (SC) Th s complex 1s one of the few con
figurat ons 1n which the 10 nm fibers of the chromosomes are arranged imto a
superstructure that can be viewed under the electron m croscope It has now been
established that this complex occurs 1n all animals and plant nucler undergoing
synapsis It 1s composed of three parallel electron dense elements that are sepa
rated by less dense areas (Fig 7 7) The two lateral elements seem to be composed
of fibers that are sl ghtly wider than 10 nm (synaptomeres) They vary m structure
between different stages of meotic prophace 1 w thin 2 species The central ele
ment 15 a ladder hke configurat on t the center of the SC It 1s more pronounced
1 some spectes than 1n others The transverse elements are electron dense fila
ments that mterconnect the central element with the lateral ¢lements The lateral



112 Chromosomes Duning Metosis

Fg 78 of the zygosome Hypothests of f complex
formation (From King, 1970 Redrawn by pernussion of Academic Press, New York )

The exact nature of events that lead to synapsis 15 sull not clear and 1s vigorously
debated mn the Inerature A strong group of behieves that homol

chromosomes are prepared for synaptic patnng by the attachment of their telo-
meres to so-called “attachment sites” on the nuclear envelope as mentioned 1n the
above hypothests (Wettstein and Sotelo, 1967, Woollam et al, 1967, Moens,
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1973) Comings {1968) behieses that these attachments are already cvident in the
interphane nucleus and that some of the attachment sites may correspond to the
points of initintion of DNA synthests in cach rephicon This viewpointis called by
Maguire (1977) the nuclear emelope homologue attachement site model. As an
alternatne to such a hypothests Magwire proposes an elastic connector model,
hng to wlich | chr panng may be accomplished by
chinee meeting of ! ch gments followed by the establish-
ment of ¢l islic connectors at congression 1y premeiotic mitosis (Maguire, 1974)
Sinular connectors have been hypothestzed by Hollidny (1968) and Bennet et al
(1974) Homol hr gments may be d in such a fashion in
the stiges mtervening belween premctotic metaphase and zygotene Premeiotic
mutotic paining has been observed by quite a few investigators (Conungs, 1968
Grell 1969 Dover and Riley 1973)
A speenl protein has been identificd that may be ivolved in metotic and mitotic
chromosomic puring An incre tsc of this proten coincides with the leptotenc-to
pichytene-period of mewosis Hotta and Stern (1971) called this substance colchi-
cine binding protein,

723 Pachytene

Pachytene seems to be a stable stage i that the punng of homologues 1s com-
pleted The homologues are closely appressed and form bivalents In pachytene the
chromosomes are shorter than duning early prophascand in well Rattened cells can
be distinguished as separate entiies This made possible pachytene analysts as
described catlier (Chapter 2) Nigure 79 shows an exeeptionally well spread pach-
ytene cell of the grass Bromus secalinus (2n=28) In Tig 710 a pachytenc ccll
of a Trticum durum x Agropyron intermedum backcross denvative plant 1s
shown This v the more typical situation in pachytene where individual chromo-
somes are hard to discern The arrow shows the patred nature of the bvalent
threads At the middte of a prchytene, a longitudinal cleavage becomes apparent
in each homologue This demonstrates that each pachytene bivalent consists of 4
chromatids forming a tetrade chromosome (11g 72} The nucleoli are particu-
larly evident duning pachytene In many species they hive atready all united into

i‘ -

Fig 79 Pachytene cell of Bro-
mus secalimus (2nm28) (X
211 (From Schulz.SchaciTer,
1956 Reprinted by permission of
Verlag Paut Parey, Berhin ) !
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Fig 710 Cell of Trufcum durum
X Agropyron intermedium back
cross derivative  (Arrow  Paired
natute  of buwalent thread) (X
1338) (Schulz Schaeffer, unpub-
lished)

one beg nucleslus by pachytene that 1s attached to the nucleolus orgamzer chro-
mosomes There seems 10 be evidence that DNA synthesis can extend into mesotic
prophase and that 1t overlaps with synapsis and extends beyond 1t (Hotta et al,
1966) Such late DNA replication apparently has not been observed during mito-
sis and the question anses if such replcation may be related to a chromosome
break repair mechamsm that may be connected with crossing over (see polaron
hybnd DNA model Chapter 4) The major functton of the chromosomes during
late zygotene and pachytene 1s the phenomenon of crossing over, which has
already been discussed (Chapter 4) This function has been closely related to the
structural discovery of the synaptonemal complex (King, 1970 Walle, 1972)
Wolfe concluded that the concept of the synaptonemal complex can be conve
niently fitted 1nto the phenomena of imtial chromosome pairing close pairng
recombinatton, and chiasma formation and can even be related to the features of
both classical and intragenic recombination That the complex ts involved 1n at
feast some of these processes seems certam Whether all of the listed mechanisms
take place with the direct intervention of the complex remains to be scen (Waolle,
1972)

724 Diplotene

During diplotene the chromosomes further contract and thicken (Fig 7 11) This
1s also the stage where the chiasmata (Chapter 4) become apparent as visible
evidence of crossing over Figure 7 12 shows a diplotene cell of a Trisicum x Agro-
pyron dervative with evidence of chiasmata The synaptic attraction of the chro-
mosomes suddenly comes to an end the h move apart m repul! and
are only held together at exchange pomts that are the result of crossing over Only
two of the four chromatids are mvolved 1n the exchange at any given exchange
point More than two chromatids can be involved over larger regiens In organism<
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Fig 711 Diplotene ccll of barley

{n="7) (Courtesy of Mrs Christene
F  Fastnaught McGnff  Depant
ment of Plant and Soil Saience o
“Montana State Unnersity
Bozeman)
©

b
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with large ch the two ch dsimvolved 1n such a chiasma are seen
10 cross reciprocally from one homologue to the other (see Fig 4 5) The number
of ¢t per homol, pair scems to depend on the species and
on the length of the chromosomes The longer the chromesome the more chiasmata
are present Up to 12 chiasmata have been obsersed in the long chromosomes off
the broad bean (¥ 1cia faba) (S 1957) As dipl prog the chias
mata scem 1o mose away from the centromere and dimimsh in number This pro-
cess 15 cafled chiasma terminalization (Darlington 1929a) The terminahzation
process may be complete partial or altogether absent In the last nstance the
chiasmata are called localized chiasmata Especially in large chromosomes ter
minahization may not be complete One of the matn forces during chiasma termi
nahzation scems to be a strong repul force at the es (Darhington
1937) As the centromeres move apart the chiasmata shde over the crossover

,u 2

sai?

Fig 712 Diplotene cell of a Trin

cum X Agropyron demvatve with - f
endence of chiasmata (X 1585)
(Schulz Schacffer unpublished)

»
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Fig 713 Diagrammatic illus
tration of three successive stages
of chiasma terminalization {Rie
geretal 1976)
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points along the chromatids that are involved in the exchange and toward their
distal portions (Fig 7 13} As the chiasmata move toward the chromosome ends
they seem 1o become arrested there forming endchiasmata As a consequence
an endchiasma 1s the result of the terminalization of one or more nterstitial
chiasmata It 1s as 1f they become locked m at the telomeres without being able
to shide over these end structures The purpose of this mechanism 1s to hold the
homologues together unul hase orientation 1s pleted and extreme ten
ston 1s exerted on the endchiasmata at which time a special tngger mechanism
separates all chromosomes and at the same ume ushers m anaphase I The forces
that hold the chromosomes together at the end of terminalization are not known
as yet
There are three mamn hypotheses to explan the mechamsm of chiasma
termmahzation
1 Electrostatic hypothesis (Darlington and Dark 1932 Darlington 1937)
2 Coiling hypothesis (Swanson 1932 1957)
3 Elastic chromosome repulsion hypothesis (Ostergren 1943)
Darlington s electrostatic hypothesss states that two separate repulston forces are
for nt of the to the ch ends One of these
forces localized repulsion, 1s supposed to be the dominating one that repels the
centromeres The second force generalized repulsion 15 supposed to be evenly
distnbuted over the entire surface of the chromosomes and tends to force the chro-
mosomes apart The result 1s 2 movement of the chiasmata 1 a distal direction
as described before because the greater force ewsts between the centromeres
Darlington based this hypothesis on the obsenation that in some organisms
there 1s a greater stretching of the centric loop between the two most interstittal
chiasmata
Swansons cothng hypothesis the realitv of D: s forces and
explams terminalization as being affected by despiralization of the chromosomes
Dunng the coiling cycle (see Fig 6 5) the mttial coils are small and numerous
and as prophase proceeds the cails decrease 1n number but the gyres of the coils
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increase in diameter This lhcory postulates that the coiling and associated short-
ening of the chr 1 1 tension that will force the chias
mata to slide along the chromOSUmcs The advantage of the colling hypothesis
over the electrostatic hypothesis 1s that the coiling hypothesis can be tested by
varying the degree of cotling This has been accomplished by exposing the biva-
lents to diffcrent temperatures Support for the coiling hypothesis came from a
comparison of normal and mutant types n the plant Matthiola tricana {Leskey
and Frost. 1927) In the mutant the chromosomes failed to attain their normal
state of contraction, and the chiasmata remained at the original interstitial posi-
tions In the normal plants the chromosomes shortened and the chiasmata were
termnal
The elastic chromosome repulsion hypothesis of Ostergren 1s based on the 1dea
that chiasma movement ehiminates the tension created by the chiasmata them-
sefves A chiasma forces the chromosomes out of shape by preventing repulsion
which 15 effective 1n the adjacent areas of the bwalent The repulsion force tends
to push the chiasmata distally since this 1s the only dircction in which rehiel from
tenston can be gained
During diplofene the bival arc g lly observed more distinctly because of a
widemng gap belween them, which suggests a repulsion force This 15 even more
evident In the next substage, diahinesis.
in some speciafized Ussues, diplotene can be very much prolonged and can fast a
year or much longer, not only an hour or two as indicated in Table 71 The long
duration of this stage 1n these instances 1s associated with a specialized function of
the cells involved Such prolonged diplotenc stages arc found n the primary
oocytes of some verlebrates such as fishes (sharks), amphibians, reptiles, birds,
mice, 1n human beings, and 1n the primary spermatocytes of some tnsects such
as Drosophila In these cells the chromosomcs acquire a very characteristic
appearance They become very difTuse by forming thin threads or loops that are
transverse to the main axis of the ct Ths despiral makes these
h look like old-fashioned, oil-lamp chimney brushes, and they arc
therefore called lamp brush chromosomes (Sectton 9 6) These chromosomes also
wncrease enormously 1n Jength The purpose of this increase in sutface and length
15 to provide for increased metabolic activity of these chromosomes The loops are
believed to be active genetic matenal such as DNA, which synthesizes messenger
RNA that 15 responsible for protein synthesis in the cells’ cytopl. This causes
an enormous growth of the vocytes Qocytes of the frog, Rana pipiens increase
n size by a factor of 27,000 over a peniod of three years (Balinsky, 1970) In
chicken that factor 15 200 (last rapid growth), and in mice 43, and 1n both cases
the growth proceeds at a much faster rate and takes a shorter period for comple-
tion In female human beings the diplotene cocytes arc already formed by the
filth month of pyenatal hfe Here they remain 1n diplotenc for a period of 12 to
50 years, from the age of sexval maturity of humans to the age when the fast cggs
arc ovulated The functional significance of such a very prolonged diplotence stage
15 unknown (Swanson et al, 1967) This prolonged diplotenc condition is referred
to as dictyotene.
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If ch counts are d ble, then d may be one of the most 1dezal
stages for this purpose The only disadvantage 1s the shortness of this stage {see
Table 71) But the extreme coding and the seemung repulsion between the biva-
lents space them all over the celi 1n squash preparations The restncung nuclear
envelope can be ruptured under the pressure of squashing In this respect dizks
nests also has the advantage over metaphase 1 1n that the spindle fiber apparatus
15 not yet attached to the chromosomes This apparatus generally prevents an even
spread of chromosomes and keeps them 1n a bunch

The bivalents have therr greatest degree of terminalization and contraction 1n dia-
kinesis In some cases they become almost spherical configurations (Fig 7 14) If
mterstitial chiasmata, located close to the centromeres, remain localized, then the
bivalents appear like crosses Similar configurations can be formed by collochores
(Cooper, 1941) Colloch: are small 1n the regions adja-
cent to the e that are responsible for meiotic ch painng with
out chiasma formation and for the coherence of such pamng assocrations until the
beginming of anaphase I Cross bivalents observed 1n certain Trutrcum x Agro-
pyron hybrds and their backeross denvatives (Schulz Schaeffer et al, 1971,
Schulz-Schaefler and McNeal, 1977) were interpreted as bewng formed by colloc-
hores (Fig 7 15) There 1s also good evidence from research mn mantids (White,
1938 Hughes Schrader, 1943a, 1943b), lepidoptera (Bauer, 1939), mutes
(Cooper, 1939), scorpions (Piza, 1939), bugs (Schrader, 1940a, 1941), and flies
{Cooper, 1944) that chromosomes can join and hold together during meiosis by
mechanisms other than synapsts and ch Further elect

studses like those that Ied to the discovery of the synaptonemal complex may shed
Light on the possible formation of collochores

Other posstble ch n are rod bivalents and open
ning bivalents Rieger and Michaelis (1958) defined rod bivalents as pairing asso-
ciations that had chrasma formation and terminalization 1n only one chromosome
arm 1n each of the two homologous chromosomes mvalved (Fig 7 16D) Thus def

o0
o .0.

Fig 714 Duakmesis ccll of barley
(n=7) (X 3436) (Schulz Schaef
fer, unpublished)
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Fig 715 Photomcrograph of a
diakinesis celi of a Tancum X K s
Agropyron dernative with 25 cross XY &

bivalents and t unnalent {2n=51) A P
A R+ &
4

{X 885) (From Schulz Schacffer ct
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al 1971 Reprinted by permussion
of Verlag Paul Parey Berlin}
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tmuon could also apply to the more frequent farrly normally occurring phenom
cnon of open ring bivalents (Mg 7 16E) There has to be a reason for the obvious
difference in shape between rod buvalents and open ring bnalents A possible
cxplanation would scem to be that rod bunalents have presiously synapsed over
onty a munute distal portion of ane arm of cach of the two chromosomes wvolved
or that these chromasomes jomn by organelles similar to the collochores In the
case of open ring bvalent formation synapsis and the repulsion following usually
cause the bow shape that s also typical for closed ring bnvalents and 1s not
expressed 1n rod teval A of several possible chro-
mosome configurations 1n diakinesis 1s prnscnlcd i Digure 7 16

The nucleols usually fuse toward the end of prophase 1 to form onc large nucleolus

At the end of diakinests, the nucleolus begtns to disappear

Fig 716 AF Sch of ch i the diak
of Tritricum X Agropy ron d:nv;\llvcs Configurations are arranged tn a meamnglul way
to imply tendency for progressive paining fmm complete ns) napsts (A) to normal closed

ning bwalents (F) (A)-Two {B)~H type cross
bwvalent (C)-Standard type cmss bw:lcm (D)-Rod blvnlen( (E) -Open ring bivalent
{F) Closed ning bwvalent (® and endch

(From
Schulz Schaelfer et al 1971 Repriated by peraussion of Verlag Paul Parey, Berlin}
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7.3 Metaphase I

Simularty as in mitosss the end of prophase 1 15 also marked by the disappearance
of the nuclear envelope and the nucleolus as well as by the division of the centro-
some and formation of the spindle Bivalents assemble at the equatoral plate and
become oriented with their centromeres poleward Figure 7 17 shows a metaphase
1 cell of barley 1in which each of the seven bivalents 1s clearly visible in the equa-
torial plate If more than 14 chromosomes are involved, they are not as easily
identifiable as 1n barley An example 1s shown in Figure 718 in which the
2n=108 chromosomes of the hexaploid native Amencan rubber plant guayule
(Parthimum a are shown 1n hase 1

There 1s a pronounced difference between mitotic metaphase and metaphase I of
meiosts {(Fig 7 19) In mutosis, the sister chromauids are held together by function-
ally undivided centromeres (C), which are located on the equatenial plate exactly
halfway between the poles In meiosts, the two centromeres (C) of the homologues
are not located on the equaterial plate but are oriented 1 the long axis of the
spindle equidistant from the equator, while the endchiasmata (E-C) are located in
the equatorial plate The of all tetrad ch on
the equatortal plate 1n the described manner is called coorientation (Darlington,
1937) An equilibrium s established at the equatorial plate after all tetrad chro-
mosomes (bivalents) have attamned this position, until the chromosomes yield to
the tension exerted on them onginating from the two opposite poles via the spindle
fibers

This final arrangement of the bivalents on the equatonal plate also has some
genetic consequences Just as crossing over duning zygotene and pachytene provides
for recombination of paternal and maternal genes on the chromosomes as dis-
cussed so does the coorientation of the bivalent on the equatonal plate provide for
recombination of paternal and maternal chromosomes during metaphase I In gen-
eral the position of each chromosome of a bivalent with respect to the poles seems
tobe at random (Fig 7 20, random assortment) There may be exceptions in which
preferential segregation s involved (Section 17 5) The random orientation of the
bivalents on the equatorial plate determtnes the meiotic segregation and distribu

tion of the paternal and maternal chromosomes to the daughter cells of the first

Fig 717 Metaphase I 1n barley
(n=7) (Courtesy of Mrs Chnstine

4 E  Fastnaught McGnff, Depart
ment of Plant and Sol Science
Montans  State  University,
Bozeman)



Metaphase [ 121

Fig 718 Mectaphase 1 of hexaplod guayule (Parthemum argentatum) (n=54) (X
1438) (Courtesy of Dr Duanc Johnson Department of Plant Saence University of
Anizona Tucson)
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Fig 719 Iusteation of the differences in chromasome orientation between mitotic
metaphase and metiphase I of meiosis SP-F = spindle fiber attachment E-C = end-
chiisma C = Centromeres
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Paternal
Materna N aternal
Equato_at
Piaie
. Pate nal
atema Wate nal
Fig 720 D of random of h chromo-

somes al the equatonat pl:ue of a metaphase { nucleus

meiotic division Meiotic segregation s the substance of Mendel s second law (See
Chapter 1) the law of tndependent assortment Mendel s law made statements
cancerung gene sepregation while meiotic segregation deals with gene blocks
Mende! s law agrees with the assumption that two factor patrs under consideration
are located on different bivalents The discovery of linkage brought cytological and
genetical discoveries into abgnment in that gene blocks or hinkage groups were now
accounted for

74 Anaphasel

Durng anaphase I the tetrad chromosomes separate into dyad chromosomes (Fig
721) as the two cooriented centromeres move toward opposite poles (Fig 72)
The difference between anaphase I (A 1) and mutotic anaphase (or A 11) 1s best
exemplified 1n Fig 71 A typ:cal meiotic anaphase I always has four chromosome
arms danghing behind the while a mitotic hase has only two such
arms showing The reasons for thus difference s the fact that an anaphase I dyad
consists of two ch while a mitotic anaphase chromosome 15
really a single chromatid The four arms of an anaphase I dyad chromosome do
not stick closely together but diverge as 1f they are mutually repelling each other
Anaphase I 1s shorter in duration than metaphase I (see Table 7 1) The only real
function of this stage 1s to evenly distribute the partners of homologous chromo-
some paurs to the daughter nucles with the result of a reduction by half the num
ber 1 each resulting nucleus  The orrgmatl somatic chromosome aamtder (2a}
reduced to a gametic chromosome number (n) These two symbols are very often
used i reports of chromosome numbers If a species 1s 1nvestigated 1n somatic
tissue {mitosis), the chromosome count s reported as 2n (e g 2n=28) If a count
1s made 1 gametogenesis (meiosis) the report 1s made with an n number (e g
n=14) This und enables the gist to quickly identify the nature
a particular chromosome report Very often ploidy levels are erroneously reported
with n numbers But the number reserved for plowdy levels 15 the x number or
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Fig 721 Anaphase I of barley (n .
= 7) (X 1453) (Schulz Schaefler
unpublished) .
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basic genome number (x, 2%, 4x, 6x, ctc ) (sce also Chapter 2) Well known sum-
mares of ct t have been published for ammals by Makino
{1951) and for plants by Darkngton and Fedorov (Darhington and fanakt Ammal
1945, Darlington and Wylie, 1955, Fedoray, 1974} Makuno's report has data on
some 2,800 anmal species, and Fedorov's has data on 35 000 plant species

Each anaphase I dyad chromosome has two chromatids that remain joined at the
centromere until anaphase 11

7.5 Telophase 1 and Interkinesis

Telophase I 1s similar to mitotic telophase in that the chr ble at the
poles (Fig 722) But since the following interphase {called interkinesis) s differ-
ent from normal interphase, telophase I can also be different in several respects,
depending on the orgamism Durning interkinesis, which 1s a short stage, the chro-
tnosomes 4o not synthesize new DNA and 1y there s no red

The chromosomes are already prepared for the second division 1n that each of them
consists of two chromatids only held together by a centromere Therefore, despt-
ralization, uncoiling, and hydration of chromosomesare not necessary Asa matter
of fact, 1n some species following the disappearance of the spindle, the chromo-
somes orient themselves at the poles and pass directly to the equatonial plate of the
second dvision (M 1Y) Thus has been reported for Traflium (Swanson 1957) and
certain members of the Odonata (Cohn, 1969) In this case the coiling of the chro-
mosomes 1s retained throughout interkinesis In other instances the chromosomes
become partially uncoited during nterkimests, and nuclear emvelopes form This
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Fig 722 Telophase 1 of Bromus
inerms (n=28) (X 1077)
{(Schulz Schacffer unpubl shed)

N «
H . -
|
’.»?"L ¥
SRR [
A LI
oo 4
AR
5 ’
" \'\gr » o,
] e,
S
«
\' %

k nd of interkines s has been observed in Tradescantia Zea mays and grasshopper
{Swanson 1957) Figure 723 shows an intcrkmnesss cell of Agropyron
ntermed um

In other organisms there 1s no cytokinesss after the f rst meiot ¢ division as reported
for Pacon a where no walls are formed at interkinests (Swansen 1957) Cytokmesis
15 postponed unttl after the second me ot ¢ division and this process 15 referred to
as quadnipartitionng In contrast the normal process as found 1n many other
plants where a cell plate forms between the telophase nucler of the frst division

1s called bipartitiomng

%,
!

Fg 723 Interkines s of Agropyron
wntermed um (n=21) (X 1239)
(Schulz Schaeffer unpub! shed)
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Fig 724 Prophase Il 10 barley
(a=7) (X 1093) Insert sisgle pro-
phase I cell shoaiez roclzo'ns
(Schelz Schaeffer wopublsked)
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76 Prophasell

The second maiotic division sn many respects 1s vert similar 10 2 mitotic dvision
Secord prophase differs in appearance from first prophase mn that the sister chro-
matds of ezch dvad chromosome shom a very striking repulsion so that the chro-
matid arms 2re widzly separated from each other (Fig 7.24) This makes the dyad
chromosomes look like crosses The shortress of the only pertially uncorled chro-
mosomes makes it possible to view ezch prophase 11 chromosome irdmidually, and
chromosome counts can be mzde

Fig 7.25 Metaph 1 cell of
Schaefler, napublishad)

Py (0=21) (X 1333) (Schalz
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Fig 726 Telophas 11 1n Agropy ron intermedium (n=21) (X 1554} (Schulz Schaef
fer unpublished)

The genetic constitution of the two sister ch ds tn the second d
depends on the extent of crossing over duning the prophase of the first dviston In
this respect the second meotic dvision differs from a mitotic division that 1s stnictly
equational Figure 7 2 1llustrates that prophase IT dyads can be partly maternal
and partly paternal in genctic makeup In this respect the second meiotic diviston
really completes the process of genetic recombination that was started with cross
ing over 1n prophase I Crossing over of chromatid segments and random distn
bution of maternal and paternal chromosome segments during the first and second
meotic divisions are together the agents of genetic recombination in meiosis

® »
® »

Fig 727 Radal quartet m barley
(Schulz Schaeffer unpublished)
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Fig 728 Microspore of Triticum
X Agropyron denvative (Schulz .
Schacffer unpublished)

7.7 Metaphase, Anaphase, and Telophase I1

The centromeres of the dyad chromosomes situate on the cquatorial plate as in an
ordinary somatic division In hugher plants, the two adjacent cells, scparated only
by a cell wall, generally go through a synchromized procedure of chromosome
congression, onentation, and distnbution (sce Section 64) The two equatorial
plates are hned up across the scparating cell wall Figure 7 25 shows a metaphase
U cell of Agropyron intermediunm As the become f lly dou-
ble, the monad chromosomes (Fig 7 2) move toward the four poles of the duet
cells of microsporogenesis and form a tclphase 11 cell (Fig 726) As the cell
walls form at the end of telophase 11, the so-called radial quartet cells form The
quartets arc the four adherent cells resulting from the 1wo merotic divisions in
rmcrosporogeness (Fig 727) The quartets then differentiate into four haploid
microspores (Fig 7 28), which are the endproducts of microsporog as
described 1n the next chapter The two metotic divisions 1n spermatogenesis also
lead to four daughter cells {spermatids) that subsequently differentiate snto four
sperms Qogenesis and megasporogenes:s are different (unequal) in that only one
large haploid egg and threc small polar bodies 1n ammals and only one large
megaspore in plants are produced This completes the metotic cycle in plants and
ammals




Chapter 8
Chromosomes During Sexual Reproduction

11 this chaprer special atienton 15 pesd 10 the importznce of chromatin and chro-
mosomes 11 reproduction However 1n order to understand what happens at the
chromosomal Imel, the whole cell 15 considered carefully In the last chapter we
stated that the processes of genetlsc recombination in mexosss 2re” (1) crossirg over
of chromand segments dunrg prophase I 2nd (2) random distnbution of maternal
2nd paternz] chromosons sepments durtng the first and second melotic dnisions
But meosis 1s only one part of sexual reproduction. During the hie cycles of hap-
Jontic, diplontic, and diplo-haplontic organisms there 1 a regular alternation
between meiosts and fertiization. The second part of genetic recombination 1s the
Lrion of paternal 2and maternal pametes duning svngamy

In order to understand the dxﬁ:rmocs 1n the Bife cycles of vanous p]ams 2nd 2m
mals the newly terms k dipl 2nd diple shoul
now b explained (Cook. 1965) lhplonzs are common tn most umcellplzr or filz
memtous 2lgze and protozea Thase zre orgarisrs in which the haplophase 1s more
promun~mt than the diplophase (Renner 1916) The haplophase ts the functionally
haploid period (n) duning a particular life o cle lzstng from mesosts 1o fertlization,
whil~ the diplophase 15 the fonetsenally diplosd penod (2n) of a Iife cycle that
spans from fertilizztion to the begmning of meosis The term diplord 1s used here
1n 2 wider sense since 1t reallv designates only organisms with two basic genom*s
(2x) (Sectson 2.1 1) This vsage of functional diploids 1s further explained 1n Sec
101 152 In the haplonts, only the zygote 15 diplod (Fig. 8 1) and m some species
31 becormes 2 resistant spore, which guarantees the survnal of the species under
difficuh conditions The mature indvyduals n this Ife evele which in mulucellular
organisms differentizie by mitotic drvsions, are functionally haplord (n)

Duplonts zre found in humans higher ammals, and 1 some algac They are organ-
1sms 1n which the diplophase 1s more p than the h In diplonts
the products of meosts function directly 25 gametes This ss the regular hie ovele
of 21l mulucellular animals Only the gametes are haplod 1n this type of Iife cycle
(Fig. 82) Tbe mature indniduals are produced by mutotie drvision and differen
tiztion and are functionally diplod (2n) In contrast to diplo-haplontic orgamsms
1he dipjonts do not have alternation of generations but only alternation of nuciear
phases (o 2nd 2n)

Diplo-haplonts are typica] 10 higher plants 2nd 1n mary zlgae and fungs. As e2rly
25 1851 the concept of alternating gt for such had been devel-
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Fig 81 Diagram of the life cycle of haplonts that are common tn most snicellular fila
mentous algae and protozoa (From Cook 1965)

oped by Hofmeister He demonstrated that the life cycle of a typical plant consists
of two unique generations a spore-bearing (sporophyte, 2n) and a gamete bear-
ng (gametophyte, n) (Fig 8 3) The sporophyte of higher plants makes up the
more prominent generation Metosis in diplo haplonts docs not immediately pro-
duce gametes as 1 higher amimals, instead, a parasitic structure, which n turn
produces the gametes, ts inserted as an alternating generation 1n higher plants
This parasitic structure 1s called the gametophyte The relationship between the
sporophytic and hy vanes depending on plant groups In
the Spermatophyta (seed plants) the sporophyte 1s d: and independ Its

Life duration 15 from one to several years The gametophyte 1s extremely small and

{

2 Haglophase {1n) Ferfihzahon
\ Drpigphase2n) l
Mersis Zygote

Milghe dvisions

Mature mdwaduol /

Fig 82 Duagram of the Lfe cycle of diplonts that are representative of man, higher
ammals and some algae (From Cook 1965)
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Fig 83 Duagram of the Ife cycle of diplo-haplonts that are typical of higher plants and
many algac and fungt (From Cook, 1965)

parasitic on the sporophyte, as mentioned, and 1t lives only from a few days toa
few weeks In lhc P(endophy(a (ferns and related pran(s), the sporophyte 1s dom-
nant, veg dent, 2nd often p hyte, though
small, 15 md:pcnd:m of the sporophyte and lves a few wccks or longcr In the
Bryophyta {mosses and hverworts), the sporophytc 1s pamally parasitic on (he
gametophyte and hves a few weeks A p

1ndependent, and hves one to several years The dlagram m Fig 84 |lluslralcs
these relationships between Spermatophyta, Ptendophyta, and Bryophyta Single
hines represent the functionally haploid (n) gametophyte generation and double
lines represent the diplotd (20} sporophy The lengths of
the hnes generalize the relative prominence and length of the two generations 1n
the Iife cycle G d hnes are ind: and

- -
Spermatophyta

— 1

Pter dophyta

Bryoghyta

Frg 84 Di of the rel between and spo-

rophyte generations 1n plants

Stngle hnes-hapiord gametophyte generation

Double lines-diploid sporophyte generation

Length of lines relative of and h
generations.

Unbroken lines-independent generations.

Broken fi on other der, 1954

Redrawn by pesmussion of Barnes and Noble lnc New York)
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those shown by broken lines are parasitic on the other generation in the hie cycle
(Alexander, 1954)

81 Sexual Reproduction in Plants

Reproduction 1n plants can be subdivided tnto spor and
syngamy The example for reproduction in plants will be taken from the Sper
matophyta, which make up the dominant part of our vegetation As mentioned
above they exemplify a diplo-haplontic hife cycle The diplophase 1s called the
sporophyte The sporophyte differentiates two kinds of tissues that later will
develop the metospores. The tissue that leads to mtcrospores is called the micros-
porangium and 1s located 1n the anthers The tissue that eventually will produce
megaspores 1s called the megasporangium and s located in the ovary

811 Microsporog and Spermatog

Anll of microsp and sper mn perms 1s shown
in Fig 85 Microsporogenesis is the process of microspore formation that leads
to the first cell of the male hyte Microsporog: takes

place in the mucrosporangium A typical anther of a phanerogam (Spermato-
phyta) has four elongated microsporangia that develop into microsporocytes or
pollen mother cells (PMC’s) These cells enlarge and go through metosis, as
described i Chapter 7 A mucrosporocyte that goes through meiosis 1s also
referred to as a meiocyte, The end product of microsporogenests 1s a radial quar-
tet cell. The radial quartet cells each separate into four haplod microspores with
one nucleus each Each of these microspores may develop mto a pollen gramn
(spermatogenesis)

Mature Sparophyte (2n)
« Spore Bearing Generat on s

- SOE D EN e
e N

o M crospore
Anthe = Pollen Mother Cell ad al = Meiospore {1n)
M crosporangum AR e Merocyte Quartet Ce |
Generat ve Vegetat ve Vegetative
Nucleus Nucleus Nucleus
— - - <
Gametocytes
Male Gametophyte (n) = Male Gametes = Sperm
= Gamete Bear ng Generat on
= Pol en

Fig 85 M and sper n
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Between the mucrospore stage and the first pollen mutosis there 1s a rest period
that vartes from a few hours to several months (Dahlgren, 1915, Finn, 1937) The
developtng pollen grain or male gametophyte enlarges duning this period esther
because of an increase 1n the amount of cytoplasm (Sax and Edmonds, 1933), or
because of the formation of vacuoles in the cytoplasm (Steffen 1963), or because
of both of these reasons together Naturally, there 1s also an increase in the
amount of DNA before pollen mitosis (Bryan, 1951) because duning synthests the
chromosomes replicate

Pollen mitosis 1s an ideal stage for ¢h analysis The ch are
reduced by half (n} which faciltates the count and the spread of the chromo-
somes In orgamsms with high chromosome numbers They are also less contracted
than dunng the two meotic dwistons, which makes it easier to discern their cen

tromere positions

The nucler that result from the first pollen mutosis differentiate into a generative
nucleus and a segetative or tube nucleus. The male gametophyte now has two
nucler that were produced by haryokinesis (nuclear division) without the event of
cytohinesis {cytoplasmic division)

The two nucler of the male gametophyte usually differ in shape The generative
nucleus 15 densely compacted and often 1s crescent shaped, while the vegetative
nucleus 1s larger and sphenical and less densely stamed These nucler are often
considered to be protoplasts or cells, but they defimtely lack cell walls Electron
microscope studies have shown a clearly defined double membrane around the
cytoplasm of the generative nucleus but no wall as earlier reported from light
microscope studies (Bopp-Hassenkamp, 1960) The DA content of the two mor

phologically different nucles seems to be stmilar (Swift, 1950; Bryan, 1951, Ogur
etal, 1951)

A second pollen mutosts Jeads to the production of a mature male gametophyte
or pollen This mitosis occurs 11 the generative nucleus of the pollen and Jeads to
the formation of the two male gametes or sperms These are also referred to as
the male gametocytes The time of the second pollen division vanes according to
spectes In many grasses the three nucle: are present before pollen tube formation

In Iily, second pollen mutosts happens in the pollen tube when the sperm passes
through 1t down the style on its way to the micropylar opening of the ovule 1f
pollen mutosts takes place n the pollen tube, the metaphase chromosomes form
rows parallel to the axis of the pollen tube (Fig 8 6) The vegetative nucleus scems
to be responsible for the growth of the pollen tube and 1s the one 1n the tip of the
pollen tube trailed by the two sperms (Fig 8 5) The vegetative nucleus and the
sperms are believed to be passively transported through the streaming cytoplasm
n the pollen tube (Navashin et al, 1959) The sperms are now ready for syngamy

812 Megasporogenesis and Syngamy

An illustration of megasporogenests and syngamy 1s shown m Fig 8 7 Megaspo-
rogenesis 1s the process of megaspore formation in the megasporangium or ovule
The megasporangium consists of the nucellus 2nd of one or two integuments
Enclosed 1 the nucellus 1s the megasporocyte or embryo sac mother cell (EMC)
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Fig 86 Pollen mutosis 1n the pollen tube of colchicine treated tetraplord |
Poly gonatum commutatum (n=2x=20) (Redrawn by permisston from fn
Colchicine—tn Agniculture Medicine, Biology and Chemustry by O J ,
Eigstiand P Dustin, Jr © 1955 by The Towa Unnersity Press lowa \
50010)
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Fig 87 Megasporogenesis and syngamy in angtosperms
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Each ovule contains only one te The mepasp dnades by
meosis to form a limear quartet cell, which 1s a row of four cells each of which
1s 2 potential megaspore Three of these cells degenerate but the fourth enlarpes
and forms the large megaspore The megaspore typically develops into the
embrye sac through three mitouc dnisions Eight nucler are formed by these
divisions that orgamze into the egg apparatus, two polar nuclet and three anti-
podals (Fig 87) The embryo sac thus becomes the female gametophyte (n) or
the gamete beanng generation The egg apparatus consists of the tho outer syner-
gids and the ege nucleus 1n the center The egg nucleus becomes the egg cell
female gametocyte, or female gamete The two polar nuclet ofien fuse and
become a diploid fusion nucleus (2n)

Syngamy 1s preceded by the landing of the pollen grain on the stigma of the female
portion of the flower which conststs of stigma  style, and ovary (pistill. The pollen
gran germmnates on the sugma The time for germination s vanable For instance
germination takes three minutes in Reseda (Exgsti 1937} and five muinutes in Zea
mays {Randolph 1936) The pollen forms a tube that passes down the style and
reaches the opening of the ovule called micropyle After the two sperm enter at
the mycropyle one fuses with the egg cell to form the zygote (2n) and the other
fuses with the fusion nucleus to form the endesperm nucleus (3n) in what 1s often
referred to as double fertihization The time from pollen germination to fertihization
varnes accordmg 10 spectes In general 1t takes 12 10 48 hours (Maheshwan 1949)
The zygote s the first cell of the new sporophyte (2n) which by mitotic cell divasion
develops and differentiates into the mature sporoph)1= This eomplctcs the life cycle
of a typrcal diplo-haplont with 1ts ch: (2n 1n)

82 Sexual Reproduction in Animals

In higher anmmals sexual reprod consists of and syngamy
Higher ammals are diplonts m which the diplophase 1s more prominent than the
haplophase The fertihzed diploid ovum or zy gote divides and differentrates by reg
ular mutosis to form the adult mature ammal body a portion of which differentiates
1nto the germ hine (W eismann 1885) The germ Iine 15 a group of cells that early
during the development of an animal organism are separated from somatic cells as
potential gamete formung cells Gamete formation or gametogenes:s takes place 1n
the testes of the male and 1n the ovary of the female

821 Spermatogenesis

Gametogenesis 1n the male ammal 1s called spermatogenesis The testes contains
the immature potential germ cells called primary spermatogoma By rapid mitotie
multiphcation they produce the so-called secondary spermatogoma

The chromosomes 1n spermatogonial raitosis differ 1n shape and size from normal
mmtotic chromosomes They show a spiral configuratton and are very much con

tracted (Fig 8 8) Sasaki and Makino (1965) observed that they were extremely
fragile with 2 tendency to break and scatter A fairly lugh degree of polyploidy
has been observed in spermatogonia of humans (Sasaky 1964 Sasaki and Makmo
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Redwzwa bv permmssen of W B. Sammders Ca, Priladelrha)
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condition and form a source of new sex cells throughout the reproductive hfe of the
amimal, some of the cells produced move toward the lumen of the tubule, and
enter into the growth phase of spermatogenesis and are then called primary sper-
matocytes. The growth of the spermatocytes 1s limuted, but as a result they
become about twice as large 1n volume as the spermatogoma (Balinsky, 1970)
The chromosomes also associate 1n pairs during this pertod The primary sper-
matocytes undergo the first meotic diviston and become secondary spermato-
cytes. After the sccond meiotic division, the spermatids are formed The sper-
matids are haploid sex cells but they are sull not capable of functioning as male
gametes, which are the so-called spermatozoa or sperm.

822 Spermiogenesis

The process of from an d to a mature sperma-
tozoon 1s called spermiogenesis. Spermiogenesis ls a striking metamorphosis and
1molves a very radical change After the second meiotic dmiston, the nucleus of the
spermatid goes 1nto a typical interphase forming dispersed chromatin The cyto-
plasm of a spermatid contains all the inclusions that a normal cell usually has
Among them are the mitochondna, the centrioles, and the Golgi apparatus. These
organelles are mstrumental during the development from a spermatid to a sper-
matozoon One of the most important changes in the morphology during spermio-
genesis 1s the reduction in ¢ytoplasmic material and the condensation and elonga-
tion of the nucleus

It seems that the cell tries to eliminate all extra material that 1s not of importance
1n moulity The main function of the mature spermatozoon 1s the transportation of
the male genetic matenal to the female egg The spermatozoon differenuates the
acl thatit can p theegg b and enter the egg’s cytoplasm
The acrosome 1s derived from the Golgs apparatus In the early spermatid, the
Golg apparatus conssts of the typical flattened membrane bound sacs, called cis-
ternae As the development of the spermatid proceeds, vacuoles develop in the
Golg apparatus Within the vacuoles, small dense bodies appear that are called
proacrosomal granules (Fig 8 10) The smaller vacuoles coalesce into a larger one,
and the granules they contain fuse into one The vacuole and the Golgi apparatus
now approach the tip of the elongating nucleus As the Golgt apparatus moves
toward the nucleus, the vacuole containing the granule actually moves toward the
edge of the Golgi apparatus and attaches to the nuclear envelope (Fig 8 10C) The
proacrosomal granule now nereases in size as small vacuoles continue to anse from
the Golg: apparatus and coalesce with the large vacuole or vesicle, thus addimg
mare proacrosamal materal The granvle shus hecomes she asrosamal graoude As
the development proceeds further, the vesicle loses 1ts hquid content and becomes
completely filled with granule substance (Burgos and Fawcett, 1955)

The next step in the development of the spermatozoon 1s the formation of its mid-
dle piece (Fig 8 11B) Thus part eventually contains the base of the flagellum and
the mitochondnia, which will serve as a power plant supplying the flagellum with
energy This formation of the middle prece begins with the movement of the two
centrroles to a place just behind the nucleus oppostte the acrosome One of them,
the proximal centriole, becomes located i a depression of the nucleus The other
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Fig 8§10 Sequence of si2ess 1 the formenen of the 2croom” 2nd ba2d cap from th
Go m complex donzs spermmateencss 1o the cat (From Boreos 2rd Fzwomt 19°°
Redrawn v permassion of the Rok=fellT Lamversan Press. = York)

oz, the distal eentnole, bin=s up neht betind 11 21 2 neht 2nolz 2nd comadss
with 1be lomertudmal axss of the spermatezoon (Fie 8 114) Th= distz] ceminole
15 resposle for the daclopnt of the axna] filament of the fa2eellum. Mruo-
chondna 2ecrenate asound the axzl flament In mammals the mutocbondnz,
which become concentrated 1n the ruddle prece from otb-r parts of the ecll, lose
ther indadualin and form a mitockondrial spiral that wands around the axz]
flament. At the end of the muddle pece. berneen the mddle proce 2nd the tail.
15 the dence so-celled nng centniole wath orknown funcbon. The pamsz crminole
15 raslezdine simce 3ts fine structure Goss not resemible 2 czntncts.

The t2il or flagellam (Fie. 8 11B) s Lsually the Jonesst pert of the spermetczo0L
It ezables 1he sperm to swim. Its mzm part zs the 2wzl filament that comirLes into
1t from the mddle pace. Iis fine structure reveals ten pers of lo~mtudmal firers,
©02 11 the mddle 2nd rune szrronpdire il n 2 UL

Tb~ fina] strocture of the matLre spermatozod, as shown m Fie. S 11, comians
bead, middle prece, 21d tail The head consts of the 2cmosome 2nd 2n eloneated
redews, The mddle prece 15 componed of the proxmal ezaino's {the cista) cen-
1nole often disymteerates) the axal filament, 274 the miochondra <prral Thet=dl
15 compenad mainly of the a2l filament.

Asseen 1 Fie. § 11 the sperm has Jost most of the evioplasm dune matoraton.
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Fig 8114-C Dugram of 2 mar-
malnn sperematozoon. {A) Detuled
dugram as seen ender the electron
rucroscepe (8 €) Drzeram of sper
mMatozooa 3 seen i the light mrcro-
scope The sperm bead s seen from
the Rattened side 17 B ard from the
earrow side 12 C (From Bahmsky
1970 Redrawn by permussion of W

\’_) A B Sau~ders, Co., Philadelphia)
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Only the plasma membrane remains as a sheath around the mature sperm This
means that very [ntle male cytoplasm 1» transferred to the egg dunne fertlizaton
This may be the reason for socalfed maternal effects that can be caused by
extrachromsomal genetc factors m the female cvtoplasm They are thought to be
transmtted tfirough the egg dut not fo be comtroiied v (e genes of tie derveloprg
embryo (see Chapter 20)

As pomted out a1 the begmnming the main concern in the chapter 1s the focus on
the chromosomes or the chrematim (DNA) dunng sexual reproduction Butin order
to fully understand what happens in the nucleus, some surroundine structures had
to be considered akso

DuPraw (1970) wntes that the sperm of animab and some plant cells are highly
specialized as motle carners of the spectes” haploid D\A component. Assoctated
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Fig 8§14 Lreht microphotorraph of aircutar DN\ A-contaimne rine nucteoh of amphit-
12n oocvtes (X 424) (From Miller 1966 Reprmnted wath permission of the Nanonal
Cancer Insutte, Bethesda Manland)
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Fig 815 MDorsecells that surmund ﬂz: mammzhzn oocytes called follicle cells (From
Balimsky 1970 Pedrawn by permission of the W B Saunders Co  Philadelptna)

The pnmary oocyte eventually resumss merotic drvision At the end of maioss> 1,
w0 haplod cells are present, 2 largs onz, the secondary cocyte, and one small
abortre cell, the so-called first polar body or polocyte (Fig & 16) The polocyte
remaims attached (o the cocyte Meosss I 2l produces two cells of unsqual size,
a large functional egg called oofid or orotid and a small abortie second polar
body. Durning meiosis 1T the first polar body exther diintegrates, remains undmided,
or undergoes dr1sio to form a third polar body, In most speaizs the three polo-
cylss eventually disintegrate Figure 8 16 shoas the actual process of the two
mziotic drssions As the nuclear membrane breaks down at the end of prophase I,
the chromosores mone from the center of the oocyte tomard the penpbery The
drien then actezlly appears a3 a bulzing and pmching off of the small polar
bodies from the larges cocyte Two major purposes of thss pinching off seem to be
the elimmation of hall of the chromosoes by discarding them m the abortne
primary polar body znd a further growth of the cocyte thet essentrally recenes al
nutnznt matenzl becawse of unequal cell dnvision Ths process complztes the mat-
uration of the cocyle Mo a mature ezg

Fertilization or syngamy i arimabs 1> the process of sperm penstration (Fig 8 17)
mntothe ezz and ths umon of the paternal and maternal gametes resulting in zygote
formation Thus, the homologous chromesones that lost therr pariners during the
process of malz and femzle maiosss are noa gowrg to be matched 22219 23 homel-
ozous pairs This t the finzl step m the recombinztion of gen=s from differe~t
sources 2s mentionsd before It makes possib's the sharng of fasorzble gevess
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Fig 816 The two meiotic dnvis ons of the primary oocyte resulting in the maturation of
the oocyte 1010 a mature cgg (From Bal nsky 1970 Redrawn by permission of the W
B Saunders Co Ph tadelphra)

throughouta group of cross fertile indmiduals such as a species where before such
genes were available only to one indvidual

Fertthzation tn ammals usually starts before the completion of oogenests Penetra
tion of the sperm into the cocyte seems to be necessary for the maturation of the
egg in a number of animal species In some mammals amphibians and mnsects the
oocyte 1s still in the prophase I stage at the time of sperm entry The entrance of
the sperm into the egg seems to activate the egg If the egg 15 not fertihized at all,
1t may esentually degenerate If it 1s fertihized, 1t goes into action If metosis has
not been completed then sperm entrance wilf bring 1t to completion
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Fig 817 Electronm crograph of the process of sperm penetration 1n the sea urchin
Arbacia punctulata (Courtesy of Dr Everett Anderson Department of Anatomy Har
vard Medical School Boston Massachusetts)

The process of fertilization can be divided into three substages
1 The penetrauon of the cocyte membrane by the sperm

2 plasmogamy or the fusion of the cytoplasms of the two gametes
3 haryegamy or the fusion of the two pronucter

The penetration of the cocyte membrane has been studied 1n detadl by hght and
electron microscopy (Colwin and Colwin 1967) but it will not be discussed here
wdetail The mechamsm of the sperm penetration seetus ta be spurred by a cher

1cal in that the acrosome produces enzymes known as sperm lysine that dissohe
the egg membrane locally (Tyler 1948 Colwin and Colwin 1961) Thus the
acrosome seems to be a vital part of sperm penetration as 1t moves in front of the
sperm with the nucleus centriole rmddle piece and tail trmbing behind  Often

the tail breaks off as the sperm enters the egg cytoplasm Soon after entry the
nucleus usvally turns around 180 degrees so that the centriole 1s now n a forward
position with the nucleus following behind Any other parts of the former sperm
have now disconnected and disintegrate The nucleus and the centrosome of the
sperm now both change their appearance The nucleus which was closely packed
in the sperm becomes dispersed granular and enlarged (Loneo and Anderson

1968) The centrosome forms an aster Both the sperm and eeg nuclet become
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similar in appearance and are now referred to as male and female pronucler
(Beneden 1875) In higher ammals the pronucler increase progressively in volume
until they are about 20 times their original size (Austin 1969)

The female pronucleus also has to change positton It 1s located at the periphery of
the egg where 1t completes its merotic division (Fig 8 16) As division s completed
the female pronucleus also mugrates toward the male pronucleus in preparation of
the fuston of both This fusion generally takes place near the center of the egg
Fusion of the two pronucler varies from species to species In the sea urchin for
wnstance fusion 1s complete at the onset In higher ammals the two pronucles sud

denly diminish 1n volume and finally fade out altogether gtving place to two chro-
mosome groups These chromosome groups move together and form a single group
which represents the prophase of the first cleavage dnaision {Ausun 1969) But
such complete fuston does not occur 1n all ammal groups In Ascaris some mol

luscs and in annehds the chromosomes of the male and female pronucle: attach
to the zygote spindle and remain 1n two separate groups until completion of the
first cleavage dvision Only then do the paternal and maternal chromosomes
become enclosed by a common nuclear envelope In the fresh water crustacean

Cyclops the paternal and maternal chromosomes remain In two separate groups
until after the gastrulation stage of embryomic development The two groups
actually can be observed forming bilobed nucler Each group forms its own
nuclear envelope But fuston of paternal and maternal chromosomes eventually
occurs in all ammal species
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Chapter 9
Polyteny and Lampbrush Chromosomes

Beginming with this part 2 new phase of this book s 1introduced The preceding
parts of the book dealt with the theme structure (Part 1), function (Part I1I), and
mosement (Part [V) of the chromosomes The following parts of the bock deal with
the vanations on the theme vanations in chromosome types (Part V), vanations of
chromosome structure (Part VI) vanauon of chromosome number (Part V11), and
saration of ch function and t (Part VIII)

[n the discussion of chromosome structure in Chapters 2 and 3, normal chromo-
somes usually seen during mitotic and metotic cell divisions were described How-
ever 1n speciahized 1ssues oF In ceriain spectes or species groups, nonstandard or
unusual chromosomes exist that serve as \aluab[: tools for cytogenetic research
The first group of such tobed th hesby ther
unusual size These are the polytene and Jampbrush chromosomes. These chro-
mosomes reveal structural details that cannot be seen mm ordinary somatic
chromosomes

9.1 Polyteny vs Endopolyploidy

Polyteny (Koltzoff, 1934) 1s found 1n salnary gland nucler, nurse cells and other
larval tissues of dipterous flies and 1n 1ntestinal cells of lanal mosquitoes The phe
nomenon was discovered by Balbrani 1n 1881, but 1ts cytogenetic significance and
importance were not revealed unti) Kostoff (1930) Heitz and Bauer (1933), and
Painter (1933, 1934) made their important contnbutions Heitz and Bauer's
research was bnefly mentioned 1n the historical treatise (Chapter 1)
Polvteny and endopolvploidy both are results of endomitosis (Gertler, 1937)
Endomutosts 15 the process of chromosome duphication without karokinesis and
cytokinesss In endomstosis the DNA content of the cell 1s doubled or at Jeast
mm in whyery ‘l‘nt em-p'rmmd VenomEsUey T0 TR WIATHE AL $ERT
ds, while in p they separate, resulting in chromesome dou
bling Figure 91 demons(ra(cs this difference If 2 diploid cell with 4 chromo-
somes (2n=4) goes through the process of endomuitosis 1t can form 2 polytenic
cell in which the chromoesome number does not change {(2n=4) but the chromand
number changes from 8 to 16, doubhng the amount of DNA Each chromosome
then has 4 chromatids instead of 2 White (1935) called such chromosomes




Polviers vs. Erdopolhvplody 19

E_—
//\ //\\
E 2 R,
* i 2 s
# o = -
N2 N

%74 eovery Encopoveocy
2 e



150 Polyteny and Lampbrush Chromosomes.

Endopolyploidy 1s apparently a much more extensively occurnng phenomenon
than it was onginally visualized Apart from the pathological occurrence of endo-
mutosts in malignant tissues of mice (Levan and Hauschka, 1953), endopolyplosdy
1s a normal process in plant and animal cells A review on the subject was pub-
Lished by Tschermak Woess (1963) In some diploid plants, for 1nstance, the vas-
cular tissues of the roots are polyploid (Jacoby, 1925) Such an increase 1 chro-
mosome number 15 also charactenistic of the mother cells from which latex tubes,
vessel members, collenchema cells, and other specialized cells such as 1dioblast
cells anse (Tschermak Woess and Hasitschka, 1954) Milntzing (1961) reports
endopolyploidy 1n the roots of spinach Wipf and Cooper (1938) found that m
legumes like red clover, common vetch and garden peas, the root nodules that are
mvolved 1n itrogen fixation have plant cells with twice the chromosome number
observed in the rest of the plant In the vetch in addition to cells with the normal
chromosome number 2n=12, cells with 2n=24, 48, and even 96 chromosomes
have been reported Endopolyplerdy 1n animals 1s best known 1 msects Geitler
(1937, 1939, 1941) showed that i the salivary glands of the water nsect Gerris
lateralis (2n=21, XO type), many cells were 512-ploid, some 1,024-ploid, or even
2.048-plod

92 Morphological Characteristics of Polytene
Chromosomes

The polytene chromosomes have been most thoroughly studied 1n the sahvary
glands of Drosophla Their discovery has been briefly mentioned m Chapter 1
Bridges was one of the most diligent researchers in mapping these giant chromo-
somes The length of these chromosomes 1n the late larval stage of Drosophila1s
2bout 100 umes the length of somatic chromosomes They are believed to be in the
interphase stage and their enormous length could be explained by molecular
unfolding According to the polyteny hypothes:s of Bauer (1935), these chromo-
somes onginate from repeated endomitotic cycles forming bundles of numerous
chromonemata {chromatds) that are held together by somatic pairing and con
sequently they are represented 1n the haplold number Each so-called polytene
chromosome really represents a very close union of two homologous chromosomes
that simulate the appearance of only one single chromosome
In a typical sahvary gland cell of Drosophule '/ the four
are all united in the chromocenter by their centromere regions (Fig 9 2) This gives
the cell the appearance of five long and one short strand radiating out of the chro-
mocenter The strands represent the arm of the telocentric X chromosome, two
arms of chromosome 2 (2R, 2L), two arms of chromosome 3 (3R, 3L), and the
tiny arm of the small telocentric chromosome 4 Along these arms appear the dis-
tinct darkly stamed bands that divide the chromosomes 1nto band and interband
regions These bands are of different size and staining capacity, and some of them
appear as doublets. According to L:wns (1945), doublets represent one-band-tan-
ts. The bands are d as that associate closely at
the same level of the interphase chromonemata Each band really 1s a disk that
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Frg 93 DuPraw s model of a polytene chromosome consist

1ng of multiple side by side strands each corresponding to an
unfolded unit chi [« bands of
DNA arise by tight folding in 21l the st chromateds at spe

afics tes Atsomesites DNA may unpack for RNA synthesis

leading 1o the formation of a puff {From DuPraw and Rac

1966 Redrawn by permission of Macmillan Journals LTD.,
London)

Polytene chromosomes have also been reported 1 plants They were detected in
certam cell types of the embryo by Tschermak Woess (1956) Hasitschka (1956)
and Nag! (1962 1965 1969a) Nag! (1967 1969b 1970) and Avanziet al (1970)
also found polytene chromosomes in the suspensor cells of two species of Phaseolus
and they studred the structure and function of these chromosomes m detait

93 Puffing

Since the early discovery of the salvary gland chromosomes by Balbiami 1t has
been known that they may have a number of small to large swellings on them that
were later called Balbiam rings and puffs Balbtam rings are restricted to the Chi
rommidae while puffs occur in all Diptera Balbiani rings are extremely large puffs
There are also some structural differences between Balbiami nngs and puffs
Puffing seems to throw light on the metabolic functton of the grant interphase chro-
mosomes that seemed to puzzle cytologists for 2 long time The first one to observe
s phanarmeanmnwas Bodges (L915), Puffing wovalues 2o nnfddimg of DNA mithe
band regions (Fig 9 5) Such bands ongnally have very distinct outhines but with
progressive puffing they become more diffuse unti] they disappear completely This
process 1s reversed as puffs disappear Puffing also can spread to other adjacent
bands (Pelling 1966) Apparently there 1s a difference between RNA puffs and
DNA puffs Both kinds of pufis are unusually active in RNA synthesis but in the
DNA puffs additional DNA 15 produced dunng the time of puffing DNA pufls
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Fig 95 Different degrees (A to C) of puffing of the Balbiani ning 1n the salivary gland
IV of Ch e The of the course of the chromo- _

somal fibers 1n the region of the Balbian: nng 15 gwven in D (After Becrman, 1952, fiom
Clever, 1964)

(1971) general chromosome model that suggests that the fibrous coding DNA 15
m the interbands and that the globular DNA 1n the bands 1s control DNA (see
Section 34 4)

9.4 Super Chromosomes

The extent of polyteny can be d by infection with 1dianp

parasites (particularly of the genus Thelophama) Such parasites cause the salivary
gland cells to grow very large and to produce super chromasomes. Such chrome-
somes have been studied by Diaz and Pavan (1965), Pavan and Basile (1966),
Pavan (1967), Pavan and DaCunha (1968), and Diaz et al (1969) When super
chromosomes are stained, they are visible to the naked eye They may have from
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Fig 96 Thefour (\ A B C) polvtene super chromosomes of an infected salivary gland
cell of Rhynchoscrara angelae Scale S0um (Courtesy of Dr C Pavan Unnersity of
Campinas Sao Paulo Brasil Repnnted by permission of the C V Mosby Company
Saint Louss)

250 000 1o 1,000,000 chromonemata Roberts et al (1967) estimated that nucler
infected by parasites may have 2, 4, 8, 16 or 32 umes the DNA content of normal
salivary gland nucler This mdicates that up to five extra evcles of replication may
have occurred Puffing was inhibited 1n larvae of Rmnchosciara that were
mfected by parasites In Fig 9 6 super chromesomes of an infected salnary gland
cell of Rhyvnchasciara angelae can be seen
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9.5 Somatic Synapsis

Synapsss 1s generally considered to be @ metotic process However, as we have seen
n this chapter, it 1s also occurring 1n other types of cells Depending on the close

ness of the pairing of the h n such pairing con-
figurations, the phenomenon is either called somatic pairing or somatic synapsis.
Somatic pairing has been known for a long time 1n plants (Strasburger, 1904, 1905,
Sykes 1908 Digby, 1910 Nemec, 1910} and anumals (Montgomery, 1906, Ste

vens 1908) The most striking type of somatic pairing exists tn the Diptera where
the homologous chromosomes lie next to one another and closely parallel through-
out interphase Somatic pairing 1s less close at metaphase The most intimate pair-
1ng 1s observed 1n the salivary gland chromosomes, where 1t 1s usually associated
with synapsis There 15, however, an important difference between mesotic and
somatic synapsis Mesottc synapsis 15 always two-by-two If more than two homol

ogous chromosomes are present during mewotic synapsis (in trisomics or triploids

Chapters 15 and 16), only two-by-two pairing occurs at any given section of the
chromosomes In the somatic synapsis of salivary gland chromosomes, pairng
occurs three-by three in triplowds (Fig 97)

9.6 Lampbrush Chromosomes

As already menttoned 1n Chapters 7 and 8, the so-called lampbrush chromosomes
are another type of glant chromosomes that occur in the diplotene stage of primary
oocyte nuclel 1n vertebrates and mvertebrates and also in the Y chromosome of
Drosophila sper ytes Lampbrush ch can be even larger than the
polytene grant chromosomes of the Diptera, but their diameter 1s much less The
longest such chromosomes of about 1 mm have been found in urodele ampmbia
(Ricger et al, 1976) These chromosomes are charactenized by a typical diplotene
bivalent appearance showing chiasmata and from the darkly stained chromosomes
h ds of thin Joops are ding laterally at gles (Fig 98)

Meiot
Synaps 5

Somatc

Synaps s

{Dresophila

Triplods}
Fig 97 Comparson of chromosome pairing m
meiotic and somatic synapsis
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Fig 98 Diagram showing typical appearance of a bivalent conststing of two lampbrush
chromosomes (From Lewis and John 1963)

The first Jampbrush chromosomes were discovered by Riickert (1882) i shark.
Almost all of the recent research has been with the urodeles particularly of the
genus Triturus The most improved techmiques i studying Jampbrush chromo-
somes were applied by Gall and Callan (1962) A phase-contrast photographof a
postion of an 1solated lampbrush chromosome 1s shownin Fig 99

Fig 99 Phase contrast photograph of a portion of a pair of lampbrush chromosomes
1solated from an oocyte of the newt Triturus viredescens (X 337) (From Gall 1966}
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Bezrmann (19+2) first reahized that the larmpbrush chromosome loops 2re similar
1 function to the puffs of the pelvtere chromesomes. But certamn maor differences
are appare~t betwezn the puffs ard the lampbrush loops. A pull consists of thou

sands of idertrcal DN oops, cach ansieg from a chroromere at the puff pro-
duare locus. While tn the Lampbrish chromosore, all or almost all chromomeres.
Eave forred loops. 1 the polvtere poff ony a few wrfold at any ore staee of
davelop™ent or 1 amy particular tssue (White 1973)

DuPraw (1970) mertions that each par of kops alorg 2 gart larpbrush chro-
roseme bas its own speare morpholegy ard often ore side of the koop » thucker
than the other as if more RNA bad accumulated there This suggests that the
loops are wmts of geretic actmity. Apparently afore each foop MRNA transenp-
107 oceLrs



Chapter 10
Ring-Chromasomes, Telocentric Chromosomes,
Isochromosomes, and B Chromosomes

Thus chapter 1s a continuation of the d of unusual ct types As
mentioned before the term “unusual’ 1n this connection ts a relative term We
very often have a certain concept of things and whatever deviates from this con-
cept we call “unusual” Because ring-c! 1] ic chr

isoch ar B ch differ from the majanity of chromosomes i
humans, amimals and plants, they are considered unusual But apparently, in some
stances, such chromosomes fulfill a need that cannot be met by any other chro-
mosome type There 1s no obvious connection between these four chromosome
types except that they all deviate 1n some way or another {rom the prototype as
described in Chapters 2 and 3

10.1 Ring-Chromosomes

Standard chromosomes of higher organisms (eukaryotes) usually have two ends
and do not form a continuous rmg  However, the chromosomes of lower orgamsms
such as prokaryotes (e g, bacteria like Escherichia colt and some viruses) nor-
mally have ring-shaped chromosomes Often such chromosomes are referred to as
genophores (R1s, 1961) i order to emphasize the difference in structure A linkage
map of £ colt 1s shown tn Fig 101 It demonstrates the circular structure of the
bacterial genophore Such genophores are more than 1 mm 1n length and consist
of 2 sangle DNA molecule that is hightly pecked into & meclosid (bacterz) ruclens
without a nuclear envelope) of only I gm 1n length The DNA in such genophores
1s considered to be naked or pure, seemngly lacking any kind of histones that are
generally assoctated with DNA m the chromosomes of eukaryotes and carrying
less protemn The drameter of a genophore of E coli 1s reported to be 4 nm, which
1s twice the diameter of a Watson-Crick double helix (Miller et al , 1970) A pos-
sible unidirectional model for DNA replication of circular chromosomes has been
developed by Cairns (1963) This model 1s shown 1n Fig 102 Replication starts
at a fixed pomnt and always proceeds i the same direction Because the comple-
mentary strands of the DNA molecule are twisted i a double helix, the circular
DNA must rotate around 1ts own axis as the old and new strands separate Another
more recent model indicates that DNA replication of the circular E colt chromo-
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Fig 102 Diagram of a possible modet for circular DNA rephcation (From Cairns
1963 Redrawn by permussion of the Cold Spring Harbor Biological Laboratory, Cold
Spring Harbor New York)

some proceeds 1n a bidirectional fashion from a fixed pomt (Masters and Broda,
1971)

Apart from such normally occurring ring-chromosomes in prokaryotes, such chro-
mosomes frequently form 1n euharyotes as a result of structural chromosome
changes Chromosomes 1n higher organisms are not naturally nng-shaped Ring
chromosomes have been detected in humans, Drosophila and certain plant species
They were most thoroughly studied 1n masze by McClntoch (1938b, 1941a,1941b,
1944) In maize, nng-chromosomes are hikely 10 form dicentric double sized nings
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Fig 103 Diagrammatic presentation of the formation of a nng chromosome

that break at anaphase This very often Ieads to nstability of the nings The details
of this bebavior wil) be discussed 1n Chapter 12 Norma) chromesomes 8o pot form
nings because they are believed to have telomeres on each end (Chapter 3) Telo-
meres scem 1o prevent the union of chromosome arms into ring formation A chro-
mosome can form a ning-chromosome by fuston of the raw ends (Fig 10 3) only if
1t has two terminal deletions (Chapter 12) producing a centric segment with two
raw ends and two acentnic fragments As secn in the illustration the ring chro-
mosome (BC DEFG) inhents the centromere and the terminally deleted matenal
can umte into an acentnc fragment (AHT) that eventually gets fost from the
nucleus A ring chromosome lacks the genetic tnformation that was carried by the
termnally deleted fragments After the occurrence of such a deletion an orgamsm
or tissue will be heterozygous for the deletion having a normal standard chromo-
some (ABC DEFGHI) and a d:lc(cd ring chromosome {BC DEFG) Ring chro-

are ble During mutosts they can produce two
dﬂ“&hler nngs cr cqual size lha( are rcgularly distributed to the daughter cells
Such ning. can be 11y stable

Ring-chromosomes have been observed 1 several human syndromes According
to Borgoankar (1975), they mvolve all human chromosomes except 2, 10, 11, and
12 Since 1975 a ring chromosome 2 was found 1n a newborn (Vigfusson, unpub-
lished) A karyotype of the nng—chrumosomc 2 mdmdua] s shown 1n Fig 104
Figure 10 5 shows an enlarged phy h of b 2,one af
them being the ring chromosome
Erght children with heterozygous ning chromosome conditions 1n the E group (Er)
(see Fig 2 3) had gencralized mental and developmental retardation and a vanety
of congental matformations (De Grouchy et al 1968 Hamerton 1971b) Such
chnical features could be expected since the ring chromosome necessanly mvolves
two terminal del In these the ring chr were unstable
Anolhcr eleven pallcn\s were observed with Zn 46 chromosomes and with a ring
g one of the dard 1 the D group (Lejeune
et al, 1968a, Hamcﬂcn, 1971b) The ma)nmy of these had developmental and
mental d and vanable 1 malfermations It could not be estab-
Iished 1f any of these ring chromosomes mvolved the same D chromosome In six
of the eleven D ring chromosome (Dr) patients, the rings scemed to be relatively
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of breath), abnoral ears, and hypoplastic {below norma) size) nails Mixoplonds
(Nemec, 1910) are chimeras in which the cells vary according to their chromo-
some numbers In this case the blood cultures revealed two different cell ines one
normal (46, XX) and one trisomic (47, XX r+) The tnsomic cell line had a ring
chromosome 1n addition to the normal cell P The ning-ch

vaned in size from a G group to a D group chromosome (see Fig 2 3) The pro-
portion of cells the nng-ch hed from 20% 1n early
blood cultures to 8% 1 blood cultures taken at the age of §3 months (Hamerton
1971b) A probable case of an A rng-chromosome (Ar) was recorded by Cooke
and Gordon (1965)

Other ning-chromesome syndromes 1 humans causing congenital malformations
base been recorded by Smith Whiteet al (1963) Aulaetal (1967) and Gripen-
berg (1967) In some of these the X chromosome formed the nng.

Ising and Levan (1957) observed one or more ning-chromosomes 1n some cells of
lung and stomach with ch between 2n=70 10
2n=80 Ring-chromosomes form sanous kinds of syndromes m men that are
expressed more or less severely according to the size of the defetions imvolved If
only a small amount of genetic informatton s missing the patient may be affected
lntle or not at all

Reasonably stable stocks of Drosophila having a ning shaped X chromosome have
been mamtamned in the laboratory (Morgan, 1933, Schultz and Catcheside, 1937
Swanson, 1957) Brownet al (1962)discovered that such stocks showed mosaicism
{mixoploidy) as a result of somatic crossing over and because of ning elimination
A ning Y-chromosome in Drosophila hy det was descnibed by Beck et al, 1979

10.2 Telocentric Chromosomes

Telocentric chromosomes (Darlington, 19392) or telocentrics are those that have
2 terminal e Theyare g ly not dered 1o exist 1n nature but
are formed by centromere musdivision 1f at mutosis the centromere divides trans
versely instead of longitudmally (Fig 10 6), the reselt 1s two telocentnc chromo-
somes each of which inherits 2 part of the original centromere Since apparently
a‘ec.?.'.'rc contramere is required for normal centramere famctron, suc teloanmine

are usually el d after a few cell dvisions If, however, iso-
chromosomes (Section 10 3) are formed from telocentrics, such chromosomes
seem to be d and stabthzed Isochr can form if the telocentric
arm reduplicates 1n interphase and the two chromatid arms do not become com-
pletely separated dunng the next mitotic interphase but stay umted at the half-
centromere  The telocentnc then becomes a metacentnc 1sochromosome (Fig
106) Such chromosomes have two 1dentical arms that are, genetically speaking,
homologous

There 15 some reasen for the fact thata 15 not pletely fi
1f 1t does not hase chromosome arms on both sides 1t 1s possible lhal the centro-
menc properties reside 1n the ch es flanking the

on enher side (White, 1973)
Telocentrics or from c e misdi have been reported in marze,
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wheat, cotton, and tomato Maize telocentrics were reported by McChntock (1932)
and Rhoades (1936, 1938, 1940) They are mutotically unstable The telocentrics
of wheat (Sears, 1952a, 1952b, Morns and Sears, 1967, Sears, 1969) are not as
unstable as those of maize and can be called semipermanent Brown (1972) sus-
pects that the centromere fractions in wheat telocentrics are more than just half-
centromeres Sears (1962, 1966, 1969) reports the successful use of wheat telo-
centrics 10 gene mapping Telocentrics are now available for most of the 42
chromosome arms in wheat Most of them are mamtained as ditelosomic lmes A
ditelosornic Iine 1n wheat (2n=42) 1s one that has two homologous telocentric
chromosomes 1n addition to 20 normal chromosome pairs (20"+2") The absence
of a whole chromosome arm in a telocentric allows positioning of a gene in ¢hat
arm as well as determining the distance of that gene from the centromere One
advantage of mapping genes with telocentrics 1s the fact that most telocentrics are
transmitted poarly through the pollen Endrizzi and Kohel (1966) mapped three
chromosomes 1n cotton by the use of telocentrics Khush and Rick (1968c) have
used telotrisomics to map genes 1n tomato A telotnsomic 1s a normal disomic
with an extra telocentric chromosome n addition (2n+1t) So-called “natural tel-
ocentrics™ have been reported for Protozoae by Cleveland {1949), for Crustaceae
by Melander (1950a, 1950b), for mouse by Tjio and Levan (1954), for cattle by
Melander (Melander and Knutsen, 1953, Melander, 1959), for grasshoppers
by John (John and Hewitt, 1966, 1968, John and Lewis, 1968), and for fish by
McGregor (1970) Such observahons may really involve acrocentries, which are
often mustaken for (White, 1945) are those
1n which the centromere 15 very close to one end of the chromosome In line with
what was stated before, White (1957, 1973, White et al, 1967) thiks that all
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naturally occurning chromesomes cannot be telocentrics but are acrocentnics He
believes that there 1s always a minute second arm even if 1t cannot always be seen
by conventional techmques

10.3 Isochromosomes

Isochromosomes (Darlington., 1940) are metacentric chromosomes with two

homologous arms Such chromosomes really are a reverse duplication of the con-

stitution ABC CBA (see Fig 107)

Thetr ongin by centromere musdiviston and reduphication of the telocentnic frag-

ments has been explained 1 Section 10 2 (Fig 10 6) At metosts wsochromosomes

can act in three different wavs (Sen. 1952, Elott 1958)

1 mternal panng

2 fraternal panng

3 normal paring

In internal pairing the two arms of the wochromosome patr with each other in

pachvtene (autosynapsis) and after termmahzaton form a ting univalent at the

end of first prophase in diakinesis (Fig 10 7A) In fraterna) pairing one or both of

the arms of the woch parr with a homologous arm of ancther chromosome:

{Fig 10 7B). this can happen if the carrier 1s a secondary trisomic (Chapter 16)

which the sachromosome exists as an extra chromasome (2n+1) In normal pair-
ing the 1sochromosome pairs with another one just like «t (Fig 10 7C)

The attached X chromosome of Drosophila s a classic example of an 1sochromo-

some (Morgan, 1922) This chromoseme consists of two normally acrocentric X
h hed at their ¢ 1€ regions and p a single cen-

tromere The ongin of this chromesome 1s not known This attached X causes a

Fig 1074-C Different possible ways of meotic chromosome painng if an sochrome-
some is mvolved () Internal punng (8) Fraternal parnng (C) Normal paring
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Fig 108 Digram ofnoncnsscmss imhetitance as caused by attached X chromosome in

mg of vernulion eye color (v) (After Mor
gan 1922 Redrawn by pcrmlssmn of the Marine Biological Laboratory Woods Hole
Massachusetts)

noncnisseross inheritance It can be used for detecting sex linked induced mutations
(Fig 10 8) If XXY females with an attached X are mated with males in which a
recessive mutation such as verrulion eye color (v) has occurred by x-ray treat-
ment, then all the males of the next generation express this recessive character
There apparently 1s a strong case for the occurrence of attached X chromosomes
1 humans The isochromosome 1n this case 1s formed by the two long arms of the
X chromosome In an individual heterozygous for such an 1sochromosome (XX q1)
the long arm of X 15 represented three nimes and the short arm only once (Fig
109) Such condition causes the phenotypic expression of an XO type or Turner
syndrome (Chapter 15) Such 1sochromosome Turner syndromes can be diag
nosed by unusually large Barr bodies that are formed by the 1s0-X (XX) (Brown,
1972) Most humans with an 1sochromosome are mixoplowds (45, X/46, XX qi)
(Hamerton, 1971a) The 1sochromosome is shut off and the functiomng X behaves
like an XO Turner syndrome

Other 1sochromosomes in humans involve the Y chromosome, the D group, and the
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Fig 109 Diagrammatic representation of the hetero-
zygous X wsochromosome condition (XX aqi) m
humans

G group Jacobs and Ross (1966) found two females with one X chromosome and
a possible 1sochromosome formed by two long arms of the Y (46, XY q1) The
chmeal ¢h 15tics of these indnndnals were ovanand, (failure of men-
struation), streak gonads, and primary amenorrhea (defect of the ovary) The fact
that both cases expressed femaleness may indicate that the male determumng fac-
tors of the Y are located on the short arm Another kind of 1sochromosome has
been presumed for the long arm of a D group chromosome by Therman et al
(1963) and by Grannell: (19652) Therman et al found mixoplody of two cell
hines, one having a short arm deficiency 1n a D group chromosome, the other hav-
g a D group isochromosome (46, XX, Dp-/46, XX Dq1) They presumed that
the Dq1 ine arose from the Dp- line during early cleavage Hamerton (1962) and
Polam et al (1965) found an 1sochromosome that they believed involved the long
armof 2 G group chromosome Hsu (1969) found 1sochromosome heterozygosity
1n six out of seven nvestigated rats of the species Sigmodon mimmus from New
&r(c;uoo The 1sochromosome consisted of the fusion of the long arms of the two
) of an 1¢ ch
Isochromosomes have been used to test the effect of colchicine on chiasma fre
gquency {Dniscoll and Darvey, 1970) Colchicine was apphied to wheat after the last
premeiotic mitosis until metaphase I with the result that chiasma frequency was
reduced to about S0% of the normal level except 1n an 1sochromosome This seems
1o prove that the homologous regions mvolved wn crossing over are subject o some
physcal forces that prearrange p y of homo! prior to synap-
s15 The two homologous portions of the tsochromosome were keld together by the
centromere and were not affected by the colchicine
Also mentioned here are the d that were ot d by x-
radration {Caldecott and Smith, 1952) These chromosomes are similar in therr
genetic constitution to 1sochromosomes 1n that the ends of their chromosome arms
are homol, but the ch next to the {interstital
By are nonh ) Pscud; are the result
of reciprocal translocation between end segments of opposite arms of chromosomes
of the same homologous pair {Fig 10 10) Internal pairing at meiosts of such chro-
mosomes 15 hike that shown for 1sochromosomes
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104 B Chromosomes

Theterm B was given by (1928) to a type of chromosome

that is present in many plant and animal species and differs in many respects from

normal chromosomes, which he termed A chromosomes. Oxhcr terms for thys chro-

mosome type have occurred m the | such as ¥

and extra ¢i In the present dh theterm B ¢k 15 pre-

ferred over the other terms since 1t restnicts this type to 2 mor: well-defined group

of ch Since B were first d in maize {Kuwada.

1925, Longley, 1927), the maize-type of accessory chromosome should be the ane

that delimuts the defimtion of B chromosomes In maize these chromosomes are
g from normal (Ach ) ding to the fol-

lowing charactenstics

structure

genetic canstitution

numertcal varmabity

meotic behavior

mutotic behavior

B chromosomes m maize are noticeably smaller in size than the normal chromo-

some set They are about % of the stze of the smallest maize chromosome The

f the maize B 1s termunaf (Fig 10 11) (Rhoades, 1955)

These ch are largely Theyare abo Ly 1neffec-

tive 1n that they do not noticeably influence the phenotype of the plant Maiwze B

chromosomes are present in excess to the normal 2n chromosome number of this

[P

Oeeso o o 00—

Frg 101} Dagram of B chromosome of maize 1n pachytene (From Rhoades, 1955
Redrawn by permssion of Academic Press, New York)
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spectes They vary in number between different cells, tissues, individuals, popula-
tions, and g Such B ¢t do not pair with any of the A chro-
mosomes 1n metosts, and they do not pair as regularly among themselves as A
chromosomes They have abnormal postmeotic behavior 1n that they undergo non-
disjunction at the second pollen grain division {n nondisjunction the two B chro-
matids do not separate and go to opposite poles but rather stick together and move
1o the same pole This, 1n combination with preferential fertilization, causes an
mcrease in the number of B chromosomes 1n the next generation and, thus, n the
P | fertl results in combinations having nonrandom fre-
qucncxcs In this case the male gametes with B's unite more often with the eggs
than do those wathout B's Maize B chromosomes usually are maintained and not
Tost in the mitotic tissue (Blackwood, 1956) but mitotic elimination has been
recorded for other plants
The forcgomg characteristics shall be the guiding cnitena for the classification of
B w this d D 1n one or the other pomnt will make
the classification as B chromosomes more or less questionable 1f, for example,
chromosomes are 1n excess of the normal somatic chromosome number of a cer-
tawn species, they defimtely should not be classified as B chromosomes Such chro-
mosomes easily fit the description supernumeraries or accessories

1041 B Chromosome Structure and Genetic Constitution

Since a partial req for B ch 1s their b (n content,
many recorded accessories should probably not be tncluded mn this category The
high content of h 't in B ¢k must be d with their

genetical ineffectiveness and with the fact that they can accumulate up to a certain
limit, at which point they become deletersous Heterochromatin is generally con-
sidered to be less genetically active than euchromatin

B chromosomes are generally shorter than A cl and thus to
nondisjunction Since they are considered to be nonessential chromosomes, they
seem to undergo morphological changes that do not have any genetic consequences
In maize, Randolph (1928) distinguished between B, C, D, E, and F chromosomes,
thus designating deviation from the B or standard type Such polymerphism has
2o beerr sbserved i oeker plantes Tive mose extrente case o B polymarphsar kas
been observed by Matsuda (1970) in Aster ageratoides 1n which 24 morphological
deviations from the standard type occur The most charactenstic B chromosome
shape 1 the telocentric or acrocentric This 1s certanly the case i the most thor-
oughly described types 1 maize and rye The normal rye chmmmome comple-
ment (A ch ) consists of 1¢ and sub e

Thus, the rye B chromosomes are very easily distinguishable by thesr morphology
{Fig 1012)

In mayze, Randolph (1941b) tested 46 linked genes distribused among 17 of the 20
arms of the A chromosomes None of these genes showed disturbed ratios 1in com-
bination with the B ch Thisd atesthat theress lete absence
of any known major genes on the B chromosomes
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Fig 1012 Root tip cell of ryc with 14 normal A chromosomes and $ extra B chromo-
somes Arrows indicate B chromosomes (From Jones 1975 Reprimted by permussion of
the Acadermic Press New York)

1042 Numerical Distribution, Variabihity and Effects of B
Chromosomes

In general 1f a ch a group of chi occur 11 an even number
1 all individuals of a species they are not considered to be B chromosomes The
number of B chromosomes m maize normally ranges only from 1 to 3 Butup to
34 Bs have been observed (Rhoades 1955) When the B s ranged from 10 to 15
1n number plant vigor was not affected There was a direct correlation between
increasing number of B's and vigor seed set and fertility when the B's ranged
number from 15 to 25 Plants with 30 to 34 B s were very low 1n vigor and entirely
stenile In diploid rye (2n=14) a maximum number of 10 B chromosomes and tn
tetraploid rye (2n=28) a maxtmum number of 12 B chromosomes have been
recorded (Miintzing 1963)

As mentioned B chromosomes can vary in number among populations among
mdviduals among different tissues of the same individual and between cells of
the same tissue Battaglia (1964) summarnized this subject In the grass Poa alpina

for instance Muntzing {1948b) found that B s are elummated from the leaves and
adventitious roots but that they are present 1n the primary reots the central part

and the germ ceils In Sorghum purpureosericeurn Darington and Thomas (1941)
reported that the B's are lost tn the roots during seed development that m the
growmg mflorescence the B s are ehminated from tissues that are not going to pro-
duce germ cells but that the pollen mother cells contain 2 constant number of B s

The anther walls and ovartes are intermediate 1n the amount of loss In the flat

worm Pofycelts tenuts Melander (1950b) found that B chromosomes tend to be
lost from the somatic cells of fully grown animals but are retained in the ovaral
tissue
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On the other hand there are many different species 1n which the number of Bs s
very constant within an individual such as in the grasses Agrostis Alopecurus
Anthoxanthum Bri.a Dactvits Festuca Holeus Phleum and Secale (Battagla
1964)

Inplants B chromosomes seem to be limited to the angiosperms in which they have
been reported 1n more than 475 species of 163 genera 1 42 familics (Brown and
Bertke 1969) [n animafs B chromosomes have been reported n Hatworms
{Melander 1930b) snais (Evans 1960} Isopoda (Racchr 1967) grasshoppers
scale msects Heteroptera Lepidoptera beetles and some Diptera (White 1973)
Bs seem to be very rare 1 vertebrates but have been reported i Urodela Rep
tiha Anura and Mammaha White (1973) published a table with species of
ammals n which B chromosomes have been recorded

Rodam (19572 1957b 1958a 1958b) suggested the presence of one or two super
numerarv chromosomes 1n Japanese human populations but Makino and Sasak
(1961 Sasakiand Makino 1965) were not able to confirm this hinding

1043 Mewtic and Postmerotic Behavior of B Chromosomes

B chromosomes are not in any way homol with A chr but pair with
cach other Howeser their pairmg efficiency 1s not as ugh as 1t 1s among A chro
mosomes 1f B chromosomes are unpaired they can dnide at anaphase § at ana
phase 11 or at either one of these divisions depending on the spectes In most spe
ces with B chromosomes thewr metotic transfer 1s normal However n the
grasshopper Locusta mugratoria Rees and Jamieson (1954) observed that the
umwvalent B s Jag 1n the first anaphase spindle and dnide tardily causmg up toa
20 loss in metosts Mendelson and Zohary (1972) detected a similar metotic loss
of Bsin degilops speltordes The B remains lagging outside the equatorial plate in
anaphase I and then undergocs a precoctous disision It then fads to be mcluded
In the daughter nucler at the end of the first merotic dvsion At the end of mesosis
the B appears as a micronucleus i §0% to 85% of the pollen mother cells

A search for the cause of B chr I in popul of plants and
ammals has led to the discovery of a nondisyunction mechamsm Battaglis (1964)
distinguished between three major types of ! n the B chr

of plants and a fourth 1s added here

1 Secale type

2 Sorghum type

3 Zeatype

4 Liltum type

The Secale type of B chromosome nondisjunction results in @ postmerotic prel
erential distribution of B's [t was first discovered by Hasegawa 1 1934 and later
carcefully studied by Mantzing and coworkers for microsporogenesis (Muntzing
1946 1948, Mntzing and Lima de Fana 1949 1952 1953 [ima de Fana
1953) and by Hak (1948) for megasp At the first post tic
dmision the centromere of the B's divides normally but the two chromatds
femain closely attached to each other in the regions close to the centromere This
has been explained as a stick of the b t of these regions The
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two Bs then are preferentially directed toward the pole that 1s responsible for
sperm or egg formation Secale cereale {rye) 1s the only species in which such
preferential segrepation 1s recorded for micro- and megasporogenesis alike Secale
type nondisjunction has also been reported for the male line only 1n the grasses
Anthoxanthum aristatum (Oslcrgrcn, 1947), Festuca arundinacea, Festuca pro-
tensis  Phleum phleoides, Alopecurus protensis, Bnza media Holeus lonatus
(Bosemark, 1957a, 1957b), Dacty lis glomorata (Puteyevsky and Zohary, 1970),
Desch bottmea D and D wibelana (Albers, 1972)

In the type of B ch {Darlington and Thomas,
194)), 1he first pollen grain division s segular, producing a vegetative and a gen-
erative nucleus The vegetative nucleus undergoes one or more hastened divisions.
(called extra divisions or polymitosis, Beadle, 1933a) giving rise to supernumerary
(above the normal twe) generative nucler The results of these divisions 15 a sten
Lization of the pollen At the first of such extra divisions, the B's pass undivided to
the generative pole Apparently, this division takes place so rapidly that the B's are
ncapable of dividing

The Zea type of B chromosome nondisjunction occurs at the second pollen grain
dmision (Roman, 1947) As already mentioned, this type 1s coupled with prefer-
ential ilization. The nucleus the B's unites more fre-
quently (60%) with the egg than does the generative nucleus without the B's
(Roman, 1948, Blackwood, 1956)

Ia the Lilium &y pe of B chromosome nondisjunction (Kayano, 1957), the prefer-
ential distribution of B's takes place during the first meiotic division of megaspo-
rogenesis The d B y passes to the anaphase 1
pole of the megaspore so that the two B's ar: present n 75% to 85% of the eggs
rather than i 50% Thus type of nondispunction also occurs tn Trellium grandiflo-
rum (Rutishauser, 1956), Tradescanna virgimana (Vosa, 1962), Plantago serrana
(Frost, 1959), Phleum nodosum (Frost, 1969), and Cocklearia pyrenaica (Gill,
1971)

Jones (1975} postulated that most of the systems of B nondisjunction 1 ammals
are premewotic Ehrendorfer (1961) also proposed such a system for the plant
Achillea
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Chapter 11
Chromosome Deletions

Four dfferent classes of structural chromosome changes are bcmz considered m
Part V§ (Chapters 11-14) dcleuons, dupl

These four classes can be grouped as follows In deletions and imersions the chro-
mosome breaks are confined 1o one pair of chromosomes only. whereas in dupli-
cations and more than one pair can be tohed in chro-
mosome breakage

11.1 Breakage-Reunion and Exchange Hypotheses

All structural changes of chromosomes must be connected 1n some way or another
10 chromosome damage and breakage The interpretation of the ultrastructure of
such chromosome damage and breakage ts very imited by the sull persisting 1gno-
rance of chromosome fine structure (Chapter 3) A summar) by Brinkley and Hut-
telman (1975) on the ultrastructure of shows
the reality of this dilemma They conclude that the actual mechanism imolsed n
the formation of a break or exchange 1s suil 1n the realm of postulation
Structural chromosome changes are generally considered 0 depend on breshage
of chromosomes and on reunion of ch ts Chr breakage
results 1n injured chromosome ends, which differ from natural chromosome ends or
telomeres by being sticky and having the tendency for reumon with other such
mjured ends

Most structura) chromosome or chromatd changes mvolve both breakage and
reumon Thus, the so-called breakage-reunion hy pothesis was formulated and put
forward by Stadler (1931, 1932), Sax (1938, 1941), Muller (1932, 1938, 19402,
1940b, Muller and Herskowtz, 1954}, Wolfl (1961), and by Evans (1962)
According to this hypothess, breaks occur spontancously or as a result of mutagens
and usually rejomn 1n the oniginal order by repair processes This phenomenon 1s
called restitution (Darlington and Upcott, 1941) 1f restitution to the origsnal struc-
ture does not take place, the ch may undergo str changes through
the phenomenon of reurion (Darlington and Upcott, 1941), where the broken ends
of the chromosomes or chromatids reumite in a new arrangement If only a single
break occurs, the centne fragment may undergo sister-strand reunion between the
two chromatids Such reumon leads to dicentric chromosomes tn the next dvision
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1 £all.

with breakage and further m the g cell d until loss of
the chromosome or death of the cells involved occurs (see discussion of breakage-
fusion-hridge cycle, Section 11 5)

Obviousty, single ct breaks Iving loss of larger chromosome segments
do not generally produce viable cytogenetic changes, but exceptions may occur
For instance, McClintock (19414, 1941b) observed (n marze, that freshly broken
ends (1) seemed to “heal” 1n the sporophyte, (2) did not fuse with other broken
ends, and (3) were not subject to sister-strand reumon Since such healing did not
occur 1n the gametophyte, this process ts not perpetuated into the next generation
Generally a mmmmum of two breaks must occur to effect change in the karyotype
An alternative to the breakage-reunion hypothesis, 1s the newer exchange hypoth-
esis of Revell (Revell, 1955, 1959, 1960, 1963, 1966, Evans, 1962, Rieger, 1966,
Brewen and Brock, 1968) According to this hypothesis, the pnimary event that
leads to chromosome aberrations is not breakage but the formation of so-called
primary lesions (Fig 11 1A) Such lesions are regions of instability or labile sites

A %&5
P

=
=< ==
o

== =

e o'e
g '

Fig 11 14-D Dy of the exch h (A) P

P 2 TImal
event primary lesions (B) Secondary event exchange mmanonJrC. D) Teruary cvcnrty
actual mechanieal exchange process (Modified after Rieger, 1966)

w

LIO( QYO

i,
=

i
B

1ol




== Chroescseme Delsors

Fig N.2ad Agperest axd real chro-
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y roosors of Az (o) Gaps 25 vestie

° enidence of the primany event kesxes. (e

&) Defimnte Explrcenxent of ehromosere

fragmert 12 rezl break. (From Rileme,

1970 Repnzrsd bn permassaon of Pz
Pobistizg Prass, New Yoek)

11 the chromosomes or chromatds. The visible endence of such lesions are the
gaps (Figs. 11.22 2nd b) that are unstamed Fevlgen-regative regons m the chro-

mosotnes OF ds. Evans (1968) explamned thot one c2a observe them at
amaphase and see that 2 cm that bas stch a g2p does pot bose 118 frag-
ment. Gaps do pot repr 1 the chr me. Under phase con-

trast or with the eeterference mucToserepe. o1 can acteally see a contmwmny
between the two parts of the chromosoms 01 either side of the gap. With a real
break (Figs. 11.2¢ and @), 2 defimte displacerent of the fragment 15 visitle, so
that rdirg to Evans there s 1 difficelty 1n cushine beracen

The secondary event. ding to the exchange hypoth 15 the exchange ini
tiation (Fig. 11 1B). 2n Interaction between two lesion sites that 1s caused by the
primary event. Such secondary sites are predisposed to. but have not yet reached
actua) exchange (Revell, 1939) If the tao ko sies are not close enough
together. or are not recepuve to each other at the same time, then the two piman
lestons (1 to interact and may be subject 10 repur Consequenthy, 1he excharge
nstration may or e1ay pot & foffowed b3 an actual meckanicafexciixnge process,
which 15 analogons to crossing over (tertany event, Figs. 11 1C and D) If this
1eriiary eveni takes place, it erther Jeads 1o a complete (both re-jomns occur) o 10
an mcomplete exchange (ol one re-jomn oocurs)

The exchange hy that 211 d produced
by trrzdation are the resultof an excharge i which two strands cross one anotber

It has been developed and supported by a strong group of modern radiztion biolo-




Sportzneces 27d fodueed Chremosens and Chromand Aberraness 179

gt ard 15 besed o0 expenmentzl enderce Siree the dinoovery of priman lesions
or gaps, the 2cteal irciderce of chrorovomz ard chrem2ud breeks o known to be
¢y oms temth of earhier reports (Nean 2rd Evans. 1938 Exansetzl. 1939 Revell
1939) Earber sconrg of chromaud brezks was hugh becawse of the irclusien of
gz2ps (Thodzy 1951) The low freguercy of acteal breaks ard the observation of
chromztid exchanges (Fig 11 3), i bumans. 15 good evidence for the exchange
bypothesis (Cohen and Shkew, 1964, Brnkley 2nd Hutelman, 1975) Prnman
Testons zre myured sites and possible subchromatd breaks that do rot caese dis-
co~tirmties ard may 2llow the delay of chromand exchange o tke T, and T-or
even later generations (T, = one gereration zfter treatment. etc ) This 1s m har-
t:my with observations that have been made perticularly 2fter treztment with
\l Ch s were obsersed saveral cell gerera
trozs after lrwlmcm by Fahmy 2nd Fahmy (1953) Shizynska (1963) Evans and
Scott {1964), Moutschen (1965) and Miller (1965) If brezks were the immedi-
21¢ result of treatment, such Jong delay 1n chromosomre rearrangement could rot
be explamed

11.2  Spontaneous and Induced Chromosome and
Chromatid Aberrations

Asearly as 1937, Mather showed that the tuming of wrradiation determnes whether
the ab mmohes a ch dor a ch If a single rad! event
oceurs after the S period, only one chromatid will be imvohed in the fesion If such
2 radiation exen occurs before the S period, both sister chromauds are 2ffected
because the lesion becomes rephcated with the chromatd

Swanson (1957) beheved that all spontaneous aberrations are the result of nate

rally occurring radiations, but evidence that chromosomat anomalies can be pro-
duced by viral infections has accumulated Such breaks and rearrangements 1n
human chromosomes have been reported to be caused by measles (Nichoks et al.,

4

z

4

(4

Fig 113 Chmmmd uch’mgc mvoh1ag two human chromosomes. (From Coben ard
Shaw, 1964 Rer d by 1 of the Rockefell Unnersity Press, \ew York)
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1962) chicken pox (Atla, 1963), meningitis (Makino et al, 1965), and Simian
tumor virus SV, (Mocrhead and Saksela, 1963) Somettmes, as in the case of SV,,
infection the sites of the chromosome breakage appear to be nonrandom
The induction of chromosomal aberrations by experimental procedures makes it
posstble to further inquire into the nature of all those changes that happen spon-
tancously Methods of inducing chromosome aberrattons tnclude the application of
various agents such as radiatton (Wolff, 1961), chemicals (Shaw, 1970), viruses
(Nichols 1970), temperature changes (Hampel and Levan, 1964, Dewey et al,
1971) and mycoplasmas (Paton ¢t al, 1965) A defimte correlation between the
use of drugs and the 1ncrease of chromosome aberrations 1n the human populatton
has been established by Cohen et al (19672, 1967b) Novitski {1977) reports that
LSD and maryjuana have been 1mplhicated 1n chromosome brezkage of humans
The effects of thiotepa, caffetne, and 8-cthoxycafleme on the exct
of sister chromatids 1n Vicia faba has been studied by Kihlman (1975)
A number of rare nhernited diseases in humans are associated with an merease of
n cultured and pertpheral blood lymphocytes
These are the human ch instability d. Fancon’s anemia
(Schroeder et al, 1964, German and Crippa, 1966), Bloom’s syndrome (German
et al , 1965, German, 1969), and the Louis-Bar syndrome (Hecht et af, 1966,
Gropp and Flatz, 1967) All three of these syndromes are inherited as autosomal
recessives
A method to d sister (SCE) d by Latt
(1973) has made tt possible to quanufy the incidence of chromatid breakagc Fig-
ure 11 4 shows a human lymph ding to the SCE method.
Several researchers dcmonslmled a c]ose hnkagc be(uccn chmmosomc aberrations
and sister h n ds (Chaganti,
1974, Kato and Suich, 1976 Shiraishi et al , 1976, de Wecrd Kastelein, 1977)
Powerful mutagens such as 1omzing radiation (alpha, beta, gamma rays from
radioactive sources, x-rays, protons, neutrons) cause only shght increases in SCE
frequency (Perry and Evans, 1975) Paradoxically, the effect of some weak car-
cmogens such as sodium saccharin can be easily measured by the increase 10
SCE’s {Wolff and Rodin, 1978) A small but sigmficant nise 1 the number of
SCE'’s was observed after the exposure of fresh human Iymphocytes to 30 minute
with di d (Lseb det al 1979)
Chromatid-type damage, like triradial chr ¢ and
damage, hike dicentrics, were observed 1n Louss-Bar syndrome lymphocyws by
Taylor et al (1976) after radiation with x-rays in the G, phase The hypothests
1s that there 1s a defect of DNA repair in these patients that leads to radio-sen-
sitvity  According to this hypolhesls. Lows-Bar syndrome lymphocytes lack the
full of higases that are able to jom breaks
in one strand of a DNA double helix

'Triradial chromosome a three armed chromosome configuration involving two non-
homalogous chromosomes arising from an mteraction between an isochromatid break
and a chromatid break
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Fig 115 Schematic representation of exc sion repate of damaged DNA bases and bro-
ken strands 1nvolving repats rephcation (From Cleaver 1974)

ases Such polymereases are part of an enzy proofreading
(Good h 1978) that funct during repl to
for and induced This provides for the insertion

of nucleotides mnto the damaged DNA It may occur after the excision of damaged
DNA fragments (excision repair, Fig 115) Such repair replication has been
observed n eukaryotes after treatment with x rays UV light and chemical
mutagens but 1t 1s not known 1n prokaryotes after 1ontzing radiations Excision
repair 1s generally considered to produce high fidelity Postreplication repair
(Rupp and Howard Flanders 1968) however 1s considered to be error prone It
does not act on primary lesions but on secondary lestons that oniginate as a con

sequence of unrepaired primary lesions Streisinger et al (1966} developed 2
model of such misrepair according to which after DNA breakage the DNA
strand may buckle, and DNA strands that are either too long (add:tion) or too
short (deletion) may be synthesized

Drosophila became a classical cytogenetic object for the study of x ray mduced
aberrations The large size of salivary gland chromosomes of Drosophila allowed
a very exact study of small and larger chromosome aberrations Since the Morgan
school had already made available a great amount of genetrcal data in Drosophila
by this time (Chapter 1) the cytological changes could be easily checked against
and correlated with this genetic mformation Muller reported x ray induced trans

locations and other t m Drosophila as early as 1927 In
1929 they were demonstrated cytologically by Painter and Muller During the fol

lowing decades the early results in Drosophila were confirmed 1n many plant and
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ammal species, and by 1946 (C. et al) a classifi system for the
deseniption of different chromosome aberrations in Tradescantia was completed
The metotic chromosomes of Tradescantia and the miouc chromosomes of Vicia
fabawere also 1deal matenals for the study of chromosome aberrations wnduced by
rachation and chemicals The large size of the chromosomes the small number of
them and the ease of obtamning large numbers of cells for comparison made these
species ideal objects for such investigations
Induction of mutants by radiation has been vsed as a tool 1 plant breeding
According to a repon of the International Atomic Energy Agency (IAEA) 68
useful mutant sanieties of food and crop plants were released to farmers between
the period from 1930 to 1971 (Nabors 1976} Factors such as chemcals nfrared
rays moisture temperature and oxygen apphed to the living plant tissue before
dunng and after radiation change the effect of the radiation treatment (Nilan
1956)
Berns et al (1979) have demonstrated that the laser microbeam can be used to
produce hentable deficiencies on preselected regions of individual chromosomes
They conducted extensive studics on the ribosomal genes of salamander (Tancha)
and rat kangaroo (Potorous) cells in culture These cells were chosen because they
remain flat duning mnosis, making all chromosomes easily identifiable during
mutosis Most human cells, for mstance, round up during dwision (Berns 1978)

11.3  Termunal Deficiencies

Bridges (1917) defined a defictency as *a structural changc of a chromosome
resulting n the Joss of a termnal acentric ch; d,or

matid segment and 1n the loss of the genetic mformation \Ahuch this chromalln sep
ment contans” Bndges’ work (1923) on structural changes in Drosophila chro-
mosomes was bricfly mentioned n Chapter 1 In 1ts classical sense, a deficiency 1s
of a termnal nature and imolves only a single chromosome break followed by 2
healing of 1ts broken end (Fig 11 6A) In contrast, a deletion mvolves an interca-
Tary chromosome segment and requires two chromosome breaks (Fig 11 6B) How
ever, 1n pmchcc, the term “defetion” l’rcqucnlly 1s used for both of these types of
str hanges G Iy, tn both a centnicand an acen-
tnc ch segment are produced The centric segment will persist duning
cell dmision while the acentnic fragmcnl will be lost Most chromosomeaberrations
that cause large deficiencies will lead 1o the death of the cell imvolved or will, at
least, protibit scxual reproduction They are elimmated from the population and
will not survine or become part of a permanent karyotype

The terminal deficiency type of chromosome aberration 1s a eategory by itself since
it does mvolve only one break Therefore, a tendency for sister strand reunion (Sec
tion 11 1} of chromatids or reunion of broken chromosome ends exists which does
not permut stability Different n:nd:ncrcs for such sister strand reunion have been
observed depending on biol 1 matenal, tr or ch matenal
molved Hcalmg of broken chromosome ends can occur 1n plants, but 1t seems to
be very rare i animals Simple ch breaks in Drosophufa and other ani-
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Fig 1164 and B Nustration of deficiency and deleton (A) A terminal defiency
caused by a single chromosome break (8) An interstitial delction caused by two chro-
mosome breaks

mals generally are not stable because of sister strand reunion In plants the treat
ment seems to make a difference If maize was treated with ultraviolet radwation
terminal defictenctes mainly resulted 1f x rays were applied only interstitial dele
tions were observed (Stadler 1941 Stadler and Roman 1948)

If the break occurs in the heterochromaug portion of the chromosome 1t 1s more
likely to heal than if 1t happens 1 the euchromatin White (1956) and Southern
(1969) reported after studying the centromere 1n grasshoppers that simple breaks
through the were stable th hout the sper mutosis Cen

tromere regions are generally heterochromatic Khush and Rick (1968a) observed
that the frequency of recovered x ray induced breaks is highest 1n heterochro-
matin and Jowest 1 evchromatin

The extent to which a terminal deficiency can be tolerated 1n animals has been
tested \n Drosophila Demerec and Hoover (1936) have shown several deficiencies
that demonstrate the loss of the left tip of the X chromosome (Fig 117) Upto 11
bands are mmvolved in this terminal deficiency including such loci as y ac and s¢

If only 8 bands in this region are lost this deficiency 1s fethal to the whole organism

1n the d but not to cells A loss of 4 bands 15 viable
n the homozygous as well as 1n the h d; If one ders that the
X chromosome of Drosophila has more than 1000 bands and that the entire chro-
mosome p consists of app 5000 bands then a loss of 8 bands

seems to be mimmal but nonetheless consequenttal On the other hand loss of
heterochromatic segments can occur almost unnoticed Large preces of the Y chro-
mosome of Drosophila may be deficient without any lethal effect The effects of
hemizygous delettons and that of duplications that cover the entire autosomal com

plement of Drosophila were reported by Lindsley et a]  (1972) Aneuploidy (Sec

tion 162) n 57 dosage-sensihive loci leads to recogmzable changes in the
organism
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114 Interstitral Deletions

The foss of an mtercalary or interstiiaf chromosome segment 1» referred to as a
deletion Painter and Muller 1n 1929 deseribed the parallel evtology and genctics
of such induced deletions in Drosophila Dunng the same vear Serebrovsky sug

gested on the basis of x rav expenments that perhaps aff mutauans are defetions
or other chromosome aberrations It 15 now known that delenions can vary from the
absence of a single nucleotide ta large chr Tt s hard to deter-
mine where point mutations end and where deletians bcmn The genetie proaf for
a deletion 15 1ts failure to back mutate to the ongnal form and to recombine 1n
genetie crosses with two or more point mutations that do back mutate and
recombine

MeClimtock (19388) succeeded in the phenctypical demonstration of an mterstitral
deletion 1n maize that could be confirmed cytologically This deletion 1s excep-
tional in that the deleted portion 1s centnic rather than acentnic The chromosomal
region invalved mcluded the locus of the gene 8n1, in the short arm of chromo-
some 5 close ta the centramere The recessive allel brr, of this gene expresses
brown midnb, producing a brown color 1n lignified cell walls The absence of Bm,
a3 well as bm, (interstitial defetion) also produces brown midnb The heterozy-
gous condstion (Ba,bm,) causes variegated tissue The deficiency was caused by
x raying pollen contaming a normal haplaid chromosome complement with the
dominant gene Bm, By placing this pollen on sikks of recesswve plants (bm, b)),
two plants, vanegated for Brr, and bm, were found 1 a progeny of 466 plants

The cytological analvsis of the vanegated plants revealed an mterstiial deletion
m one homologue of chromosame § and a small nng shaped chromosome (Fig

11 8A) The deletrion chromosome and the ning chromasome arose as a result of
two breaks in the normal chromesome S, one dviding the centromere, the other
breaking the chromoseme at a distanee from the centromere of 1/20 (plant 1) or
1/7 (plant 2} of the tatal chromosome fength Proof for the zssumption that the
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B
Fig 1184 and B Interstiial deletion 1n the shart arm of chromosome 5 of maize involv-
ing locus Bm, causing color change 1n the midrib of leaf sheath and blade particularly
n older leaves (4) Demonstration of chromosome breakage by x rays producing a
deleted centric rod chromosome 2nd a small nng shaped chromosome (B) Synaptic
pachytene configuration of normal deleted and ring shaped chromosomes

ring-chromosome was indeed the region that was missing n the deletion chro-
mosome was the discovery of the synaptic configurations in pachytene between
normal, deleted, and ring-chromosomes (Fig 11 8B) It was discovered that the
ring chromosome could get lost from certain portions of the somatic plant tissue
and that such portions would show brown streaks (vanegated) Thus, 1t was
assumed that the dominant 8, locus was carned on the ring Another phenom-
enon di d 1n with these ning-ch was the &
fusion-bridge cycle described 1n the next section

11.5 Breakage-Fusion-Bridge Cycle

McClintock (1938a, 1938b, 1941a, 1941b 1941¢, 1942, 1944) found that the size
of these ring-ch changed through nuclear cycles In order to
change 1ts size, the ring must obviously break Figure 11 9 shows how nng chro-
mosomes change size 1n somatc tissue 1t should be remembered that breakage
was theangnal event that led 1 the formanan.af the rng (fuvnn), Itis understood
all along that the ring hasa If the ring reprod self
n mterphase and no sister strand crossing over occurs 1n prophase, then the two
ning chromatids can separate from each other in anaphase without difficulty, repro-
ducing two new equally sized ring-chromosomes that do not differ in size from the
ongial one However, 1f sister chromatid exchange (breakage-+fusion) oceurs 1n
prophase, a rmg of twice the size will be produced imtiating the cycle The ring
will have two centromeres Such a dicentric ring will behave like any other dicen-
tric chromosome in that the two centromeres will move toward opposite poles 1n
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Fig I19 Breakage fusion-bridge cycle as observed by McClntock (1941} m maize In
the upper portion of the illustration, the drawing on the left 1s a ring chromosome 11 an
undivided resting state, the middle one 1s a rephicated ring with a “crossover” between
sister strands, and on the right 1s a drawing of a double sized dicentric ring tn an anaphase
with A, B and C representing three posstble breakage sttuations The bottom half rep
resents the results of the three 1 at late h and tel (After
McClintock, 1941b Redrawn by pernussion from Genetics Soctety of America, Austin,
Texas)

anaphase and will form an anaphase double bridge Chromosome breakage in
h will occur subsequently and will plete ene turn of the breakage-
fusion bridge cycle The double sized nng can break at different points along the
ning-chromosome Three possible different breakage situations (A, B, C) are shown
mn Fig 119 The result are rings of different sizes 1n the next nuclear cycle, which
stem from the fusion of the broken chromosome ends  If the different segments of
the anaphase double sized nng chromosome are numbered (Fig 11 9), then 1t
becomes obvious that duplications and deficiencies result from the uneven breakage
of the nng The cycle 1s mitated by primary chromosome aberrations (deletions)
and results 1n secondary chromosome aberrations (deletions and duplications)
The smatler rings that occur as a result of this cycle often are lost from the tissue
1t 15 obvious 1n Fig 1110 that there 15 an alternation between breakage fusion
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Fig 1110 Derostration of alternation between breakzpe fusion cyeles and breakage-
fesion-bndze oy cles.

cycles ard breakage-fusion bridge cycles Other examples of breakage fusion-
bndge cycles cxust ard do rot [y imobe nng-chr

11.6  Genetic and Cytological Tests of Deletions

Deletion mapping or cytogenetic mapping kas afready been mentioned mn Chapter
4 2s ¢z of severa) possible ways of locating geres on chromsomes in Drosophila
(Mackensen, 1935, Slhizynska, 1938) Deletion mapping n s strict sense (Rieger
et 21, 1976) s the genetic locahzation of the positicns of deletions i the hnkage
structures of eukaryotes and prokaryotes This kird of mepping 15 based on three
mutants (a, b, ard ) that differ from the wild-type by a deletion beng tested for
recombinanion. If two mutants (a and ¢) mutually recombine and yield the wild-
type but rerther recombrres wath the third (5), then the three deletions are over-
lapping 1n the order a. b, ¢ 1n the followtrg fashion.
b
[ S— PR

Delztion mapping 2bo has been successfully apphed m viruses by Benzer (1935)
and n bactena by Ames ard Hartman (1963) It also may be nseful for ckromo-
somal foczhizztion of 2utosomzl genes in kumans (Nance ard Engel, 1967)

Cywogenstic delenon mappung kas recertly besn possible 1 becteniophages that
have mech simpler geranes than the geremes of complex higher orgamsms In
bactenophage, many mutants are readily availab'e in which practically 20y region
of the genome 15 deleted o~ replaced by nothomologous DNA derned from the
bactertal kost or from other phages These deletions can be used as genetic markers
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and mapped geneticalivif thev are not tethal If by the DNA hvbnidization method
(Harnsand Watkins 1965 Chapter 1) nermal and deleted DNA genophores were
combined to form double helices a loop was formed at the site of the dehciency
(Fig 1111} These heteroduplex genophores look remarkablv similar to maize
pachvtene chromosomes (Westmoreland et al  1969) \n example of a heterozy

gous defetion 1 a Drosophula salnary eland wefl o shownn Fig 1112

Burnham {1962) surgested the possible use of deletion chromosomes 1n locaung
recessine genes Samth et al (1963) extended this prinaple for the posstble tocalt

zation of the gene tor cvstic fibross (f3 of the pancreas to the short arm of chro-
musome N i humans (Frg 1§ 13) A patient with a heterozvgous short arm deletion
tor chromosome S has ondv a single set of genes on the homologous segment of the
missing piece themizvgosity) Should thes single set of genes contan a recessne

Sy

v B s
=T

Fig 1111 A drawing of an electronmicrograph of
viral genophore aberrations produced bv hetero-
duplex formation A loop was formed at the site of
the deficiency (b2*) where normal and deleted
DN\ genophores were combined to form double
helices (From Westmorland et al 1969 Redrawn
by permission of the Amencan Assoctation for the
Advancement of Science Washmgton D C)

o
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Fig 1112 Diagram of heterozygous deletion in a Drosophila salivary gland cell (From
Priciples of Human Genetics Third Edntton by Curt Steeca W H Freeman and Com
pany Copyright € 1973)

¢f gene the patient would express cystic fibrosis stnce there would be no normal
allelic gene to counteract the adverse effect of the mutant gene

117 Human Deletion Syndromes

1n 1963 Lejeune et a)  for the first tune could link a clinical syndrome to a chro-
mosome deletion 1n humans They discovered that the loss of a short arm segment
1n chromosome 5 (5p- ) of the B group (see Fig 2 3) resulted 1n an abnormal cry
of the affected baby resembling that of a suffering cat This phenomenon results
from a malformation of the larynx It 1s also called the en du chat syndrome

Other sympt d with this synd are severe facial malformations
and microcephaly and above all mental retardation The seventy of this syn

ef

Fig 1113 Possible detection of gene for cystic Bbrosts (¢f) m
short arm of human chromosome 5 by way of deletion
chromosome
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0229 [36, X /Y. 224(9) (p1rr—p22)] (Constesy of Dy Perslope W Allderdice, Facln
of Mediaree, Memensl Lenersity, St Joba s, Newfoundlard, Canada)

drome vanss from patient 1o patient and 15 thought 1o depend o1 the exient of the
deletion Many tnstances of this syndrome have now been demonstrated

Arnother deletion syndrome i the human B chromosome group imohees the short
arrrof chromosome 4 (4p- } (Wolf et al, 196352, 1963b, Wolf and Remnwem. 1967,
Hirschhornet 2l 1965, and others) This syrdrome seems to occur much Jess fre-
Guently than the Sp- syndsome None of the children with 3p- seem 1o have the
charactenstic cat eny They are much more grosshy malformed than the Sp- sub-
Jects, and facaal znomalies are simlar 10 the chromosome 5 dzleno

The possibility of a distinct 13 q delenion syrdrome that mvohes the D group of
human chi was postulated by Allderdice et al 1 1969 This conclusion
wa2s based on therr own observanons as well 2s on eather similar firdimgs (Gey,
1967, Laurent et 21., 1967, Mikelsaar, 1967) The delenon imohed abowt 207 of
the fong arm of chromosome 13 The syndrome resembles enomahes that were
earher desenbed for D ning ok cases Iiiseh dby

€ve, ear, 2nd nose abnormalines, marked facal asymetry: and the absence ol’
thumbs. By 1977 (Nielsen et al ), ten cases of deletion syndrome involving the
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fong arm of chromosome I3 were known 1n humans Three of them were terminal
deficiencies, four were interstittal deletions, and three were unspecified cases of
13 g- Only one case (described by Nielsen, et al, 1977) uvolved a person ofder
than two years, 2 65-year-old mentally retarded woman with a karyotype 46, XX,
dei (13} (q21-q31)

Alfietal (1973,1974) and Allderdice et al (1976) described four cases of C group
deletion 10 chromosome 9 {46, del (3)(pter-p 22)] A karyotype of this syndrome
1s presented m Fig 11 14 The most striking facral feature of this syndrome was
tnigenocephaly (flat and tniangular head) (Fig 11 15} A deletion 1n the jong arm
of one of the 3 E group chromosomes (179-, 18g-, Fig 2 3) was first detected by
De Grouchy et al in 1964 Lejeunc et al {1966} found two cytologically and clin-
cally stmilar cases and thus estabisthed this Eq- syndrome The clinical observa-
trons assocrated with this syndrome included mental retardation, grow th and devel-
opment faslure, mucrocephaly, anomalics of ears and eyes, and gemtal
abnormalities tn males Curranet al (1970) showed 2 patient with several of these
but lacking genital abnormalitres Deletions n the short arm of chromosome 18 (E
grotip) have been found repeatedly but such an 18p- deletion could be assocta-
ted with a syndrome only in about 50% of the observed cases (Ferguson-Smuth,
1967}

A G group deletion syndrome was discovered n 1960 by Nowell and Hungerford
It 15 often related to the Philadelphia or Pk chromosome Originally, chromo-

Fig 1115 Fromal view of proband
with chromosome 9 deletion syn-
drome  extubsting  trigonocephaly
(From Allderdice, P W et 2l 9
pter — 22 deletion syndrome A case
report In Bergsma, D , Schimke, R
N (eds) “Cytogenetics Enwviren
ment and Maiformation  Syn-
dromes * New York Alan R Liss
for March of Dimes Birth Defects
Foundation, BD OAS X1 (3) 151
155, 1976).
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some 21 was thought to be tnvolved but it 1s not known which of the two G group
chromosomes are deleted The deletion involves about 61% of the DNA of a nor-
mal G group chromosome (Gq-), which 1s most of the long arm The abnormal
chromosome 1s usually found in heterozygous condition 1n blood and marrow cells
of chronic myclod leukerma (CLM) patients In tissucs other than the hemo-
potetic system (responstble for blood ccll production), the chromosames are gen-
crally normai (Tough et ai, 1961) Severai cases with two Gg- chromasomes
(homozygous deletion) have been found and seemed not to affect the character-
wstics of the disease (Dougan and WoodchiT, 1965) The discovery of the Gg- syn-
drome was rapdly confirmed by another research team (Bakie et al, 1960,
Tough et al, 1961) The positive evidence of a direct hnkage between the Gg-
chromosome and CML was not immediately obvious, but by 1971, Hamerton
could state that there s little doubt that most, of not all, adequately diagnosed
cases of CML carry the Ph' chromosome

Deletions that involve an X chromosome have been reported by several authors
(Jacobs et al, 1960, Fraccaro et al , 1960, Hamerton, 1971b) Thesc deletions can
wmvohe the short arm (XXp-) or the long arm of the X chromosome (XXg-) Since
the Turner syndrome (Chapter 16) 1n humans seems 10 be determined by the hems-
2ygous condition of the short arm of the X chromosome, indniduals with XXp-
express this sex anomaly This syndrome is alsa referred to as ovarian disgenesis
(or female infertihty) The XO Turner synd 1s usually chr gative,
while the XXp- condition 1s chromaun-positive in that the defeted X usually forms
a small Barr body According to Hamerton {1971b) only about 10% of all chro-
matin-negative mdmduals arc mixoplod (c g, 45 X/46, XX), while over 80% of

afl ch . duals are lod (¢ g, 46 XXp-/46XX)
Several d 1 the satellites of human ¢h {groups D and G) have
been observed that were not d with syndromes The Hites are consid-

ered to be heterochramatic A loss of chromatin in these regsons abviously 1s not of
any genetic consequence Ferguson Smuthand Handmaker (1961) showed that the
manfestation of satelfites varies from cell to cell



Chapter 12
Chromosome Duplications

121 Types of Chromosome Duplications

A dupl 52 change 1n that causes doubhng of 2
chromosome segment The size of the doubled segment can vary considerably
Chromosome duplications are generally more tolerated by an organism than chro-
mosome deletions
Duplications can occur within a ch or among nonh chrom(y
somes and ly are called 1 or inter
duphications Acoordmg 10 Swanson (1957) there are three types of duplications
| tandem duplications
2 reverse tandem duplications
3 displaced dupllmnons
The first two di types a the thurd 15
somal Figure 12 1 1llustrates lhcsc three types The chromosome segment “def”
1s the duplicated segment in all three cases Modifications of the first two exam
ples (A B) can occur 1f the duplicated segment 1s shifted to a different position
tn the same arm or tn the other arm Duplications may occur in different ways
McChntock (19412 1944) demonstrated how merouc patnng and crossing aver
m a reverse tandem duphcation heterozygote can imtuate a breakage fusion
bridge cyele (Section 115) The duphcation tnvolved the short arm of chromo-
some 9 of maize and ncluded genes for colorless aleuron (C 26), shrunken endo-
sperm (sh 29) and waxy pollen and endosperm (wx 59) (Fig 122) Pachytene
1n dupl g led to two possible ways
of painng In one 1nstance the reverse tandem chromosome segment folded up
and resulted in painng withmn the same chromosome Another way of paning
1nvolved both homologous chromosomes, as shown in the figure The result of this
paining was a bridge and a fragment mn anaphase I Depending on where the break
1n anaphase I would take place, the resulting gametes would carry smaller or
targer deficiencies or duplications The tendency for sister chromatid reunmion at
broken chromesome ends would lead to a new breakage fusion bnidge cycle dur
1ng the next mutotic division (Fig 122)
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Fig 1274-C Drawmng of the three tvpes of chromasome duplication {A) tandem
dupl cation (B) reverse tandem duph () displaced

122 Ongn of Chromosome Duphcations

Chromosome duphcations can generally occur 1n three different wavs (Rieger et
al 1976)

1 by pamary structural changes of chromosomes

2 by unequal crossing over of chromatids

3 by crossing over m inversion or translocation heterozygotes (Chapters 13 and 14)
Primary structural changes resulting m duplications involve three breaks (B B
and B, Fig 12.3) Two breaks (B and B ) 1n a normal chromosome (Fig 12 3A)
result in a deleted centne chromosome (abe ght) and an acentric fragment (def)
{Fiz 12.3B) The third break (B,) could occur m the homologous partner chro-
masome {Fig 123C) If the frasment 1s mnserted 1nto the partner chromosome
2 tandem duphication results (Fig 12 JD)

The result of such an mnterch p 1s a d y-d
mdmdual {f such an indmvidual mates W\lh a normal ene a duplication heterozy
gote could result that has a normal and a duplication chromasome (Fig 12 3D)
The possible origin of such primary structural chanees has been described 1 a
unique way by McClintock in maize She called it the Activator-Dissociation sys-
tem (see Chapter 1) Since this system involves a type of position effect, 1t will be
discussed 1n more detail under that heading 1n this chapter (section 12 3)
Chromosome duphcation as a result of unequal crossing over ss tllustrated 1n Fig
124 Usually crossing over occurs between homologous chromatds at loar that
exactly correspand to each ather i gene content (allclcs) Such loct are respon
sible for the same broch: 1 and develop When the mecha
msm of pamnng (Secuon 7.2.2) and crossing over (Scctlon 4 2) 15 less speaific
chromasome aberrations can occur as a deviation from the normal process Such
Tess speaific panng 15 observed particularly n areas in which heterochromatic
chromosome segments are mvolved Riley and Law (1965) called this hetero-
chromatic fusion or nonspecific panng, depending on the tvpe of chromatin
mvolved The eytological evtdence of nonspeaific patnng was gven by McClintock
{1933) dunng her studies of matze pachytene

Unequal crosuing over was first observed 1n Drosphua by Sturtevant 1n 1925
mveolving the well known Bar locus (B chrom 1,57 0) It produces one chromatid
containing 2 chromatid sezment twice (duphcation) and the second lacking that
chromatd segment (deletion} In Fig 124A two normal homolozous chromo-
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Fig 122 Duagram of a reverse tandem duplication 1n the short arm of chromosome 9 of
marze imtating 2 breakage fusion bridge cycle Explanation 1 text (Modified from
McClintock, 19312 Redrawn by permission of the Genetics Socrety of Amenca Ausun

Texas)

somes are shown with breakpomnts (B, and B,) indicated 1n two non sister ¢hro-
matids (regions fg and cd) Figure 12 4B shows the four chromatds after crossing
aver 1s accomplished Figure 12 4C shows the four resulting chromosomes that
will be distributed to the four gametes Two of them are normal (abe defgh) one
duplicated (abc defdefghi) and one deleted (abe ghi)

The of an abnormal h fobin (Hb-Lepore) 1n man was postulated
by Bagliont (1962) as a result of the process of unequal crossing over and deletion
The Bar d 10 Drosophila will be & d 1n more detail because 1t gave
nse 1o the concept of the position effect
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Fig 1234-D Diagram of a tandem chromosome duphcation (A) The first two break
points {Br, and Br,) 1 the normal chromosome result 1n (B) a deleted centric chromo
some (abc ghi) (€) and an acentnic fragment (def) If the third break occurs in a homol
ogous chromosome (Br,), the acentric fragment (def) could wnsert into the partner
chromosome resulting in (D) a tandem duplication

12.3 Position Effect

Geneticsts talk about a position effect when genes or chromosome segments that
are placed 1n new chromosomal neighborhoods cause a change 1n the phenotype
of the individual affected due to their new position Two types of position effects
are recognized (Lewis, 1950)

I S-type of position effect

2 V-type of position effect

The S-type (or s!:xble type) of posmon effect was the first discovered and 1s the
ane d with This type 1s confined to euchromatic
regions of the chromosome One of the oldest examples for the stable type 1s the
Bar locus 1n Drosophila The Bar effect 1s associated with a duplication of region
16A1 to 16A6 of the X chromosome and contatns five bands, two of which are
doublets If this region 1s dupheated {Bar), the facets m the fly’s compound eye
are reduced 1n number If unequal crossing over (such as demonstrated 1 Fig
12 4) occurs between two homologous chromosames, both having a duphcated
Bar region, chromosomes can result that carry the 16A1 to 16A6 region i tni-
pheate (Fig 125) This situation allows a companson of four doses of 16A1 to
16A6 1n two different combinations These two different combmations are called
Bar (homozygous Bar) and heterozygous Bar double n Fig 12 6 (Morgan et al,
1935)

Bar produces an average number of 68 facets 1n the compound eye and hetero-
zygous Bar double produces only 45 Obviously, the gene expression 1s stronger
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Fig 1244 C Diagram of chromasome duplication as g result of unequal crossine over
(A) Two normal homologous chromosomes wath breakpo nts (Br and Br.) tn non sister
chromatids (regons fg and ed) (B) The four chromatids after crosems over occurred at
the breakpounts (€} The resulung four chromosomes Two chromosomes are normal
(abe defgh) one 1s duphicated (abc defdefght) and one s deleted (abe gh)

—— B Bar Revened (Nomw

Fig 125 Ongin of Bar-double by unequal crossing over n the Bar locus of the salunary
gland X of (From Morganetal 1935 Redrawn
by permission of the Carnegse Institution of Washington Cold Spring Harbar New
York)
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—s e, el s el
779 358 68 45 25
Fig 126 Mustration of the different sizes of compound eyes of the female Drosophila
melanogaster as caused by the varying numbers of facets The s1ze of the eve 15 influenced
by the position effect {From King 1963 Redrawn by permisston of Oxford Lnversity
Press New York)

when the genes are adjacent in the same chromoseme than when they are on
separate homologous chromosomes
The V type (or vaniegated type) of position effect was closely associated with the
producnion of reverse tandem duphications observed 1n maize by McChintock 1n
1951 (Section 12 1) This type 15 limmted 10 genes that are present i the betero-
zygous state and results in heterochromatinization and repression of a wild-type
gene if this gene 15 transferred mto the iomity of beterochromatic chromoesome
segments In contrast to the S-type, the V-type ts subject to a large degree of
fluctvation The phenotype expresses a mxture of cell patches of both the wild
1ype and the recessive phenotype The result 1s a somatic mosaicism that Schultz
(l936) called vanegation. This type of position effect 1s often assoctated with the
and type of aberration and will be discussed
further m the following chapters The classical example for the V-type position
effect s the Activator-Dissociation system (Ac-Ds)

1231 The Ac-Ds System

This system was discovered by McChmtock (1950a, 1950b, 1951, 1953,) in marze
and depends on the action of two separate loct, the Ac locus (Activator) and the
Ds locus (Dissociation). Ds only functions in the presence of Ac If both loc1 are
present, chromosome breakage 1s mcreased m th: organssm Breakage has led to
such chromosome aberrations as d mversions, 1
tions, and nng-chromosomes

Ac and Ds are visuahized as blocks of heterochromatin that can move to diffe erent
sites of the ch )l This ph was called transp

by McClintock Ds was discovered first and was close to the locus wx on chromo-
some 9 Other locations of Ds were discovered later No standard position was
found for 4c Since Ac does not have a mutating effect on neighbonng genes as
Ds. 1t 15 more difficult to map Ar However, Ac 15 also capable of transposition
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Not only the location of A¢ and Ds in the chromosome complement but possibly
also the amount of heterochromatin imvohved can change Such a dosage effect
could be particularly well studied 1n triploid endosperm of maize where from O to
6 dosage factors of Ac could be obsenned The larger the number of Ac dosage
factors were the later Ds was expressed during endosperm development Asa mat
ter of fact 1n kernels where four Ac dosage factors were present, the time of Ds
chromosome breaks was so much defayed that none occurred before the endosperm
growth had been completed The eatlier during development the Ds locus became
active the larger were the patches of varegated nissue in the endosperm

Systems stmular 1o the Ac-Ds system have been observed 1n maize, Drosophila and
bactena An example of the variegated type of position effect in Drosophila 1s the
vanegated eye color gene tn the X chromosome (Glass, 1933, Baker, 1963)

The simidanty between the marze and bactenal systems was emphasized by
McClintock (1961, 1965) and Peterson (1970) McClintock adapted the terms used
n bactena to the maize system The action of the structural gene (eg, wx ;n
maize) may come under the control of 2 foreign element (Ds) at the gene locus
that would be comparable to an operator gene.

The control of time and frequency of occurrence of change 1n action of the struc-
tural gene 1s determined by the Ac regulator gene (Jacob and Monod, 1961a and
b, Chapter 1)

12.4  Other Phenotypic Effects

The pl yp p of dupt generally 15 not as strong as that of
defi Few i have unique pi ypic effects As ts the case with
defi n plants the hyte s more easily affected by a duphcationthan

the sporophyte As described mn the case of the Bar locus in Drosophila some
duphcations not only increase the genetic effect of a gene, but they actually behave
hike dominant mutations Several of the dupllcaxpd chromososme segments behave
like d mn the het are the Thera

Pale and e eless-Donnnant n Drosophila The Theta (Th) duplica

tion was discovered by Muller and Painter (1929) and involves the dupheation of
the left end of the X chromosome including the loci for 3 s¢ and b6 The dupl

cated segment 15 attached to the centromere region at the nght end of the X chro-
mosome (Bndges and Brehme 1944) This duphcation causes the development of
nteralar (between the wings) bnistles that are not ordinanly present in Drosophila
melanogaster

The Pale (P) character s a resultof an or d;
such as shown n Fig 12 1C It imvolves a transpositionof a chromoscmcz segment
nto an interstitial position of chromosome 3 It 1s the result of an aneuploid segre-
gant from a T(2.3)P lranslomuon (Morgan et al, 1935) This was the first discov-

eryof a wn The pi P of
this heterozygous duplication 1 a dilution of the eosin eye color
The eyeless D i {ey™) also di by Muller (Pall:rson and

Muller, 1930) involves an umd d segment d mto an 1 post




Human C b Synd: 201

the eyeless domnant character
(ey”) 1 Drosophila caused by
an umdentified segment trans
posed nto an nterstinal posy
non 1n the muddle of chromo-
some 4 (A} head {B) first pair
of legs (From Patterson and
Muller 1930 Redrawn by per
mssion of the Genenes Socierv
of Amenca Austin Texas)

Fig 127A and B Drawing of A ). 8
)

Vg,

uon 1n the mddle of chromosome 4 (Sturtevant, 1936) 1t 1s suspected that the
wansposed segment 1s a reversed repeat since it forms a buckle bending back on
iself i synapsis The phenotypic expression of this heterozygous duphcaunon
includes small, irregularly outlined eyes that are displaced toward the top rear of
the head (Fig 12 7) The homozy d produces lete Jethality duning
the larval period

12.5 Human Chromosome Duplication Syndromes

Chromosome duplications per se 1n humans had not been discorered untaf recently
They have bccn demonslrawd 1n connection with percentric inversion progentes
They are & deletion sy (Stevens, 1974, Welch,
1974, Allderdice et al , 1975) The penicentnc imversion, which 1s the progenitor of

p25~- " 2) A

1+
|
2 I R A

NORMAL 3 INV 3 (p25 q21)

Fig 128 Diagram and actuzl photographs of pericentric inversion w1 human chromo-

some 3 showng postulated two breaks (p25 and 21} n a normal chromosome 3 (From

‘égd:rdu):c et al, 1975 Repnnted by permussion of the Unssersity of Chicago Press,
162 g0)



Chapter 13
Chromosome Inversions

Inversions are probably the most common type of chromosome abetrations found
in natural arumal and plant populatmns (Darlmgton, 1937 Dobzhansky 1941)
During the d of chi tions, we saw that chr seg-
ments can be separated from thesr mother chromosome by breaks and then can be
reimserted into another homologous chromosome i the reverse order (reverse tan-
dem duplications, Chapter 12) 1f no duphication 1s mvolved tn such a process, the
chromosome aberration is called ar tversion. Just as mn the case of deletions and
duplications, orgamsms can be heterozygous for an inversion, homozygous for an
imverson, or homozygous for the standard order of genes 1n the chromosome (Fig
131

Chromosome mnversions have no effect on mitotic dvisions, but they do affect
meiosts 1f an mversion 15 in the heterozygous condition, pairing of chromosomes
cannot occur 1n a simple linear fastion But af the inverted chromosome segment
has the proper size, 4 loop can form that satisfies the pairing requirements Depend

ing on the occurrence of the mversion in relation to the centromere, two Aifferent
kinds of chromosome nverstons atc known (1) pericentric nversion and (2)
paracentric nversion In the pericentnic type of tnversion, two chromosome breaks
occur one on each side of the centromere, involving botk chromosome arms In the
paracentric type, both breaks occur i the same arm (Fig 132) The paracentric
type of inversion is more n 1c and  subtel e
chromosomes

13.1 Pericentric Inverstons

In a penicentric inversion, the centromere 15 mcluded in the mverted regron This
usuajly results in a morphological change of the chromosome due to change in
centromere position and arm ratio This kind of chromosome aberration can easily
be detected 1 the karyotype (Fig 13 2) Depending on the stze of the mnverted
chromosome segment, different metotic painng configurations may be formed 1n
the inversion heterozygote. If the inverted region 1s small, the homologous chro-
movemes may not pair in that particular region of the chromosome (Fig 13 3A)
If the 1nverted rcgwn 1 large cnough for maneuvering, the two relatively inverted

of two homol n an snversion heterozygote can pair
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Fig 131 A parr of chromosomes homozygous for the standard order of genes, hetero-
2ygous for an tnversion, and homozygous for that same inversion (Adapted from Srb et
al 1965)

gene by gene by forming an inversion loap (Fig 13 3B) If the inverted region
includes the major length of the chromosome, only the relatively 1nverted region
may pair while the uninverted chromosome ends outside the myersion may remain
unpaired (Fig 13 3C)

In mstances where the inverted regions in the nversien heterozygote are extremely
small (Fig 13 3A), no further changes would be encountered during meiosts But
1f the inverted region 1s extremely large (Fig 13 3C), crossing over 10 the nverted
segment can result in h In the case of 1nver-
s1on loop formation crossing over inside the toop will lead to further complications
One crossover will produce deficiency-duplication chromatids An example of such
development 1s shown 1n Fig 134 This figure demonstrates the mezotic conse-
quences of a pericentric inversion In chromosome 3 of humans as discussed 1n
Chapter 12 (Allderdice et al, 1975) In this mnstance the crossover must have

%@

Per centric

[ c frversion

b e d\I/
Wz O

T
R N R dJ/ . f . Paracentric

h
@ e N
LI Invers on

é

Fig 132 Drawmg of pericentnic and paracentric tversions In a pericentric nversion,

the centromere ts included i the inverted region In a paracentric 1nversion the centro-

mere ts not included in the inverted region The paracentric wversion ts more common 1
and h
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Fig 13 34-C A dravang of inversion heterozy gote chromosomes W hen pawred in metosis.
(A} Example of chromosome paining when the iverted materal 1s very small in content

{B) Example of the inversion Joop. This condiuon occurs when the mverted regron of the
chromosome 15 large enough for maneuvening One chromosome buckles while is hetero-
r3gote partner loops, and then these chromosomes pair gene for gene (C) Example of an
smersion that includes the major length of the chromosome The majonty of the chro-

masame pairs m the imerted regon leaving the umm erted ends of the heterozy gote chro-
maosomes to dansle

occurred farly close to the centromere (betw ecn D and E Letters are used arbi-
tranly 10 Fig 13 4B) The fourr ting from such a
crossover are shown i Fig 13 4C Two of lhsc mohe duphmuon-d:ﬁcxencxcs

One of them shows 2 larger dupheated segment {ghn), and 1t Jacks a small segment
(a) Tis chromosome (shown m the square) has the constitution thgbed EFGHI

The other recombinant chromosome has a smaller duplicated segment (2) and
lacks a larger segment (gh) The chromospme with the smaller deficient cegment
has the better chance to survn e since deficiencies are more fikely to be detnmental
than dupheations Indeed, the autcsomal monosomae condwon for the large defi-
ciency has not been idennfied 1n lencocyte tissue culture The recombinant with
the q duphcation and the p deletion (Fig 13 4) has been tdentified by banding
patterns 1n haryotypes from one fetus and four children of known i (3} (p25¢21)
carners (Allderdice et al, 1975) The deleted segment reaches from the end of
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Fig 1344 C Pencentnc inversion tn human chromosome 3 (p25q21) (A) {llustration
of the two chromosomes of an nversion heterozygote (capital letters normal chromo-
some- small letters tnversion chromosome) (B) Meote parring configuration 1 mver
ston heterozygote with crossing over m inversion loop (dE) close to the centromere ()
The four recombinant chromosomes resulting from a crossover One of the chromosomes
1 the square shows a larger duplicated segment (zhi) and a lacking small sezment (a)

the shart arm {pter) to band p25 The duplication reaches from the end of the
long 2rm (qter) to band q21 (see Fig 13 4A)

Another case of a fammly with presumptive pencentnic inversion heterozygosity of
chromosome 2 m humans was reported by De Grouchy et al (1966) Figure 135
shows the unfortunate reproductive tustory of the maternal grandmother of this
famly she showed normal 1l but had two b and a2
parr of stillbern twins Here as 1 the previous case described by Allderdice et al
{1975} the most hikely cause of chromesome imbalance 1n this family was sus
pected to be crossing over within the inverston loop which results in 2 chromosome
carrymg a duphcanon-deficiency

Instances of extremely small pericentric inversions it humans were recorded by
de Iz Chapelle et al {1974) They reported such an wmversion in chromasome 9
(plq13) of 35 mdmduals that were related to each other Two simular pencentric
nverstans tn chromosome 10 (p11q21 and pllql1) were detected by them i two
stk of )1 and 8 each They g that munar amver
stons are readily propagated and do nat lead to mutotic or merotic distucbances
They estimated the meidence of these mversion types in the Finnish population as
bemng abave 1% which exceeds previous repacts

Other centric 1 men have been reported by Jacobs and
Ross (1966} m the Y chromosome by Gray et al (1962} and Schmud (1967} 1
the G group and by Court Brown (Court Brownetal 1966 Court Brown 1967)
Ferguson-Sauth (1967) and Jacobs et al (1968) 1n the C group

1f two crossovers 1nvolving the same two chromatids {two-strand double crossing
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Fig 135 A family tree drawing of a presumptine pencenine imversion of chromosome
21w humans Because of crossmg oser in an imversion loop, duplication-deficiency carry
g chromosomes result (From De Grouchy et al 1966 Redrawn by permussion of
Academic Press, Inc, New York)

over) occur within the imersion loop, na dupl defi y ch ds wall be
formed A second crossover cancels the effect of the first one (Fig 13 6) Any odd
number of crossorers within the i ersion loop imolving the same two chromatids
(strands) will cause dupl defi ch or gametes Any even num-
ber of such crossovers will eancel this effect I more than two chromatids are
imohedin such crossing over (¢ ¢, three-stranddouble crossing over, four-strand
double crossing over) within the penicentric imersion foop, then duphcations and
deficiencies do occur and the effect 1s not canceled

As demonstrated, crossing over feads 1o duphcations and deficiencies i the

Fig 136 (A) Drawing of two-strand double crossing over when only one crossover
occurs s the wversion loop  Duphication-defictency chromatids result (}?) 1f 1o cross-
overs occur n the inversion Joop, the sceond crossover cancels the ¢y tolomcal effect of the
first crossoner T
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ametes produced by pencentric imerston heterozygotes Such chromosome aber
ranons have led to reduced gamete ferthity (Alexander 1952, Pattersonand Stone
19~2) This may be the reason for the low frequency of obsenved pencentncimer
si0ms 1n the ganus Drosopkila 2s compared 1o the occurrence of paracentne mver
5107 1n this genus However small pencentne mmersions are apparently much
more frequent 1n seme animal groups than previously suspected. Gene rearrange
mets mdueed by such rmersions have been detected which cause polymorphic
kanorvpes within the species Rartus rattus and R nonegteus (Yosidza and
Amzno 196~ Yosida et 21 1965)

D flerent kanotvpes onmnated by pencertne imversions causing chromosome
pohmorphismhave been obsens ed 1 sone natural grasshopper populations (White
19~8 Lemontmand White 1960 Whte €121, 1963) Polymorphic populztionscan
be m 2 kanotvpe equilibrita In such an equibbnum the frequencies of the duf
fere~t karvotvpes do not charge cor from generation 1o

\Man plant gerera are 210 known 1o have imersicns, but their frequencs 1s much
jess than 1 zrimabs (Snow 1969) Onlv three pencentnc imersions hase so far
bee id=1tified 11 fung such 25 Neuraspora (\ewmaver and Tavior 1967 Tumer
etzl 1969)

132 Paracentric Inversions

Paracentncumersions occur more frequents than pencentnc im ersions r natural
popLlanons As me~toned before 1n this case the centromere s not ncluded m the
ertsd seemert (Fig. 13 2) A photographof 2 peracertne im ersion keteronsgote
1 the X chromosome of Drosophtlass shownn Fig 13 7 In contrast to pencentnc
version beterozvgors: o7es produce hase bridges and acentnc
fragments 11 me10s1s 1f crossorers occur within the mersion loop Conseguenthy
1 n2terzl or uradiated orgarisms the of tridges and acentne

gments 15 2n 1rd) that par I¢ LN Ersions mav be present. But anz
phase bndses ard 2centne fragments do not onhy occnr 25 2 consequence of this
tvpe of imersion. Otker possible reasons for their occurrence could be spontanzons
breakage 20d frsiom of chromosemes dunirg mevsis (Hagz, 1953) 2s well 2s chro-
mosepe breakage and sister chromatd reumon as obsenved 1n the mesosss of nye,

1rbred for 27 generanons (Rees 2nd Thompson, 1933)

As diseussed for pevicentnc1mersions, the occurrence of crossing ever in the imer
5101 focp w1l 2150 ke 2n eect on the chromosemes of paracertric imersion bet
erengeres. Dependrg on the rumber of crossor ers within 20d oLtsidz the im ersion
Jog 20d o0 ghe rymber of chroreids aosobed a0 the ovenng pear ansphase
brd~es 2nd 2centne fragments will be sirzle or doub'z apd can occer m znaphase
Toranaphase [1 (Tz2b'2 13 1) Ozh som=of k> possib's combinztions will be (dlns-
traed bere for demorstraticn of the meouc 2nd g-netic consequences A master
d.zerzm illustrates the crossover pornts imohed 1 these examples (Fig. 13 8)
Crossoser por~t 1 iovohves chromands 2 2rd 4 crossover point 1T imohes chro-
mzds 1 2rd £ crossover pornt T irvoh es chromatids 2 2nd 3 and cressover pomt
N emvobves chromatds 1 and 3 Crossoser porzts 1 to 11 2re mside the irversion
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Fig 137 Phowomuerograph of 2 parz
cortne 1metsion beteronypore  [In
(1)31-49) 11 the X chromosamz of Dro-
sophila (Courtesy of Dr Josph B
Morton, Cargilt Ire - Lubbock, Texas)

Joop while crossover pornt TV 1s Joc2ted between the centrornetes 2nd the imversion
1oop 1f 2 crosson er oceurs only at potnt 1 (two-strand single crossirg over). 2 bridge
and 2n zcentnc fragment reszlt 1n 2naphase I (Fig 13 9) Sice the zcentnic frag

ment does not 1nhent 2 centronere 1t will not be mcluded 1 any daughter nucleus,
and 1ts genenic informztion will be Jost. 1t may still be vasible 1 the second maotic
drision but since 1t 15 evertnally 2bandomed 1t 15 not shown 1 the diagram. The
s1ze of the zcentnic fragment grvés an indication of the size of the chromosome
segment that 15 imerted. The 2cerine frapment represents the Jength of the

Table 13 1 Trversion heteror gotas with differert tvpes of
crossing over 3nd consequences 11 anaphase [ and 11

Strands Crossngover C-1% 17 Al All
2 argle X — norrmal  nomal
single — X 1B +1F  nomal
double — XX 2B+ 2F normel
donble — XX 1B+ 1F noma!

double X X 1F 1B

tnpie X XX 2F 2B

crassover between centromee and mvETSION Yoo
crossover withm mversion region

tndee

fragmet
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Fig 138 Master duagram for mversion Joop erossovers Crossover pownt Iimolses chro-
matids 2 and 4 pant 11 1nvolves chromatids 1 and 4 point 111 involves chromatuds 2 and
3 and crossover pont IV involves chromatids [ and 3

1nverted region plus twice the length of the uninyerted region from the distal break
point to the end of the chromosome In Fig 13 9 the four dufferently indicated lines
show the four chromatids i pachytene after crossing over has occurred Each of
the four crossaver products 1s mdicated with a umform but different type of hine
These were onginally supposed to be drawn 1n color but the expense of reproduc
tion prohibited this procedure The student 1s encouraged to draw 1n his own
colors This procedure 1s 1n contrast to other approaches that use diferent colors
for the same chromosome to indicate the genetsc changes One could call our pro-
cedure cytological coloring The genetic changes are indicated by the use of let
ters (genetic lettering) The two sister ch ds of the upper have
been designated with small letters (a to 1) and the twa sister chromatids of the
Jower chromosome have been marked with capital letters (A to 1) The crossover
pamnt m the Al (anaphase I) drawing of Fig 13 9 1s indicated where the lettening
changes from small letters ta capital letters and vice versa (point ¢ 1n the dicen
tric chromosome indicated by the solid hne and pomnt Cd 1n the acentric chro-
mosome ndicated by the dot dash hine) The dicentric chromosome 15 deficient
for segment HI and duplicated for segment AB Bridges in Al can break at any
pomnt between the two centromeres of the dicentric chromosome (sohid line) In
Fig 139 breakage (BP) 15 assumed between E and F The break products of Al
are two highly deficient monocentric chromosomes that are shown n the All
(anaphase I1) drawing and 1n the pollen (solid line chromosomes) Gamete abor
tion can result from two such deficiencies Two gametes are fertile in this case As
mentioned for mversion heterazygosity of the pericentnic type two reciprocal
shuasmara vathin the oversion logp whigh ovnle the same two sheamatids (two-
strand double crossing over) cancel each other s effect (Fig 13 6) Complemen
tary chiasmata 1n the 1nversion loop such as 1n four strand double crossing over
result 1 a double chromatid bridge and two acentric fragments in AI (Fig 13 10
Table 13 1) As a consequence all four pollen will have deficient chromosomes
resulting 1n possible pollen sterthty 1f this condition (four strand double crossing
over within the inversion loop) 15 combined with two-strand single crossing over
1 the region between the centromere and the 1aversion loop then two acentric
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Pachytens  d f

Fig 139 D of gical and genetic q of a crossover occur
nng at pomt I of Fig 13 8 (two-strand single crossing over) The first illustration shows
the 4 chromatids in pachytene Each crossover product1s shown witha different hine The
following 1ilustrations show the events i AT All and at the pollen stage Genetic
changes are shown by the use of letters (genetic Jetterngl. A bndge (solid line) and an
2centnc fragment (dot-dash Line) result in AT Two pollen can abort ‘because of deficient
chromosomes (solid lines) Heavy solid hne = nverted region

fragments and two looped chromosomes will result in Al (Fig 1311) Bndges
will occur 1 each of the two Al cells Each of the four resulting poflen will have
one deficrent chromosome this will result 1n pollen stenility As demonstrated
Figs 139 10 13 11, chromatids mvolved 1n crossing over are generally ehmumnated
by pollen or embryo sac abortion 1n plants or by zygote and embryo abortion 1n
ammals

Inmaize as well as 1n Drosophila a phenomenon has been obsened that prevents
the inclusion of dicentric brdges in the megaspore and the egg nucleus Carson
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Pachytene

Fig 1310 Crossovers occurnng at pots I8 and [11 of Fig 138 {four strand double
crossing over) A double chromatid bridge (solid ine and short-dash Linc) and two acen
tric fragments (long-dash Line and dot dash line) result 1 Al All four pollen receve
deficient chromosomes resulting i possible pollcn abortion

(1946) studied more than 2500 eggs of Sctare He found that the dicentric chro-
matids formed after two-strand single crossing over in the nversion loop usually
do not break but remam as a hnk between the two inner nucle: (Fig 13 12) As
a result the dicentric bridge always passes into the polar bodies (bridge elimina-
tion mechamsm) and the noncrossover chromatids are always included in the
functional egg nucleus Moderate amounts of naturally occurring mversion poly
morphism have been shown 1n mosquitoes (Kutzmiller 1976) Twenty seven dif
ferent autosomal inversions have been reported from three different localities in

Bulgana in the mosquito species Anophiles messeae (Belcheva and Mihailova
1972)
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Fir 131) Crmssoiess ocoornzg 21 poezts 1L L 203 IV of Fig 138 (foor-sirend dosble
crossen g over weihm the rmsis remin 20d two-572od smpls oy over hrtms the
crmtromzre 2ad the v o). Two boped eremsoras (s0bd Lz 20d short-desh
E2) 203 o 20zt frarmemts (oo dash ke 2nd dor-desh Imnz) roselr ;m AT Brodes
rosalt 1 ez of the ows AN el AN poley will Beer oo Fedoant Chrposans

13.3 Complex Inversions

If Moz then 2 wsple mveroon 1s fonnd 1o a chromaome, they 2re knosn 25 com-
Pl or maltiple imercions. The types of mmreraons imrored r a complex imveraom
(Rezgzr et 2l 1978) may b

1 odzpendzt maersan (Fie 13 13A)

2. ey t2odem versam (Fir 13 13B)

3 rovensed teodem mwerom (Fiz 13120)

4 wdvdad pmersom (Fir 13 13D)

2 everlepoene mmvoroxm (Fiz 13 13E)
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Fig 1312 Nustration of bridge ebmi-
nation mechanism, Decentric bridges
resulting from inversions remain as a ink
between two inner nucler Bridges always
pass mto polar bodies and noncrossover
chromatids always are included in func-
tional egg nucleus

In P a mversion occurs 1n independent sections
of the chromosame, and the two resultant mverted segments are separated from
each other by an uninverted chromosome segment Direct tandem jnversions are
the result of two mvolving 73 that are
directly adjacent to each other In reversed tandem inversions, the two inverted
segments are adjacent to each other but mutnally interchanged In an included
inversion, a segment that 1s part of an inverted segment 1s inverted once agan
An overlapping inversion s the result of part of an 1nverted chromosome segment
being inverted a second time together with an adjacent segment that was not
mcluded in the first inversion segment

Many complex have been m wild of Drosophl
Qver 40 different inversions were found 1n various chromosomes of D wallistont
which demonstrates a great degrec of chromosome polymorphism. Several

Fig 1313 (A) Diagram of an independent inversion The top chromosome shows the )
first inversion region (be Br, to Br,) the middle chromosome shows the second 1nversion
region (fgh Br, to Br,) and the bottom chromosome shows the final condstion after both
nversions have occurred (B) Diagram of a direct tandem inversion The top chromosome
shows the fisst mversion region (be Br, 1o Br), the middle chromosome shows the sccond
adjacent tnversion region (def Br, to Br,), and the bottom chromosome shows the resul-
tant chromosome after both inversions have occurred (C) Diagram of a reversed tandem
mversion The top chromosome shows the first nversion region (de Br, to Bry) and an
additronal breakpoat (Br,}, the middle chramosome shows the second adjacent wmversion
region (bc Br, o Bry), and the bottom chromosome shows the final condition (D) Dia-
gram of an included mversion The top chromosome shows the first mversion region
{cdefgh Br, to Br,) the middie chromosome shaws the mcluded mversion region (fe Brs
to Br,) and the bottom chromosome shows the condstion after both nversions bave
occurred (E) Diagram of an overlapping mversion The top chramosome shows the
region of the first inversion (bede Br, to Br,) the middle chromosome shows the over

lapping second nversion region (dcbfg Br, to Br,), and the bottom chromosome deprcts
the final conditton
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mvcrled chromosome types can occur within one and the same fly population In
P aand D p are also very frequent
They occur mainly in the third but also mn the X chromosome A female in D
willistont was discovered that was heterozygous for 16 different inversions Studies
W D pseudoobscura were carried out by Dobzhansky (i941), Koller (1936},
Strickberger and Wills (1966), Pavlovsky and Dabzhansky (1966), and Crum-
packer and Salceda (1968)
There are two reasons why inversion heterozygosity does not result 1 a high
degree of stenlity in Drosophila In the males there 1s an achiasmatic mechanism
and 1n the females a bridge eliminati hani: In the mecha-
mism the chromosomes are metotically paired but no synapsis and crossing over
exist Consequently, no mnversion Joops are formed 10 pachytene, and brdges and
fragments do not occur 1n anaphase I or 11, thus there 1s no gamete abortion The
bridge elimination mechanism has already been descirbed (Fig 13 12)

13.4 Inversions as Crossover Suppressors

A crossover suppressor can be a structural chromosome change that suppresses or
reduces the frequency of meiotic crossing over The best known examples for such
effects are inversion heterozygotes There are two different factors that reduce the
occurrence of crossing over 1 rversion heterozygotes
Crossing over mside and around the inverted segment 1s reduced as a result of incom
plete parring The most drastic case 1s the example of a very short inversion segment
that eliminates paining altogether (Fig 13 3A) But also in cases 1n which the segment
s lazge crough so that a loop 1s formed, crassing over can be reduced mside and around
the loop s a consequence of tncomplete pairng
The products of crossing over 1n an mversion loop are mostly inviable and are not
recovered (Figs 13910 13 11) This makes 1t appear as though an mversion segment
n an taversion h 15 completely free of
In this second mstance (2), the crossover frequency 1s inversely proportional to the
length of the inverted chromosome segments Almost complete crossover suppres-
sion has been observed in short inversions of Drosophula species where two-strand
single crossing over provides total emination of the crossaver products Incomplete
CIOSSOVET SUPPression 1 with longer where t trand dou-
ble crosstng over can occur and the second crossover cancels out the abortion
effect of the first Some balanced crossover products will thus have a chance to be
ncluded in gametes
Muller L1928) was the £irst t0 make use of the Crossover SEPpTEssor FROTGINMT
m Drosophtla He developed the CIB method In this method he used a special
female stock that had (1) an X chromosome with a large 1nverston as a crossover
suppressor (C) preventing exchange between the CIB chromosome and the male
chromosem: to be examumed (black in Fig 13 14), (2) a recesswve lethal gene,
for the CIB ch (1), and (3) a Bar duplication,
which d 1 of d that carried the €18 chromasome
a heterozygous condition

~
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Fig 1314 Schemauc drawing of the CIB

method for the demorstration of recessive A X

sex linked lethal factors w Drosophila ;ED

(From Rieger a~d Michaels, 1958) E
Sameen

In this method the (7B females are mated with radiated male flies (Fig 13 14)
Half of the males in the F, generanon die becaLse they possess the €IB chromo-
some 1n the hemizygous condition. There 1s no compensating L allele 1n the Y
chromesome. Half of the F females are phenotypreally marked (Bar) by the CIB
chromesome and 2lso possess the X chromosome of the x irradiated males.
Recombination between the two X chromasomes 18 restnicted becanse of the inver-
sion. The Bar females are indmdually crossed with normal males, and each prog-
eny 1s tested separately Because all (7B sons of these F, crosses die, all sunviving
F, males possess the x rayed X chromosome from the grandfather that 1s to be
examined (black X) If the x iradiation resulted 1y 2 motauon, 21 F, males will
show the phenotypic mutant effect. If the result wag a Jethal mutabien, no F, males
will be observed. Because of the isolated treatmeny (separate test bottles) of the
ferulized CIB F, females, the frequency of lethal and nonlethal mutations m the
X chromoesomes of the treated grandfather can be easily caleulated. This method
showed Maller and many other investigators the effect of spectfic mutagens and
the resulung mutation rates.

A refinement of this tool 15 the M-5 method (Demerec, 1948, Spencer and Stern,
1948) This method makes nse of the Muller-5 stock, which has greater crossover
suppression than the €18 stock and docs not operate wath a lethal fzctor The eross-
over suppressing imversion 15 of the included mversion type (Fig 13 13D}, which s
a small imversion inclnded 1n 2 [arger mnversion m the X chromosome. This stock
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has three marker factors, the dominant Bar (B), scute, which 1s a hair factor (s},
and white apricot which 1s an eye color factor (w*) The recessive markers help
to identify any crossovers that may occur between the Muller-5 chromosome and
the irradiated Crossover supp: are now also developed for
mutagenicity tests in mice (Evans and Phitlips, 1975)

13.5 The Schultz-Redfield Effect

The presence of an inversion 1n the chromosome complement does not always pro-
duce only crossover suppression within the inverted segment of the heterozygote It
also can have an effect on other chromosome pairs of the same complement
{n Chapter 4 (Section 4 3) the phenomenon of crossover taterference was dis-
cussed This 1s based solely on a mechamcal principle which states that the occur-
rence of a crossover in one area of a particular chromosome suppresses a Crossover
in an adjacent region (Whitehouse, 1965) The possibility of an mnterchromosomal
effect of the crossover in one chromoseme pair on a crossover in another such pair
15 automatically excluded m such mechantcal constderation However, 1n 1919
Sturtevant found that crossing over increased between the eye color gene purple
(pr 54 5) and the wing shape gene curved (c 75 5) on chromosome 2 of Drosophila
due to a third gene In 1933 Darlington
observed reciprocal effects on chiasma freq between a B chr biva-
lent and the rest of the chromosome set 1n rye When the B-bwalent had high
chiasma frequency, the chiasma frequency in the other biwvalents was reduced and
vice versa More exact evidence for such interchromosomal relationship was later
given by Morgan et al (1932, 1933), Glass (1933), Komai and Takahu (1942),
Steinberg and Fraser (1944), Schultz and Redfield (1951), Redfield (1955, 1957),
Levine and Levine (1955) for D melanogaster and by MacKmght (1937) for D
pseudoobscura In all these later cases, b none ch
pair caused increased crossing over in othes nonhomologous chromosome pairs of
the same complement Schultz and Redfield 1n 1951 placed this effect on a quan-
uitative basis and were credited with 1ts discovery White and Morley (1955) spec-
ulated that the Schultz-Redfield effect could be the result of a genetic homeostatic
effect, which keeps the crossover frequency close to an optimal value within lh:
population, the effect being not only h but also h
For example, Carson (1953) demonstrated this in D robusta where crossing over
was increased i the nonmverted region of the inversion chromosome pair Rieger
and Michaelis (1958) speculated that the Schultz-Redfield effect probably 1s not
mtvéed @3 e gentas Drosoprid Sut may be a more widefy occurrng plienomenca

with h 2 1




Chapter 14
Chromosome Translocations

The most common tvpe of translocation 15 the reciprocal translocation Brown
(1972) goes so far as to sav that all translocations observed are with no known
exception, reaiprocal [n order to survive all cells ought to have a balanced set of
genes Cells with reciprocal translocations provide such conditions However since
other tvpes of locations have been ¢ m the Lterature thev will be
briefly mentioned here abo

14.1 Types of Translocations

The on ¢k trans} has not always been copsistent
For the sake of stmplicity the terms used here are arranged according to the nem-
ber of breaks occurnng According to this system, four different classes of chro-
mosome it cnbed hed

1 simpie translocanons (one break wnvelved)

2 reaprocal translocations (two breaks involved)

3 shift type translocanons (three breaks mvolved)

4 complex translocations (more than three breaks wvolved)

The sumple translocation (Fig 14 1) 1 probablv of more histoneal than practical
value However, the discussion will soon show why 1t 1s stll included here As men-
noned, a simple translocat.on would be the result of a single break in a chromosome
arm and the transfer of the acentne chromosome fragment to the end of another
nonhomologous chromesome  Evidence of such an event came first from Muller
and Painter (1929) when they found that a group of third linkage group genes m
Drosoplula, roughord eve (ru O 0) to scarlet eve (s34 0), were linked to the genes
of the second limkage group The remaming genes 1n the third linkage group. pirk

(43 0) to Minute-g (Mg 106 2), remained mdependent of the genes m the sevond
linkage group The cytological proof of this genenc observation was also gnen by

Pamnter and Muller (1929)

Such an event seems to be 1n contrast to the earher stated premiye that telomeres
seem to seaf off the ends of chromasomes so that thev cannot join with other broken

chromosome ends (Seetion 22 4) However, what seems to be @ simple transloc-
tion mav in fact be a reciprocal translocation tn that the very end of chromosome
2w Drosophula, meluding the telomere, may have broken off and may have

exchanged position with the acentne fragment of chremesome 3 In this wav ene
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er Fig 141 ustration of a simple transloca-
tion The top two chromosomes arc nonhom-

ologous with Br, the
) ) break pomnt on top chromosome The bottom

two chromosomes are the same nonhomolo-

L AL gous chromosomes after translocation of the
v (977, acentne fragment (hi)

NI

really deals with a two-break situation that meets the requirements of 2 true

exchange The small fragment of chromosome 2 may not have carned any detect-

able genes thus a condition of a simple Today, it 1s gen-

erally believed that true simple translocations cannot occur and that all earlier

reported cases are really reciprocal translocations (Burnham, 1956)

A reciprocal translocation mvolves lh: mutual exchange of broken chromosome

between As this 1s the mam

typeobsened and 1t will be discussed n great detan] It 1s dependent on two break

events (Fig 142)

The shift fype 1 (Fig 143)or position (Section 12 3 1) depends

on three breaks It can happen 1n three different ways

Intrachromosomal shuifts

1 The broken chromosome segment can be tnscrted 1nto the same chromosame arm but
at a different Jocauon (Fig 14 3A)

2 The broken chromosome segment can be shifted to an intercalary position in the other
arm of the same chromosome (Fig 14 3B)

Fig 142 Diagram of a reciprocal transloca-

m tion The top two chromosomes are nonhom

ologous chromosomes with break potnts Bry
C st u v h and Br,. The bottom two chromasomes are the

W same nonhomologous chromosomes after the
acentric fragments (hi, w) have translocated
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b ¢ dle flg n

ros ot oe f u v WXy oz
G777 D, G,
s cuv wox oy

¢ o Br  Breakpo nts

Fig 1434 C Diagrammatc representation of the shift type translocation (transpost
tion) (A) Broken chromosome segment {ef) 1s mserted m same chromosome arm but at
different location (glh) (B) Broken chromosome segment (ef) 1s shifted to an intercalary
position (blc) m other arm of same (Aand B h 1 shifts)
(C) Broken chromoseme segment (ef) 1s shufted to an ntercalary posttion (tlu) of a non
homol ( Y 1 )

shft,

Interchromosomal shifts

3 The broken chromosome segment can be shifted to an intercalary position 1 one of
the two arms of a nonhomolegous chromosome (Fig 14 3C) The first translocation
found by Bridges (1923) was such an wnterchromosoma! shaft

Complex translocations are those in which three or more breaks are involved In

the progeny of an trradiated Drosophida male, Kaufmann (1943) found an inds-

vidual with a complex arrangement mvolving at least 32 breaks The treatment

mnvolved x rays of 4000 r followed by infrared radiation for a period of 144 hours

14.2  Origin of Translocations

Translocations can occur naturally as well as by induction As mentioned at the
begmming of this discussion on variation in chromosome structure (Part VI), struc-
turalch changes are g Ily dered to depend on breakage of chro-
mosomes and on reumon of chromosome segments

Translocations along with other chromosome aberrations were reported by Beadle
(1937) 1n the progeny of matze that had the gene sticky [st (55)] on chromosome
4 In such mutants the chromosomes adhere to each other 1n anaphase I and rup

ture during anaphase movement producing structural chromosome changes such as
transfocations A simular stickiness effect has been reported by McClintock (1950a,
1950b, 1951, 1953) 1n which this property 1s also genetically controlled by the
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Fig 1444 C lustration of cafferent types of chromosome nterlocking Upper rows of

A B and C diplotene Lower rows of A B and C metaphase I (Modified after Dar
lington 1965)

Activator Dissociation system described in Chapter 12 (Section 123 1) Trans
Tocations also have been found 1n plants that were grown from aged wheat and
barley seed (Gunthardt et 2t 1953) Nulsson (1n Kostoff 1938) 1n Oenothera and
Navashin and Gerassimova (1935) 1n Creprs and other plants found that with
aging seed structural chi changes 1 d

Other possible causes for chromosome translocation have been reported from inter
Tocking of bivalents that subsequently can break in anaphase I (Sax 1931 Sax and
Anderson 1933 Burnham 1962) Interlocking takes place during zygotene or
pachytene of first meotic prophase when a nonhomologous chromosome passes
through a loop of two homologous chromosomes that are tn the process of pairmng
Different examples of such interlocking are shown in Fig 14 4 Interlocked biva
Tents are occasionally found tn Tradescantia and in other genera 1n which trans
location rings are found

Kostoff (1938) speculated that translocations originated from spontaneous segmen
tal assoctation n heterochromatic chromosome regions If Kostofl™s suggestion
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were true then naturally occurring translocations should show a tugh frequency of
breakpotnts in heterochromatic chromosome segments

14 3 Reciprocal Translocations

Fieure 14 2 shows the mutual exchange of two chromasome segments between two
ch parrs of nonh logous origan 1 the ends of these chromazomes are
numbered (1 2 3 4) then 3 chromosomes that all have different end combinations
{12 34 14 23) will resalt No two chromosomes of this group can pair along
their entire length but all four can come w«clher 1n a pairing configuration (quad-
ruple) that allows partal pairing of homol Q0 Quadruples
resemble quadrvalents, which are formed when all four chromosomes are homol
ogous Sybenga {1972) supported the use of separate terms for these two types of
configurations that resemble each other im shape but oniginate differently In quad-
rivalents all four chromosomes are homologous or equivalent to each other while
n quadruplesonly certan segments are homologous An orgamsm in which quad
ruple pairing occurs 1s called a translocation heterozygote. In pachytene such a
configuration can appear as a cross (Fig 14 3) Sometimes such a cross sull can
be prevalent in the (ollowing stage of diplotene (Fig 146) As can be <een the
paining partners in this figure change at the translocation breakpornts (Fig 14 3)
Consequently. such figures can reveal the locanon of the breakpomnts Ths 1s par-
ticularly true in instances where exact painng occurs as in the polytene chromo-
somes of Diptera However, pachytene configurations in maize and tomato do not
always show complete synapsis of the paining partners imohed For instance, in
the heterozy gous translocation strain T2-6a of maize (Burnham 1932), which has
translocation breaks mn the long arm of chromosome 2 and 1 the short arm of
h 6 (satelhte ch ). pairing can be gene by gene (Fig 14 7A)
asynapuic or nonhomologous neat the center of the cross (Fig 14 7B) Translo-
cation breaks can occur at any point along the chromosome, possibly even in the
centromere region The position of the breakpoints will deternune the future fate
of the translocation quadruple [ the breakpomts are located close to the chro-
mosome ends (distal area) the chance of crossorver formation between the breal
point and the chromosome end 1s reduced  Possible interstitial crossovers (between
the centromere and the breakpont) can lead to duphcation and deficiency
gametes and consequently are not recovered (Burnham, 1962) If no crossovers
form n the distal area, the quadruple will break up into two open bivalents by the
end of prophase I (dialanesis) and metosis will continue mechanically normal But
1f crossovers are formed between the translocation breakpomts and the chromo-
some ends, the quadruple configurations will persist through diakinesis into meta-
phase 1
Dafferent hinds of quadruple g can anse d g on the formation
of erossovers m nterstitial (bcmcen breakpomtand ccn(mmcrc) or distal {(between
breakpointand ch d) ch 24 Itshould ber bered
here that chiasmata always move away from the centromeres and not toward them
(Section 724, Fig 145, arrows) Possible diakinesis configurations onginating

q
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5
1
5 3
5
1 3 5
B c
Fig 1454 C of a Pairing m a [&)]

The two homologous chromosome pairs tnvolved 1 the reciprocal translocation (B)
Pachytene configuration appeanng as a cross Numbers 1 1o 6 designate chiasmata (€)

Depending on the Jocation of the chiasmata 8 , ring , or rod shaped quadruples can form
m diakinesis

from different pachytene situations are shown m Fig 14 § 1F, for instance, cross-
avens vt . Iomatns 1, 2,3, 4, 5, and 6, dakensos confignnations resemble a
number 8 If chiasmata occur only in locations 1, 3, 5, and 6, a ring of 4 chromo-
somes 1s formed 1n diakinesis If chiasmata occur in locations 1, 3, and 5, a chamn
of 4 chromosomes can form The crossover positions 1n locations 1 to 6 are mini-
mum for the indicated above Any addi-

q
tional crossovers i the same chromosome segments will lead to 1dentical
configurations

Chromosome orientation of quadruples i metaphase I 1s critical Bivalents i nor-
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Fig 146 Dulmesis of barlkesy
showire  translocation  cross
wwvalvine chromosormss 4 ard S
(Courtesy of \Mrs. Chnsune E.
Fastmaucht McGnff  Depant
ment of Plant ard Sotl Saience.

Montana State Lewversits Boze-
man, M)

mal merosts have onls two centromeres that are arranged n coonentauon ard that
distribute the two chromosomes imolhed to opposite poles Howerer, several tipes
of onentation in the metaphase plate are passtble when a quadruple s forrred since
not two but four centromeres are snvohed

Theoreucallh the following types of ch onentaton are d
1 Coonentation

alternate-1 enentation

alternate-2 onentation

adjacent | onigntation

a2djacent I enentation

2 Noncoonzntauon

Tad

o

en

o
o

Fig 1474 and B Linc mterpretations show svnapsis m too different posiuons of the
center of the cross of the T2 63 ernskx:uo"l beterongote m ratze The (hm hn:s rep-
resemt chromosomes 6 The thick tines ¢h 2 (DA of

parts in the center of the cross at the oneteal exchange breakpoints. (B) Assoc2tion of
nonhomolosous seements n the center of the cross not at exchapee pomnts. (From Bum
bam 1962 Redrawn by perrussion of Charles R Burnbam St Paul \Minresota)
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El B 4 3 b 2
Aternate 1 A acent—1
A [ 2 2
1 ) 3
a b H
Adacent 2 £
1 1 38
A
1 2
1 ¥ 2
a b Horcoor entat on
4 3
4 3
B
Fig 148 O types of n 1 Numbers desigate cheomo-
some ends and letters designate centromeres Explanation in text
Ci of drup} generally are distnbuted i even

numbers to opposite poles In ah:mate 1 and adjacent 1 onentauion, homologous
centromeres (A a, Fig 14 8) coonent and wander to opposite poles just like dunng
normal bivalent separation In alternate-2 and adjacent 2 onentation, nonkomo-
logous centromeres (A b) coortent and pass to opposite poles (Fig 14 8) Appar
ently there 15 no guarantee in quadruples as there 13 in bivalents, that homologous
centromeres coortent and go to opposite poles Consequently, alternate 2 and
adjacent 2 ortentations actually occur Endrizzi (1974) could morphologrcally dif
ferentrate all four coonemtaton types m three different translocations of cotton
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In all three the ratio of alternate-1 to adjacent-1 was 1 1 In one translocation
the ratio of alternate 2 10 adjacent 2 was 1 1 but in another 2 1
[n order that balanced combinations rcsull n quadruples, alternate onientation has

10 occur Onh f the two trans) < (o esa and b, Fig
14 8) pass to one pole and the 1wo nontranslocated chromosomes pass to the other
(centromeres A and B) wll there be bal d chr P i the

gametes This conditean is met in the alternate-1 and alternate 2 orientations indt
cated n Fig 148 All gametes that do not meet thus condition will have duplicated
and deleted chromosome complements that are caused by adjacent 1 and adja-
cent 2 onentation In the case of adjacent-i in Fig 148, onc gamete wiil be
duplicated for segment 2 and deficient for segment 3 and the other gamete will
be dupheated for scgment 4 and deficient for segment 2 In the case of adjacent-
2 one gamete will be duphcated for segment 1 and dehcient for segment 3, while
the other gamete wilt be duphicated for segment 3 and defictent for scament 1
Such gametes are also referred 10 as Dp-Df gametes (duphcation-deficiency) In
peneral, semisterility results in translocation heterozygotes because of the for
maton of balanced and unbalanced gametes The proportion of fertile and
aboried gametes s close to 11 1n several species This ts expressed, for mstance,
1n half of the sceds missing 1n an inflorescence of a plant Emmplcs of such plants
are marze, petunia, peas, and sorghum In Is, recip

have been imestigated wn muce Varying degrees of wmxs!cr:lzl) were demon-
strated by Carter et al (1955), Ford et al (1956) and Shainsky (1957) In
humans the frequency of chromosome imbalance among reciprocal translocation
progeny 1s likely to be less than the theoretical 50% (Hamerton, 1971a)
However, 1t has been obsenved that there s pref. 1 or directed segregati
of quadruple chromosomes in some species In these instances alternate onenta-
uon and dispunction of chromosomes range from 70% 10 95% Examples of
directed segreganion are Hordeum Secale, Datura, Triteum, Oenothera and sex-
cral insects

Species that have directed chramosome segregation seem to meet some specific
requirements for movabihty as far as the chromosomes are conoerned Factors that
seem to influence quadruple orientation are

1 length of the chromosomes

2 pasweon of the breakpoints

3 number and position of chiasmata

4 degree of chiisma termmahzation

S position of centromere

Alternate segregation seems o be increased 1f the chromosomes imohed 1n the
quadruple are uniform n length Also, short chromasomes are easier to maneuser
on the metaphase plate 1f chromosomes are 100 short, they are ofien too ngd for
aliernate onentation In Ocnothiera for instance, the chromosomes are all of the
sime leneth

The positton of the breakpoints scems to influence chiasma formation 1 the quad-
ruple Itas generally behieved that ehiasma formation ss reduced in the wterstitial
segments (between centromere and breakpomnt) (Sybenga, 1972) This partally
may be the case becanse heterochromatin near the centromeres does not allow
actve pamng acinity, whichis a prerequisite for crossing over and chiasma for-
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Fig 149 Noncoortented quadruple 11 2 T5-
O . 7g translocatian heterozygote of barley (X
‘ . 2244) (Schulz SchaefTer, unpubhshed)

G255 .

¢

mation If the p are distal, the | are large, and cross-
ing over Is reduced to a minimum This reduces the number of chiasmata, and
ter can be plished by hase I If no

are present by metaphase 1, the quadruple will be quite mancuverable on the
metaphase plate It is obvious that a median position of the centromere also would
enhance flexibility of the quadruple
In noncoorientation (Fig 14 8) the two centromeres on opposite sides of the
quadruple (¢ g, A, B) are coonented and are positioned equidistant from th:
equatorial plate The two mtermediate (eg,ab)are
and are stretched out between the other two, seemingly not attached to the poles
by centromeres Figure 14 9 shows a noncooriented quadruple 1n barley In ana-
phase I the two coortented chromosomes pass to opposite poles while the non
cooriented ones either pass to the same pole (3 1 segregation) or pass to opposite
poles (2 2 segregation) In 3 1 segregation of the quadruple the gametes become
aneuploid (Fig 14 10) After fertihization, this leads to trisomy or monosomy
(Chapter 16) Noncoorientation always will lcad to unbalanc:d gametes In the
case of 22 1.4 normal and will pass to the
same poles (¢ g, A, a) and duplication-deficiency gametes will result, as m adja-
cent orentation
Another centromere orientation phenomenon 15 reorientation. Often the mitial
orientation at the metaphase plate 1s not appropriate, and, therefore, reorientation
18 noccssary for controlled chromosome segregation This may mean the loss of 2
1 spindle fiber to one pole followed by the formation of
new connection to the opposite pole (Reeger et al, 1976) Such a phenomenon has
been observed m Tipula oleracea n lving and fixed material (Bauer et al, 1961,
Rohlofl, 1970}

14.4 Translocations in Humans

A promunent structural change in human populations 1s the reciprocal transloca
tion (Hamerton, 1971b) Since metosis 15 not readily accessible for study m
humans, the spotting of P )] as it

quadruples 15



Fie 1410 3} sesreention of a quadruple in a T3 7 trimsdac wnon heterozyzote of barles
(X 2231) (Suhlz-Schactfer unpubhished)

not a good sconng method  Consequenth  tramslocations in humans hue been
manly detected by Karvotyping The modern methods of chromosome banding
hne been cvtremely helpful m this respect (Seetion 23) A frequent structural
rearrangement 1 man s the so-called Robertsonian translocation or cenine
fusion type {Robertson, 1916} This was confirmed through a cytozenctic suney
of 11,680 newborn mnfants by Jacobs et al (1974) These findings venfied the
carher observation by Court Brown etal (1966) that Robertsoman tramlocations
rinked highest 1 a igh nsk populition including state hospatal patents and
patients attending a sublertiity chinie: They had studied 1,870 mdnadurh, and
the frequency of Robertsontan tramlacations was 0 43%, while that of other rectp-
rocal translocations was 0 16% Other reports of Robertiomin translocation were
by Hamerton et al (1961, Kjessler (1964), Hamerton (1966), and Hultén and
Lindsten (1970)

A Robertsonran translozation i the centric fusion between tho acrocentric chro-
mavomes, which resuits in the reduction of the chromosome number (2n=4$3)
The least compherted way would be an interchange between the long arm acen-
o fragrrent o ome clraamesamie gied (he skovt st aanminee frgarent of the atier
chromasome (Fig 14 11) The two acrocentrie chromasomes break clise to the
centromere The two long arms fuse and result in a metacentnie chromosome The
two short arms form a very small chromasome that s be lost without any
genetic dimage to the erginsm The reason that such breakage cocurs more fre-
quently here than at other parts of the chromosome hes 1 the inherent nature of
heterochromatin Since heterochromatin v located clase to the centromeres,
breakree happens more often in that regron (Section 22 1) Tha phenomenon i
remindful of 1he findings of MeChntock {19501, 1930b, 1931, 1933) who dem-
onstrated a close assocaniion of heterochromatin wath chromasome breikge (Sec-
ton 123 1)

The hum1n chromosomes most often invohied in Robertsontan translocations are
the acrocentnies of the D group (13 to 15) and of the G group (21 and 22) They
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Fig 1411 Possible ofa (BP) occur
i the heterochromatic regrons close to the centromere in the short arm and long arm
of twa T products are a long armed

metacentric chromosome and 2 very small metacentric chramosome that may be lost
without genetic damage to the organism

are usually closely associated with each other in the cell because they are the
orgamizers of the nucleols that fuse dunng the prophase of meiosis (Section 7 2)
The close p of these favors when lesions occur
Stnce the D and G chromosemes are 1avolved 1n Robertsoman translocations of
humans Patau {1961) designated them as D/D, D/G or G/G translocations,
and this nomenclature has since been restricted to such types of centne fusion
Apparently the most frequent reports of centric fusion type translocations are the
D/G type The reason for this 1s the association of this translocation with an
increase 1 frequency of children with Down’s syndrome who can be easily 1den-
tified morphologically (Court Brown, 1967) The most common D/G centnic
fuston seems to be the one between chromosomes 14 and 21 (Hamerton 1971b)
If a Robertsonan translocation occurs between chromosomes 14 (D group) and
21 (G group) 1n humans, the result will be three chromosomes that can assoctate
1n metosts, the translocated chromosome 14 and the two nontranslocated chro-
mosomes 14 and 21 If regular coorientation occurs, a trvalent will separate
such a fashion that the central 14* chromosome will pass to one pole while the
other two chromosomes pass to the opposite one (Fig 14 12) Such disjunction
will result 1n balanced gametes since each will receive the essential parts of both
chromosomes 14 and 21 However, 1f nondisjunctron will occur, two adjacent
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Fig 1412 Metaphase I configuration of a trs
valent formed by human translocated chromo-
some 14" and two nontranslocated chromo- L
%

somes 14 and 21
2

187

chromosomes (14+ 142 or 143+ 21) can pass to the same pole If a gamete with
such a combination gets fertihzed 1t will result in a 2zygote that carnes the equiv-
alent of an extra ¢h though the chr number will be normal
(2n=46) Such cases have often been recorded as tnsomics but they are not
termed right Down s syndrome resuits from the 142+ 21 combination Since the
duplicated element 1s the long arm of the smaller chromosome 21, the chromo-
some abnormality can survive more readily Another type of Robertsonian trans-
location has been reparted between the short arm of the Y chromoseme and the
long arm of chromasome 15 (Subrt and Bethova, 1974) n four generations of
male progeny Balanced chromosome polymorphism for Robertsonian transloca-
tions also has been reported 1n amimals such as the goat (Soller et al, 1966),
European wild prg (McFee et al, 1966), house mouse (Evans et al, 1967, Léon-
ard and Deknudt, 1967, White and Tjio, 1968), and cattle (Gustavsson, 1966,
Gustavsson et al , 1968)

Heterozygotes must produce balanced gametes 1 most of these instances of Rob-
ertsoman translocation heterozygosity in humans and animals since semisterility
15 rarely reported A balanced translocation of part of the long arm of chromo-
some 13 [13q {q21-qter)] attached to the long arm of chromosome 4 (4 q-) 1s
shown n Figs 14 13 and 14 14 (Vigfusson, unpublished) This mother was nor-
mal because of the balanced condition But her child had a displaced duplication
{Section 12 1) resulting m two normal 13 chromosomes and a duplicated 13q21-
13qter segment attached to chromosome 4, inherited from the mother

Other types of reciprocal translocations in humans have been recorded such as
1(A,A) between two of the 3 group A chromosomes by Lee et al {1964), Summitt
{1966) and Lejeune et al (1968b) others between chromosomes of the A group
and’ ofose ot tie & group, or ((A,5), &y Courr Srown et ar' (IR54), Je Grouchy
{1965), De Grouchy et al (1966) and by Walzer et al (1966) Many other com-
tinanons (A C, AG, B,B, ¢tc) are possible Many of these cases were found
because the patient was mentally retarded or had congenital malformation

Two recent discoveries of 46 chr T 1 it 10ns are a t(B,D)
volving a translocation of the distal half of !hc long arm of chromosome 14 onto
the short arm of chromosome 5 (Fig 14 15) and a t(A,C) mvolving a translocation
of most of the long arm of chromosome 2 onto the long arm of chromosome 8 (Fig
14 16) Both photegraphsindicate the usefulness of modern banding techmques 1n
dentifying translocations The fibroblast cell cultures m these two cases were
established from skin biopsies of a 17 year-old normal male who presented emo-
tional and mental problems and from a 24-year-old normal male who was a bal-




232 Chromosome Transtocations

-t
ey

A -
. ¢ '
odf i ok
e I T ¥ ST I £
Fo- 11 G .. 12
v

Fig 1413 Karyotype of 2 human with a balanced teanslocation of part of the long arm
of chromosome 13 attached to the long arm of chromosome 4 (Courtesy of Dr Norman
V Vigfusson, Department of Biology, Eastern Washington University, Cheney)

anced translocation carrier, respectively Stocks of both are stored 1n the Human
Genetic Mutant Cell Repository at the Institute for Medical Research, Camden,
New Jersey

Every arm of the human chromosome complement has been reported as betng
involved in chromosome translocations (Absate and Borgaonkar 1977) By 1977

at least 490 so-called “stmple i " 224 recip 84
} Fig 1414 Photomicrographs  of

c human chromosome pates 4 and 13
showing  reciprocal  translocation

R involvmg ene chromoasome of cach

o par (Courtesy of Dr Norman V
Vigfusson, Department of Buology,

4 13 Eastern  Washimgton  Unwersity,

Cheney)
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Fig 1415 Photomicrographs of human
chromosome pairs 5 and {4 showing a
reciproca! translocation of the distal balf of
the long arm of chromosome 14 onto the
short arm of chromosome § (From Bor
gaonkar et al 1977 Reprinted bv permis
sion of S Karger AG Basel)
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Robertsoman translocations 24 tandem translocations and 15 complex transloca-
tions have been reported 1n human chromosomes (Borgaonkar 1977)

145 Complex Heterozygosity

The possibility of a reciprocal translocation changing the meiotic behavior of an
organism was discussed i Section 14 3 This will be even more drastic1f more than
one translocation has occurred Figure 14 17 shows two nings of 4 chromosomes in
barley where two reciprocal translocations are mnvolved The mechanics of events
leading to complex heterozy gosity are best explained m the case of two reciprocal
translocations leading to the formation of a hexaple, the equivalent of a quadruple,
but where six chromosomes are united 1n a painng configuration nstead of enly
four (Fig 14 18) Two reciprocal trans} 1 the same ch comple-
ment form such a configuration of s1x chromosomes if they involve the same chro-
mosome parr This happens if a reciprocal translocation occurs between a member
of a ring of four chr and another ch pair In this case 1t1s not
importantif the two translocations involve the same chromosome (Fig 14 18A)or
both homologous chromosomes of the same pair (Fig 14 18B) In Fig 14 18A,
chromosomes A(1 2). B(3 4) and C(5 6) are the nontranslocated chromosomes

The caprtal letters designate the chromosomes, while the numbers designate the
chromosomearms Chromosomes A’(3 6), B’(1 4) and C’(5 2) are the translocated
chromosemes where A’ 1s ivolved 1n two translocations With alternate-1 disjunc

oY

(s Py
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E

Lzmezt

Fig 1416 Photomicrographs of human chromo-
some pairs 2 and 8 showing a reciprocal transloca-
tion of most of the long arm of chromosome 2 onto
the Jong arm ot chromosome 8 (From Wortonetal,

!13977 Reprinted by pernussion of § Karger AG, 2 8
asel)



234 Chromosome Translocations Fig 1417 A metaphase 1 cell of
a translocation heterozygote of
barley The two rings of 4 chro-
mosomes each indicate two recip-
rocal translocations (3" and 2"

n=7) (Courtesy of Mrs Chnis

tme E  Fastnaught McGui,
Department of Plant and Soil
Science, Montana State Univer-
sity, Bozeman)

tton (homologous centromeres to opposite poles A,A’, etc }, the translocated chro-
mosomes (A’, B’, C’) all pass the the same pole, and complete compensatton for
displaced chromosome ends guarantecs fertile gametes In Fig 14 18B, the two
translocations are shared by both partners of a homologous pair {A, A’) There
are four translocated chromosomes, A(16), A’(23), B'(1 4), C'(25), and two
nontranslocated ones, B(3 4) and C(5 6) Even though translocated chromosomes
pass to both poles tn alternate-1 disjuncuion, complete compensation for displaced
chromosome ends 1s guaranteed also in this instance Tuleen (1972) found rings

of six in barley and could by locating the
that the two mvolved the same chromosome
If a third 1nvolves a ch of a hexaple, 2 ring of erght chro-

mosomes can occur This process can continue until all chromosomes of the com-
plement are 1nvolved 1n what 1s known as a translocation complex

The best known case of complex heterozygosity 1s the genus Oenothera (Cleland,
1962, 1972) Here, not only forms with rings of 6 chromosomes are present but
also with rings or chains of 8, 10, 12, and even all 14 chromosomes

146 Oenothera Cytogenetics

Oenothera (2n=14) 1s one of several plant genera that has developed mechanisms
favoring the formation and freq; of 1 n the pop-
ulatton Renner (1914, 1917) first discovered that 1n this genus “there are several
different genetic factor complexes which are combined 1n pairs 1n the vanous
spectes and these complexes segregate as wholes 1n meiosts, each gamete carrying
one or the other ” They were named after hin—Renner complexes. Prior to that
1n 1908, Gates had first observed multiples, chromosome associations of more
than two, 1 O rubrinerwis Belling (1925, 1927) in his interchange hypothesis
concluded that the multiples had to be the result of chromosome translocations
Ths explained the cytological nature of the Renner complexes Within the pairing
configuration of O lamarckiana, for wstance, the paternal and maternal chro-
mosomes are arranged alternately yoined together by reciprocal translocations In
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Fig 14184and B D of 2 rectp involving
3 chromosome patrs leading to a ring of 6 chromosomes 1n metaphase I (4) Two trans
locations 1nvolve the same chromosome (3 6) (B) Two translocations involve both chro
mosomes of a homologous pair (16 32)

metaphase I, they are arranged 1n alternate orientation so that eventually one pole
receives all the paternal chromosomes while the other one receives only the mater-
nal ones Consequently, only two kinds of gametes result that are identical to those
from which the plant was formed The complex 1s comprised of those chromo-
sornes that are distributed 1n meiosis as a umit (Fig 14 19) In O lamarchiana the
two complexes that segregate to opposite poles 1n meiwoss are called gaudens and
velans On outcrossing to other forms, it became evident that the gaudens complex
carries genes for red spots on leaves that are broad and express nonpunctate stems
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Fig 1419 Complex beterozygosity i Oenothera Twa Renner complexes (wh te* from
father black. from mother) are distrbuted 1n anaphase I to opposite poles (From Cle
land. 1962)

and green buds The selans complex possesses genes that prohibit the expression
of red spots on leaves that are narrow and express punctate stems and red striped
buds But self fertlits 1n these species guarantees maximal heterozygosity and
that the complexes do not break up but stay together Balanced lethals (Muller
1917) insure that only heterozygotes are formed Such 2 system consists of two
or more hnked recessne lethal genes that are permanently maintained 1n the het

erozygous cendition such as 1L /L 1 All homozygotes abort because of the dou

ble recessne lethal effect (eg 1L 1L, 0r L1,/L1,) In O lamarckiana for
mstance both tes and e develop goudens and selans
gametes (Fig 14 20) Dunng the formation of zygotes only the gaudens velans
(G V) nygotes survne, while the velans velans (V V) and gaudens gaudens (G

G) zygotes abort Thus phenomenon 1s known as zvgotic lethality In O muncata
the two complexes are called rigens (R) and cunans (C) Here the mactnation
occurs earhier dunng gametogenesis already In male gametogenesis the game

Sporocytes Gametes ZV;'J‘E
mT ‘
/_\Q GG GG Dies
H \\_// 5 v G vvan
= ~’
A L2200 NG vvase
-~
N LA
V VDes
N
[,
AN
52
: acvase | Fig 1420 Dugrammatc repre
sentat on of zygotic lethal ty i
SRVAN £, Oenothera lamarckuana and of
AN, the Remmer effect 1n O muncata.
\\"Q Explanation 1n text. (From
L Swansen, 1957 Redrawn by per
c
(O, | Smmiemri
T d Chiffs NJ)
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tophytes carrying the regens complex do not survne so that only eunvans (C) pol
len are effectne In female gametogenesis the gametophvtes carrying the cunans
complex do not sunvive and only rigens embryo sacs deselop Consequently only
nigens~curvans (R-C) zygotes form This ph a case of pore com-
petition was also discovered by Renner (1921) and was called the Renner effect
by Darlington (1932) In summary. then the devices that guarantee complex het-
erozygosity in Oenothera are

1 recrprocal iranslocations

2 balanced lethals

3 self pollmanion

14.7 Other Systems with Complex Heterozygosity

Another well imvestigated system of complex heterozygosity 1s the genus Rhoeo
{2n=12) Studies 1n this genus have been performed by Darlington (1929a,
1929b), Kato (1930), Sax (1931). Anderson and Sax (1936) Simmonds (1945).
Tschermak-Woess {1947), Walters and Gerstel ()948), Stearn (1957) Flagg
{1958), Carmel (1960), and Wimber (1968) In contrast to Oenothera the chro-
mosomes 1n this system are not all of equal length Sax presented an idiogram
lhal was prepared from mitotic chromosomes (Fig 14 21) The idiogram also
that the of the w Rhoeo discolor are not
median in every instance This may have resulted from unequal reciprocal trans-
locations Sax concluded that there were translocated chromosomes m both com-
plexes He designated the amms of the nontranslocated chromosomes with the
same letter, but the left arm with a captal letter and the night arm with a small
letter (e g, Aa) DEisan ple of a 1 h that p
the left arm (or any portion thereof) of an 11 d ch
Dd and the nght arm (er any portion thereof) of an Ee chromosome In the
metaphase I nng formation, the 12 chromosomes will be attached to each other
1 the following way Aa aB-Bb-bC-Cc-cD-DE-Ec-ed-dF-Fi-fA (where fA 15 also
attached to Aa) If these chromosomes are arranged in alternate or 218 zag for
maton then the two complexes pass to opposite poles, each gametic complex con-

1\

A 2 B b C e D E e a F ]
Sl ould T O o aaD

a 8 b € ¢ D E e d F ot A
e dive> oWl ape @ oo
\l Rhoeo d scolor Chromosomes

Frg 1421 The two Renner complexes of Rhoeo discolor {Adapted after Sax, 1931
Redrawn by permission of Cytologra, Tokyo)
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Complex heterozygosity also can be produced expenmentally For stance
Yamashsta (1947 1950, 1951) produced various translocations in diploid Trticum
species by x ray treatment After crossing different homozygous translocation ines
he was successful in establishing a line 1n which all 14 chromosomes were united
in one translocation complex Sumilar results were accomphshed 1n Campanula
Hordeum Tradescantia and Zea (sec review by Burnham 1956} Darlington and
LaCour {1950) produced a system of trans} heterozygosity in Campanula
persicifoliain which all chromosomes of this species were mvolved In most of these
systems total sterihity results because alternate onentation usually does not occur
regularly

148 Chromosome Mapping via Translocations

The translocation itse!f behaves like any other genetic factor Its genetic expression
semistenlity,shows linkage with genes i two different inkage groups and behaves
like a dominant character 1n test crosses In 1930 Burnham found linkage between
the gene waxy (wx 59, chromosome 9) and partial sterility caused by translocation
n maize

The genetic expresston of semisterihity will be demonstrated here with the data of
Brink and Cooper (1931) obtained from a linkage test involving semustenle-1,
brachy tic (br75) and fine striped (f 80}, both located on chromosome 1 of maize

++ T
Semstenle 1 plants W_:) were backerossed to nontransiocated plants

z:‘;: ) as shown 1n Table 14 1 (see p 240) 1n typical testeross fashion A 11
ratio of semistenles (SS) to fertiles (F) would have been expected 1n each of the
four segregation classes if semistenlity had been independent from br and f Con-
sequently, the three-point cross data show hnkage with semisterility Semistenl-
1y has all the charactenstics of a gene located at the translocation breakpoint Its
location 1n relation to the other two genes can therefore be determined and
mapped (Table 14 1) The location of br and f1s known from other studies Since
brs located at position 75 0 and fat 79 7, the translocation point must be located
distal from these at 87 2 since 1ts position 1s 12 2 umits from br and 7 5 umits from
S The method of determiming linkage between translocation breakponts and new
genes has been used profitably for assigning these genes to speaific chromosomes
or even chromosome arms of segments
In Chapter 4 (Sectton 4 4) 1t was mdicated that translocations can serve for the
determination of gene position Burnham (1957, 1962, 1966) described two meth
ods, the all-arms marker method (Burnham and Cartledge, 1939, Burnham,
1954) and the linked marker method (Anderson 1943, 1956) In the all arms
marker method, a tester set was developed 1n mayze that included at least two
translocation breakpoints 10 every arm of the complement (Burnham 1966) The
“all-arms tester se1™ mncluded 22 translocations by 1962 {Burnham) Plants of a
strain with an unmapped gene or a new mutant are being crossed with the trans-
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Table 14 { Three pomtcross Linkage test tnvolving semisteniity
tn chromosome 1 of maize (Brink and Cooper, 1931)

++ S bt kS

brf brf brf brf Totals

ss' 33 1 17 35 3%
F 19 8 6 213 306
2
Percent
Noncrossovers
4T 333
hpA 23} e0e 888
Single crossovers in region |
bri T 17
+f+ s) B 37
Simele crossoversin region 2
i 19
brf T 13 63
Double-crossovers
e 1
bk o+ 6 _T 1o
Total 682 1000
SS = semstertl plants
IF = ferle plants
122
—_—22
1 3
br I T
—
750 797 872
37 75—

12 = crossover regions 1 and 2

focation lines of the tester set The semusterile F, 1s backcrossed to the parental
stock with the recessive mutant character The progeny 1s classified for serister-
ihty of the pollen and for the mutant If there 1s no linkage the percentage of
mutants should be similar in the fertile and semusterile classes A higher percent-
age of mutants 1n the fertile class 1s an indication of hnkage between the mutant
gene and the translocation pomt

In barley, too, translocations served to determine linkage groups to which new
genes belong (Swomley, 1957, Ramage and Suneson, 1958, Ramage, 1964) But
first of all, 1n barley, translocations helped to assign linkage groups permanently to
chromosomes For tnstance, two inkage groups formerly thought to be mdependent
(111 and VII, Robertson et al, 1941) were both demonstrated to be on the newly
assigned chromosome 7 (Kramer et al, 1954) They used hnkage tests (F, data)
from erosses between translocation stocks and genetic markers

A tester series of translocations Iinked with the endosperm marker 1s an efficient
method of locating genes In one series 1 maize, translocations are used where
one breakpont 1s close 10 the uaxy locus (wx 59 0) mn the short arm of chromo-
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Chapter 15
Haploidy, Diploidy, and Polyploidy

15.1 Haploidy

Haplowdy 1s a general term for designating individuals or tissues (in mosaics) that

have somatic cells with a gametic chromosome number (n) However, since partic-

ularly in plants, polyploid series occur that carry multiples of the basic chromosome

set (x) the term haploidy should be subdivided into two major categories

| monohaplods (x) 1ndraduals that can arise from diplod species

2 ds (2x 3x 4x,cetc) that can anse from any given polyplaid spe-
cres (4x — 2x 6x — 3x etc)

1f this relationship 1s understood, the term haploid 1s still a very useful, general

term that can be used 1 discusstons of this topic

1511 Ongm of Haploids

Hapleids can anise spontaneously or can be induced The origin of spontaneous
haploids 15 often obscure They have occurred from time to ume and have been
reported 1n the literature They usually anse by asexual development as a haploid
of an individual that should be diplod (Chapter 19)

Among the amimals, haploids have fi ly been d d 1 Drosophil
(Castle, 1934, Bridges, 1925) Other references on spontaneously and induced
occurnng haplody 1n animals are salamander (Fankhauser, 1937), newt (Fank-
hauser and Gniffiths, 1939), frog (Briggs, 1952), mouse (Edwards, 1954), axolot!
(EI'Darov, 1965), Anura (Harmlton, 1966), chicken (Bloom, 1970), and omonfly
(Heemert, 1973) Usually 1n 2mmals, haploidy produces physiologically abnormal
individuals that die during embryogenests

Spontaneous plant haploids have been found 1n tomatoes (Morrison, 1932), and
cotton (Harland, 1936) and more recently in coffee (Visheveshwara, 1960), beets
(Fisher 1962), barley (Tsuchiya, 1962), flax (Plessers, 1963), coconut (Ninan and
Raveendrananatth, 1965), pearl mullet (Powell, 1969), rape (Thompson, 1969,
Stringham and Downey, 1973), Theobroma (Dublin, 1973), asparagus (Marks,
1973), and wheat (Lacadena and Ramos, 1968, Sendino and Lacadena, 1974)
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fumber and Riley (1963) reperted 36 species of 26 genera and 10 famultes in which
haploidy occurred spontaneously
Several methods of obtaimng spontaneous and induced haplods have been
described in the hiterature They are
interspecific and intergenenic hybridization
irradiation and chermical treatment
sclection of twins
ahien cytoplasm
wolatron following polhination 1nvolving a pollen or seed parent carrying a marker
anther and pollen cultyre
chromosome ehmination
One of the first accounts of expenmental results on haploid production following
hybridization was given by Jorgensen in 1928 He crossed Solanum nigrum with
S futeum and 7 of the 35 resulting plants were S mgrum haplords This was an
ple of Tmal pseud y for which a2 male gamete was required for
endosperm formation to sumulate embryo development However, the embryo
was developed directly from the egg without fertthization Chase (1947, 1949a,
1949b, 1949¢, 19523, 1952b) and Coe (1959) wsolated male stocks in wheat and
maize which after intraspecific hybndization produced high frequencies (2% to
37%) of haplaids in these species The method of interspecific hybnidization found
wide application in potato breeding The potato 15 thought by some to be an auto-
tetraploid (4x=48) Diplody 1n this species would offer less complicated inhen-
tance (2x=24) Hougas et al (1958, 1964) reported a method by which they
could produce high frequencies (tenfold 1ncrease) of haplods and also could spot
them casily by using a pigmented pollinator They crossed tetraplod Solanum
tuberosum with diplowd S phureza All the d plants were susp
haplords QOther reparts on the success of this method were by Frandsen (1967),
Budnin (1969), and Cipar and Lawrence (1972) Reviews on the subject of inter-
speaific and intergenenc crossing for haploid production were carmed out by
Magoon and Khanna (1963), kimber and Riley (1963), and Chase (1969) A
total of 39 spectes were reported by Rowe (1974) to produce haplods after wide
hybndization
The method of x irradiation for haploid production has been tried by vanous
rescarchers in several crops A few should be mentioned such as the work on
tobacco (Goodspeed and Avery. 1929, Webber, 1933, Ivanov, 1938, Badenhuizen,
1941), wheat (hatavama, 1934, Yeletken and Vasilev, 1936), Creprs (Gerassi-
mova. 1936a. 1936b). snapdragon (Ehrensberger, 1948), and Oenothera (Linnert,
1962) In the expeniments of Y eferken, Ehrensberger, and Linnert, normal plants
were pollinated with irradiated pollen Some irradiated pollen must lose its ability
to lertihize, thus stmulating the unfertilized egg to parthenogenetic development
Gamma radiation treatment of pollen for the production of haploidy in poplar
trees has abo been reported (Winton and Einspahr, 1968, Stettler, 1968)
Induction of haplotdy by treatment of pollen with a vital dye, tolmdine blue (TB)
has been reported for binca rosea (Rogers and Ellis, 1966), tomato, marze (Al-
Yasan, 1967, Al-Yasan and Rogers, 1971), and poplar (Winton and Stettler,
1974) But even greater success was reported when the TB treatment was appled
to the prstils after pollinatton, at a me when the pollen tubes had developed but

N
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had not engaged in ferthization With such postpollination spray treatment 282
maternal haplod seedlings were scored from a total of 1192 seedlings raised
(73 6%) (llhes 1973)

The method of screening twin seedlings for the selection of haplaids has been suc
cessful in quite a number of species Morgan and co-workers (Morgan and Rap-
pleve 1950 1954 Campos and Morgan 1960) showed that the frequency of twin
seedlings 1n Capsicunt 1s controlled by the genotype of the female parent Through
selection for favorable genotypes they were successful in raising the percentage of
tins 10 a level of several percent in this species The frequency of haploids depends
on that of the twin seedlings Such scedhngs anise from polyembryonic seed
Polvembryonic seeds can produce haploid haploid diploid-diploid or haploid-dip-
loid twins It 1s believed that in haploid diploid twins a normal diploid zygote has
developed together with a haploid synergid into two embryos Morgan and Rap-
pleye found 30% haplod diplod twins among polyembryomc pepper sceds
Results 1n other species are much lower Wilson and Ross (1961) found only 5%
1n bread wheat Lacadena (1974) reviewed the subject and reported the occur
rence of twin seedlings for 42 plant species

The method of using ahien cytoplasm as a means for the production of haploids was
suggested by Kihara and Tsunewaki (1962) They backcrossed a hybnd Aegilops
caudata x Trniticum aestivum var er)throspermum with wheat and obtained 2
frequency of 53% haploids while no haploids were found in lines without cyto-
plasmic substitution The wheat with the Aegilops cytoplasm was obtained by this
backeross method The method of haplod production that 1nvolves 1solation of
haplod material following po!lm:mon with a pollen or seed parent carrying a
marker was already briefly dn with the hybrid
1zation approach specifically 1n the potato program (Hougas et al 1958 1964)
But this approach also has been apphed in cases of intraspecific hybridization
Earlier studies with this method were carned out in maize Randolph and Fischer
10 1939 used a seed parent with the genetic constitution A, b pl # 3, and pollen
with different genotypes to screen for parthenogenesss mn tetraploid maize
{2n=40) The anthocyamn purple plant color gene (4 111 chrom 3) requires
the dommant Booster gene (B49 chrom 2) and another dominant anthocy anin
gene (P! 48 chrom 6) to express purple plant color Since the seed parent carned
both b and pl in the recessive condition the plants inherited green plant color
The recessive genes for colorless aleurone (757 chrom 10) and for white endo-
sperm (3 13 chrom 6) were also carned by the seed parent One of the pollen
parents had the constitution 4 B PI R® ¥, Any purple F, plants with colored
aleurone and yellow endosperm were Iikely to be tetraploids Any green F, plants
with colorless aleurone and white endosperm were parthenogenetic suspects of
polyhaploids (2n=20) With a smlar dolph (1939) d 23
polyhaplod parthenogenotes among 17 165 tetraploid maize plants (1 750)
Chase (1949a) found wide vanation of haploid frequency in maize from 1 4 500
to 1145 with an average of 1900 The highest haploid frequency detected was
1100 which 1s supposedly 20 times the average frequency 1n maize of 12000
(Stadler 1942) Seedhing markers for haplord screening have been used for several
other crop species In tobacco Burk (1962) used a recessive jellow green (3g)
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seedling marker n the female parent In tomato. Ecochard et al (1969) used
three recessine seedling markers In cotton, Turcotte and Feaster (1969) used sev-
eral multiple gene markers either for the seed or pollen parent Bingham (1971)
used hypocoty] pigmentation as a seedling marker in alfalfa to screen haplods in
crosses between tetraploids and diplowds

Anther and pollen culure methods for the production of haplaids have recently
been discussed by Sunderland (1974) and Nitsch (1974) Guha and Maheshwan
(1964, 1966) are credited with the discovery of a method for the production of
haploid plants directly from pollen by culturing anthers of Datura innoviz This
work was folfowed up by the extensive work of J P Nitsch and hus colleagues m
France on tobacco (Bourgin and Nitsch 1967 Nusch et al, 1968 Nutsch and
Nitsch, 1969) Anthers in culture can yield haploid plants either by the direct
formation of embryo-like products from pollen gratns or by the formation of callus
and subsequent plant regeneration Sunderland {1974) stated that simphaty of
operation, ease of induction, and tugh induction frequencies are some of the ments
of these methods He claims that given optimal culture conditions, induction fre
quencies of up to 100% can be obtained 1n Darura and Nicotiana In Datura hap-
lond 1nduction took place within 24 hours of culture (Sunderland et al, 1974) and
m Nicotrana within several days (Sunderland and Wicks, 1971) The incidence of
nduction 1n a single anther 1n Datura was more than a thousand haploids and in
Nicotiana even hagher In Nicotana and Datura the growth rate was compara
tnely igh Production time from anther moculations to mature plant stage was
3 to 4 months

Many other cultivated species have now been used for this kind of haploid produc-
tion Some of these are mentioned mn Table 15 1 It 1s important to notice that the
buik of the plants recovered from these experimentsis not haploid The best results
m this respect have been obtained with tobacco (Sunderland, 1970, Collins and
Sunderland, 1974) for which most of the resulting plants were haplods Diplaids,
triplowds, tetraplords, and hexaploids were reported by several authors In the cere-
als, a higher percentage of the resulting plants were albinos or green-albino chi-
meras Another difficulty in cereals is the low percentage of callus formation from
anther culture that varied from 0 04% 1in maize (Murakamet al , 1972) to 32% 1n
one barley genotype (Grunewaldt and Malepszy, 1975)

Knowledge of the anther stage at which haploid induction can take place 1s impor-
tant Sunderland (1974) reported that ths stage can be precisely defined and hes
between the quartet stage and a stage Just past the first pollen mutosis 1n those
plants that have been mvestigated

The last method of haploid prod d here1s ch 1

This method was first reported by Kasha and Kao (1970) 1t resulted from cross-
wng cultnated barley, Hordeunt vulgare (2x=14), with its wild relatve 5 bul-
bosum (2x=14) Fertihization 1 this hybrid and subsequent mitotic elimination

of the H bulb h 1n the developing embryo was observed by Sub-
rahmanyam and Kasha (1973) Since Kasha and Kao's original report, several
other with this approach have been made The yield of hap-

lords from this interspecific cross has steadily increased Kasha and Kao obtained
23 haploid seedlings from 209 cultured embryos (11 0%), while Jensen (Kasha,
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Table 151 Culinated species 1n  hach anther culture for haploid
production has been applicd

Speaies Year Authors
Tobacco 1967 Bourgin and Natsch
1568 Nasch et al
1569 Nitsch and Natsch
Rice 1968 akata and Tanaka
1969 Tanaka and Nakata
1968 1971 “uzeks and Oono
Barles 1971 1973 Clapham
1975 Gruncwaldt and Malepszy
Tomato 1971 1972 Sharpet al
1972 Gresshofl and Doy
1973 Debergh and Nitsch
Asparagus 1972 Pelletier et a]
Porato 1972 Irikura and Sakaguch
1973 Dunwell and Sunderland
Wheat 1971 Ouyang et al
1973 € € Wangetat
1973 Chuctal
1973 Picard and Buyser
Trmcale 1973 Y Y WMangetal
1974 Sun et al
Egeplant 1973 Rana and lyer
Pepper 1973 George and
Narzyanaswamy
1873 Y Y Wangetal
1973 Kuoct af
Pelargomum 1973 Abo El il and Hildcbrandt

1974} reported 215 from 314 cultured embryos (68 5%) Apparently, the H bul-
bosum chromosome loss from the embryos 1n this procedure 1s gradual Subrah

manyam and Kasha (1973} found that 3 10 S days after pollination, 40% of the
amvding embryo cells ucrc haploid but 11 days after pollmation, 94% were hap-
lord This chy after wide hy 1 plants 15 similar to
that reported from somatic cell hybndization 1n mammals (Weiss and Green,
1967 Allderdice et al, 1973) One of the suspected reasons for chromosome elim

mation 1s the difference 1n duration of the somatic cell cycles in the two parents
volved (Gupta 1969 Lange, 1971, Subrahmanyam and Kasha, 1973) Appar-
ently, the somatic cell cycle 1t B bulbosum sslonger thann } vulgare (Barclay,
Finch and Bennet personal commumeation Cited 1n Riley, 1974)
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1512 Meiotic Behavior of Monohaploids

As mentioned in Section 151 one has lodlslmgulsh between two major classes of
haploids foids and pol il M lo:ds have only one basic
genome (x) and consequently are m:xolu:xlly very irregular In order 1o have
meiosts funciomng properly there must be two homologous chromosomes present
for each ch type of the 1 Meiosss 1 a number of monohap-
1o1ds has been studied 10 sorghum (Schertz, 1963 Redd: 1968) rye (Heneen
1965) maize (Ting 1966 1969 Ford 1970 Weber and Alexander 1972) nice
{Chu 1967) tomato (Ecochard et al 1969) pear] milet (Manga and Pantalu
1971) barley (Sadasivaiah and Kasha 1971 I973) and lobacco (Colltns and
Sadaswvaiah 1972) Paning of ch m pair

ng} has been thought to be the q of ¢k and
genetic redundancy Such paining has been observed in nce tomato maize and
barley It 1s interesting that even synaptonemal complexes have been observed
under the electron microscope in studies of pachytene :n monohaploids of tomato
(Menzel and Price 1966) maize (Ting 1969 1971} and petumas and snapdra
gons (Sen 1970) Such complexes were similar 10 nature to those observed m the
corresponding diploid forms In spite of these synaptonemal complexes often being
formed 1n pachytene the chromosomes appear mostly as univalents 1n the diakt
nesis of these haploids However bivalents and lents were Iy
observed Ting (l%&) found cells with one or more bivalents in 50 9% of all ce]]s
observed 1n maize Sadasivaiah and Kasha (1971 1973) even observed quadriva
lent structures Metaphase 1is striking tn monohaploids in that the spindle 1s highly
drsorganized The ch are mostly brval and trivalents also occur In
anaphase 1 the distribution of the chromosomes to the opposite poles 1s usually at
random Spindles seem to function weakly 1n some cases but the distnibution mech
amism 15 not yet very lhoroughly sludmd
The painng h of t mn the meiosss of mono-
haploids 1s not yet understood However Rieger (1957) had an interesting theory
which states that all chwmosomcs have a certain tendency for painng 1n metotic
hase [f homoll are presentin the cell then those are pref
cr:nua]ly paired 1l such homologues are not pr:scnt n the ccll then the tendency
10 parr 1s satisfied by forces that can unite nonh

Thsremundsaneaf the 3 Shaaryaf Diack (.‘P}J,‘ SRR .\r\,.h?pr
ter 1 which states that single ct are mn an fied or

state electrostatically and in order to become saturated they must pair

1513 Meiotic Behavior of Polyhaploids

Since the meios1s of px ! hould be consid: the nat f different kinds
of polyplordy must bc bn:ﬂy mentioned here though this topic 1s going 10 be more
fully discussed 1n Section 15 3 Polyploids can be either autoploid or alloploid,
depending on their ongin In true avtoplodds all basic genomes (x) have the same
ongin (eg  AAAA) In alloploids basic genomes are of different ongin (e g
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AABB) Consequently polyhaploids can be classified 1nto autopolyhaploids (e g,
AA) or allopolyhaploids (¢ g . AB) (Kimber and Riley, 1963) Meiotic studies of
polyhaploids may or may not help to determme which of these two types of poly
haploidy are present in a given polyplowd species If no pairing of chromosomes or
chromosome segments takes place (e g, AB) the species under consideration 1s
generally thought more likely to be an allopolyploid Paining of ch m
2 polyhaploid 1s 1nd of some ch 1 either of h 1l
gous or of homologous nature Homoeolagy (Huskins, 1932) 1s partial homology
dvnng which some chromosome segments may pair and others do not pair In
Section 15 1 2 1t was mentioned that even 1n monohaploids, some chromosome
pamnng may occur (mtragenomic pairing) However, since homologous chromo-
some pairing 1s thought to happen preferentially, the magority of pairing observed
m polyhaplowds probably s caused by partial or complete homology between
genomes (intergenomic pairing). Most naturally occurring polyploids are of allo-
plod (e g, AABB) or segmental alloploid (A,A,AA,) nature (Stebbins, 1950)
Consequently, the majority of autopolyhaploids are derived from artificially
induced autopolyploids Since this hypothesis 1s not generally accepted, the Liter
ature 1s full of proposed cases of natural autopolyploids and, consequently, auto-
polyhaplods that are derived from them {e g, Kimber and Riley, 1963) The
author beheves that most naturally derived polyplo:ds are products of hybnidiza
tion (e g, AA, X AA; — AJA;) and subsequent chromosome doubling (A,A;
— A/A A A,) Since the races involved 1n the oniginal hybndization (e g, AA:
and A,A;) have generally grown in separate environments, they very likely have
undcrgonc different genetic and cytological ch:mgcs (A= A,A—A) Ahigh
of ch pairing d with high seed fertility in polyhap-
loids of alfalfa (Stanford and Clement, 1955, Bingham and Gilles, 1971, Stanford
et al 1972) and potato (Ivanovskaa, 1939), for instance, has led to the wide-
spread 1 that these cul species are polyploids However, the
pairing of chromosomes 15 not entirely a measure of genome relationships, since
this process 15 independently under a nigid genetic control (Riley and Law, 1965)
In alfaifa Bingham and Galles observed mcomplete paining (average 6" + 4') 1n
one polyhaplod stramn Ten of the 35 pollen mother cells had 6 or more untvalents
and one had 16 One other stramn showed occasional bridges at anaphase I (indt
cation for inversion durmg A — A, changes) These strains also showed varying
degrees of female and male stenlity indicating cryptic changes in the A, and A,
genomes, which are not 1dentifiable cn the basis of abnormal meiosts In potato,
Yeh et al (1964) found from 16% to 26% cells with univalents mn polyhaplaids
Most of those present findings lead one to the conclusion that alfalfa and potato
are also scgmental allopolyplords (A,A/AsA;} rather than autopolyplowds
(AAAA)
The mos& lmponanl groups of allopolyh d arc 1 allo-
A

ploxds, q
an lopolyh are ob ly the least ques-
uonable group Abscncc of pamng 1 polyhaploids may be a vahd means of con
cludimg allopolyploidy in the parents But under certain cireumstances painng can
be 1nduced between partially homol of ds This
was detected by Riley (Riley and Chapman, 1958, Riley, 1960) in wheat, which
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15 considered 10 be an alioploid (AABBDD) Five different nulhcormuc 3B allo-
polyhaplords showed greatly mncreased chromosome pairing that apparently was
caused by the absenee of one or more genes that are responsible for the prevenuion
of homoeologous painng located in chromosome SB- A similar svetem was reported
for oats (Gauthier and McGinms, 1968) Luimned pamng in allopoly haploids was
found 1 tobaceo (Lammerts, 1934, Colhins and Sadasivah, 1972), Brassiea
(Ramanuyam and Sninnvasachar., 1943) cotton (Barrow  1971). c2ts (Nishivama
and Tabata, 1964), the grass Festuca arundiracea (Mahek and Tapatht 1970,
and other speies.

1514 Possible Use of Haplaids

The man reason for plant breeders to abtain haploids has been to develop a2 new
and rapid method of breeding homozvgous diplords or polyploids Sinee 1 2 hap-
Jod every gene ts p d only once. doubhing of the ch should theo-
retically result in complete homozygosity. Repeated inbreeding for homozygosity
n plants takes many generations, but doubling of haploids results 1n immediate
homozygosity This dovbling may octur naturally or may be induced by usswe
wounding, heat treatment, colchiaine or other chermical apphcation. or decapita-
tion A recent deve) 1s the posability of ob 2 homozygous diplowds
directly from anther cultures Nuzek and Oono (1971) reported that they had
oblaned diploid rice plants directly from pollen and not from somaue cells.
Narayanaswam)y and Chandy (1971) obtuned 70% diplords, 23% tniploids, and
7% haploids from anther cultures of haplod Datura merel Engald (1973)
recened 20% diplords 1n 10b2eco when the anthers were cultured at the nuclear
pollen stage.

In maize breeding, haplowds obtamed by natural parthenogenesis have been used
with suceess i the production of homozy gous diplord strauns of commeraial value
(Yudin and Khvatova, 1966, Gyulavan, 1970, Petrov and Yudin, 1973)

In maize (Thompson, 1954) and in barley (Park et al, 1973), 1t has been estab-
hished that the genctic vanability for factors such as yield, heading date, plant
height, e1c., 1s the same for the monoploid method as for other conyentiona) breed

g techmques

In the Solanaceae, haploid plant breeding 18 well in progress Mormson (1932)
reported the derelopment ofa dipioid, commercial Tomaro strain from a Raplod
source. Symlar results in tomato were reported by Kinflova (1965) Other worl

1 progress 1s reported for pepper (Y Y Wang et al., 1973) and <some tohacco
speaies {(NGth and Abel, 1971, Natsch, 1972)

152 Diploidy

Justas the term haplordi 1s used na general and a spearfic way, the term diplowdy
has also two different meanings In us general <ence 1t designates orgamisms with
two homologous chromosome sets Each type of chromosomes s always repre-
sented twice. Sex chromosomes are exceptions In this wider sense even polyplowds
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coutd be designated as functionally diploid (2n) On the other hand, the term
diplordy 1s used more sp lly asad between haplovds (x), dip-
loids (2x) and potyploids (3x, 4x, etc}

1521 Diplordization

The term “diploidization” describes a selection process that causes polyploids that
are ongmally mewotically irregular, having muluvalents and bridges, to become
merotically regular like * good diploids ™ The end product of such a process if often
called an amphidiploid, which 1s a diploid like polyplord or a functionat diplend, as
described 1n Section 15 2

15.3  Polyploidy

Polyploid individuals or populations have more than two basic genomes or chro-
mosome sets (3x, 4x, 6x, etc ) They are particularly promment 1n the plant king-
dom Among the angiosperms, 30% 10 35% of the species are polyploid (Darhing-
ton and Janaki-Ammal, 1945, Stebbins, 1950) Almost 75% of the Gramineae are
polyploid Polyplordy 1s thought to be a product of interspeaific hybnidization
Polyplo:ds occupy different mches than their related diploids It seems that poly-
plowds possess a wider ecological range of tolerances They often can occupy hab-
itats that cannot be occupied by diploids (Swanson, 1957)

1531 Classification of Polyploidy

For the classification of polyploids, the use of genome formulas 1s a handy tool In
the genome formula a capital letter represents a group of chromosomes that 1s gen-
erally referred to as the basic genome or set Suchach set
corresponds to the basic chromosome number that, for instance, in the Gramineae
15 7 or 10 Many species of Gramineae have multsples of 7 chromosomes The
genome formula for wheat, for instance, 1s AABBDD The letter “A™ represents a
basic genome of 7 chromsomes.

For the characterization of different types of polyploids, the best representation 1
still the one by Stebbins (1950) (Fig 15 1) According to this scheme there are
four major types of polyplotds recognizable

1 Autopolyploids = AAAA
2 Segmental Allopolyploids = A,AAA,
3 Genome Allopolyploids = AABB
4 Autoallopolyplords = AABBBB

Autopolyploids have chromosome sets (A) or basic genomes in which the chro-
mosomes are entirely homologous to each other, which results n complete pairing
m merosis Terms like autotriploidy, autotetraploidy, autopentaploidy, and auto-
hexaploidy indicated that there exist three, four, five, and six homologous basic
genomes per cell

1947b) are charactenized by homoeology
(Huskns, 1932) or pamal homology, also called residual homology by Stephens
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Spec s A ———>F |&——— Species B, ———>F &——— Species B, Species €
AA AB, 8.8, 8,8, B8, cc
7u 141 kU T 7n 7

Trplod Fy Trptod F,

1

doub ng doubling doubl ng A8 C

21
Segmental
Autotetraplod  Allotetraplo d Altotetraplod
AAAA AAB,B, B,B,8,8;
12-0 11 1 ! 14-0'11 doublin
2o doubhng 0-7 v ]
doubling  Autoallohexapto d Allohexaplo d
AAB,B,B, B, AAB,B,CC
1371 20n
-7V
Autoallooctaploid
AAAABB,B R,
-0
2-14 1V
Fig 151 Dmgram genome hips between autopolyplords, allopoly-
plouds, and plods (From Elhott, 1958 Modified

from Stebbins, 1950 thm\m by permission of Columbra Unuversity Press, New York)

(1942) This type of homology may indicate that only some of the members of the
chromosome set are homologous with those of the other set or sets, while the others
are nonhomologous or only partially homologous This kind of polyploidy includes
a wide array of types that ranges all the way from nearly autoploid to the other
extreme, almost alloploid

Genome allopolyploids are believed to be derned by hybridization of parents that
had strilung steuctural dissimilanty between thewr basic genomes Chromosomes
1n metosis are limted to bivalent paining Genome allopolyploids recened their
name because the entire genome, for instance, of parental species A 1s different
from that of parental species B, forming after hybndization and doubling a new
funcuonal diploid with two new AB sets (AABB) Genome allopolyplods also can
oceur at different plowdy levels and can produce allotriploids (AAB), allotetra-
ploids (AABB), allopentaploids (AABBC), allohexaploids (AABBCC), etc
Cruaial for further classifi of these alloploids 1s the basic ¢h num-
ber of the contributing diploid parents Darkington and Janaki-Ammal (1945) dis-
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unguished between di , tr1 , or polsbasic polvploids. Typical examples for dibasic
polvplods are brown mustard {Brassica juncea) Tape (B napus) and B cannata
(Fig 152) These three Brassica species are believed to have derned from the
three basic genomes of black mustard(B mgra = \) (B campestns = C) and
cabbase (B oleracea = Q) The basic chromosome numbers are”

B nigra x=8 (\)

B oleracea x=9 (0}

B campestris x=10(C}

Tbe genome formulas for the dibasic polyplowds are

B juncea = NNCC (2n=36)

B napus = CCOO (2n=138)

B cannata = OONN (2n=34)
However many alloploids are 1n which the diployd par
ents have identical basic chromosome numbers

1532 Autopolyploidy

There have been different opinions about the frequency of autopolyploids tn nature
Thus stems in part from the different interpretation of what actually 1s an autoplod
For instance Muntzing (1936) included segmental allopolyploids 1n the autoploid
category and stated that autopolyplordy s qurte common 1n plants Howerer Steb-
bens {1950) beheved that autoploids are relamvely rare in nature As a matter of
fact the only clear-cut case of autoploidy tn nature according to Stebbins 15 Galex
apkylla which was reported by Baldwin (1941) According to Stebbins several
cultivated crops can be classified as being esther autoplod (segmental alloplo:d
nclusive) or alloploid {Table 15 2}

Fig 152 The ongi of polybasic
polypiowds 1n the genus Brasncn
(After Monnaga 1934 and U
1935 Redrawn by permission of
McGraw Hill Book Company
Inc New York)
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Table l5 2 Cmp planu Isted ding 10 th as plonds (segm-ntal
Jy) or Jond: ldelﬁﬁd fn:m Elloti. 195%)
Cmnm:;ﬂl name Scy-ntific pame X numbrr 2p-pumber

A Autoplods
(med sezmenta) alloplnds)

Potats Solanum tuberosum 12 43

Coffer Coffea arabica n 224366 %%
Banina Musa saprentum n 2233
Allalfa Medicago yana 3 37

Peanut Arachiy by pogea 1 a9

Sneet prtate Ipomea batatay 15 9

B Alloplonds

Tobacen Ascotigna tabacum 12 43

Cottn Gossy prum harsutum 13 52

Wheat Trticum amitnum T 42

Oty Aveng salnag 7 42

Sugar canr Sacchgrum officinarum 0 %0

Plom Prurtuy spp % 16233243
Lozanberry Pubus | ganvhaccns 2 22
Suzwbrrry Frazana grandifira T 56

Applz Malus s5hestris 17 335]

Pras Pirus romruns 17 34.5)

Phenotypically, autoploids are generally larger in size than therr dsplord counter
parts, but there can be exceptions 10 this The cyloplasm and the nucleus of auto-
plmdsare larger than those of diploids, this will lead to giant growth charactenistics,
provided 1be cell number also increases proportionally Very often. however, the
cell number does not match with those of the diploids. particularly in artificially
produced autoploids

15321 Autoplod) in Plant Breeding  Several methods have bees apphed 10
produce polyplords 1n cultivated crops A few should be mentioned here (Bripgs
and Knowles, 1967)

decapitatyon

ndoleacetic aod

1310 seedlings

heat treatments

colchicing

other chemicals

Decapitation and generation of callus tissue with or without the use of indoleacetic
acrd to stimulate regrowth has been successfully used 1n Sofanum and Mconana
The production of twin seedlings was one of the earhest methods of obtaining
polyploids Twin embryos are occasionally found in a low frequency among ger-
minating seedlings and often yield heteroploid plants Heteroploidy (Winkler,
1916) 1s the phenomenon that shows deviation from the normal chromaosorme num-
ber The twin seedling method was already menpioned duning the discussion of
haplod production (Section 1511) MUntzing (1937) was one of the first (o rec-
ogmze that twin seedlings could also be plowds High

for short peniods have been employed for the production of y‘o]yplmds in plants
such 2s masze (Randolph, 1932)

VR SRV




257

Polyploidy

6€61 ‘1A pue

UBANNS *6€61 SIAN 8T 1 L auuasad winnoq ssTaFokd [RIuuD1a]
1341
‘ydjopuey puE JUTAUMS 8P T 71 vonupjodosout siif su|
sipgorrads
1661 9pAH [larda 8T Fal izt DIYIASI0 ey)s10§
LY61 ISIMbIYI 6€ 9T €1 euSisununyipadoydog PIYO
7561 ‘owlQ 9L 8¢ 61 Dagfia snig adesny
9561 *ealianjoopy €€ w 1 vapnf sipoosduafi A1y Aep uowwo)
Q1561 ‘EaEyy € w 1 sLwSina snjnattd oI
1861 "I3[|Pmswg 14 T 7l winsoyfisuoy winyry Appamseq
LS6[ ‘suIqqANg € 91 8 snipw wnungLy uoZespdeug
1661
‘s0qua100(] pue UTEH 9 96 8y ] wnotssad uawn)of) uswe[aks SISLOo[]
TLEGE oouIMET ¥9 [43 8 sip1qoiapa DYYOQG Iyep USPIED)
74
SE61 ‘plojweg ‘06 SL'09'SH Ot st dds snjoipojn SnjoIpE[D
1s61 * |2 12 u0iBUIpeQ 6T 91 8 20 SHYIMIIDAF Yiueiy udspien
9£61 ‘1n0Je] pue woadn 9€ T fA] pupLiausad pdiyng dyny uspieny
EGL SOpUBUIDY  TH'SE'ST 1T Pl L wniposoqng SnSSIpN snssIIEN
1$61 'QWET puE JasuIg 19 vE L1 stsanpds snjopy apddy
8£61
‘spuowwIS pue $ppoq PhEE 44 11 povisipoand psnpy Tucueg
8561 ‘nofjq oy 0z o1 susaduns pa15504g disng
2961 ‘319q19%y pue
315q3eH ‘Sp61 ‘udspuesy
‘9E61 ‘XISSQIYIS 9¢8'LT 81 6 stwdina v1og 123q Jedng
BZp61 ‘UBAY] 87 ¥l L asuapad wnijoftul 19A0]2 POY
BZP61 UEADT € 91 8 wnpriqly wniofis, 124000 Y 1]V
p561 1561 SwnUNN 82 ¥l L 2[0243 3[D23S oY
7e61 ‘ydiopuey oy 0t ol sdowt b3 s
$30UIIJOY {uz) ou (uz) ou (x) ou QWY 2YHUIDS JUWEL UOUWILOD)
woiyd wosyo WOy
piojdojny  [euisoN  diseg

sprojdoine snosuejuods pue [EIYIIE WOJ) podojaasp o1om 1eY1 sd0Id pAIRANIND £ €1 ]G0



toidy Diplody and Polyploid; Fig 1534 and B Compansan
28 Haplady Dilody yplorcy bcfwccn (A) diploid (2n=16) and
(B) tetraplord (2n=32) snapdra
gons (Courtesy of W Atlee Bur
pee Co, Doylestown PA)

Fig 1544 and B Companson of seeds
B 3 Y 4 and spikes of (4} diplord (2n=2x=14}
Sh X  ad (8 templod Gr=dx=28) e
s ‘T:l{ {Courtesy of Dr Herb Luke Department
of Plant Pathology Unwversity of Florida
Gaunsville)
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Unwvatent Bvaent

Trwvatent
Fig 1554 C Possible punng configura- €

tions of 3 homologous chromosomes 1n an

autotriplod (A) Univalent and bivalent Tr valent
(B C) Trivalents

present The other requirement 1s chiasma formation 1 the paired segments If
no chiasma ts formed 1 a patred region, the logous chr

in that region during diplotene Four different possible trivalent conﬁzumuons il
autotriplords are shown in Fig 15 6A

The region where one chromosome (e g , chromosome 1) changes its pairing asso-
ciation from one pairtng partner (e g , chromosome 2) to another (¢ g , chromosome
3) ts called the point of partner exchange (Darlington, 1929b) It has been
abserved that there s a reduction of chiasma frequency around the potnt of partner
exchange (Sybenga, 1975)

Chromasome separation in metasis I from trivalents 1s irregular Daughter nucler
will recewve either one or two chromosomes from any given trivalent Therefore,
each sister nuclens woll have 2 haploid set of chromasomes plus addiianal ones.
Cansequenlly mosl of the gametes resulting from autotriplod individuals do not
have bal. and are not viable If progeny survives
from triplods 1t 1s mostly nneuplold (Chapter 16)

The fact that igh stenlity results from tniploids has been explored in polyplod
breeding Triploid bananas (2n=33) are vigorous but seedless and are therefore
preferred for food consumption Likewise, tniploid watermelons, which were devel-
oped 1n Japan. have undeveloped seeds that naturally are of great advantage Such
seeds are no more ob ble than those n bers (Kiharz, 1951b) (Fig

157) Triplod offspring (3v) has been produced from 2x x 2x interspecific Citrus
crosses caused by fertihization of unreduced egg cells This method could be uti-
hzed for breeding seedless Citrus cultivars (Geraci et al, 1975)
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Fig 1564 and B Different possible types of trvalents (4) and quadrivalents (8) 1n
metosis 1 {xta = chiasmata) (From Ricger ct at, 1976}

According to Kuliev ct al, (1975), tniplordy m humans was the most frequent
Karyotype anomaly 1n a cytogenetic study of more than 4000 abortuses A total of
323, about 8 1%, fetuses were found to be triplord This is 1n close agreement with
data from Jacobs et al (1978), who found 28, or 8 2%, trtploids among 340 spon-
taneous abortions In a review of triploidy in humans, Ntebuhr (1974) reported
clhinical data on about 230 triplord abortuses and 33 Live-born triploid infants Trip
loids surviving for more than a few days were all dipletd triploid mosaics

Onc was a 3-year-old boy with micrognathia {small skull), syndactyly (grown
together fingers or toes) and mental retardation Blood cultures were a!most com-
pletely diploid, but 1n primary skin cultures, about 92% of the cells were triplord
and 8% diplord (Bok and Santesson, 1960, Bsok et al , 1962) Other malforma-
tions observed in human triploids are hydrocephalus or relatively large heads, mal-
formed ears and eyes, and cleft palate Jacobs and co-workers calculated that
66 4% of all human triploids were the result of dispermy (see Chapter 1, Boveri),
23 6% the result of fertihzation of a haploid ovary by a diplord sperm, and 10% the
result of a dipiod egg feruhized by a haploid sperm

15323 lods  In ds there exist four homologous sects
of chromosomes Thcorchcal]y the affinity between the four homologous chro-
mosomes ts equal If one would assume only one single point of chromosome patr-
ng imtiation, there would be only a chance for bivalent formation since pairing
15 1IN two-by-two fashion If there would be two such 1mitiation points, then partner
exchange could occur, and a chance for quadrivalent formation would exist Just
as 1n triploids, the kind of pairing configurations will be determined by the kind
of pairing and the number and location of the chiasmata formed Examples of the
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Fig 1574 and B (A) Diploid watermelon (2n=2x=22) with numerous sceds (8) Trip
lowd (2n=3x=133) vaniety with few and imperfect seeds (Courtesy of W Atlee Burpee
Co Doylestown PA)

possible shapes of quadrivalents in diakinesis are shown in Fig 15 6B That figure
shows that there are 11 different shapes possible for quadrivalents Any other
t of 1 bwval and trivalents add to the possible expression
of paining 1n mewsis [ According to quadrivalent analysis the 11 configurations
shown 1n Figure 15 6B do not occur at random For instance 1n tomato and peren
nial ryegrass more than 50% of the configurations are rings of four homologous
chromosomes and about 30% are chains (Dawson 1962) Most autotetraploids
have an abundance of these two kinds of quadrivalents The arrangement of these
multivalents 1n metaphase 1s similar to that of those discussed under transloca
tions (Chapter 14) If all centromeres are oriented toward the poles and attached
by the spindle fibers one speaks of coorientation If only two of the four centro-
meres are ortented toward the poles false \! {Upcott
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The gamete ratto in this instance 1s 144 44a'1aa assuming that the two sister
chromatids of a chromosome always move nto different gametes (chromosome
segregation) Relative genotype frequencies can be calculated from such gametic
ratios If a duplex indmidual (AAaa) 1s selfed, one can expect the following
offspring

Gametes | 144 4Aa laa

144 | 1AAAA dAAda  1Adaa
4Ada | 44AAa  16AAaa dAaaa
laa | 1AAaa 4Aaaa laaaa

According to this Punnett square, the phenotype frequencies in a strictly complete
domunant fashion are 35 dommants to one recessive (35 1) However, 1n actual
expenmental data this ratio 1s usually not that hugh but approaches more a ratio
of 214 1a As mentioned, crossing over between the gene and the centromere
disturbs the typical tetrasomic rauo and causes a phenomenon called double
reduction (Fig 15 8) This phenomenon causes an increase in recesste gametes
Tt occurs when at the end of merosis the two sister chromauds of a chromesome
end up in the same gamete Figure 15 8 demonstrates double reduction n a duplex
{AAaa) The chromatids carry the genes a,a,/A;A4,/a-.a [ A,A, on four homol-
ogous chromosomes that are separated by dashes This 1s the situation before
crossing over After crossing over the four homologous chromosomes carry the
genes a, A,/ a, A,/ a, A,/ a; 4, Without double reduction (Fig 15 8A) zll gametes
are dominant (442 Oaa) Wath double reducton 1n two of the four gametes (Fig
158B) the gamete ratio 1s three dominants to one recessive (144 24a 1aa)
‘With double reduction 1n all four gametes (Fig 15 8C), the gamete ratio 1s one
dorinant to one recessive (2AA 2aa) As tndicated with increasing double reduc-
tion the number of recessives nises

If random chromosome assortment does not occur, as n tetrasomic inheritance,
the gamete ratio decreases from 51 (1 AA44a 1aa) 0 31 (144 24a laa) 1If
the genes on the two chromosome pairs (1 2) are designed A,a,/4.a, and only
A, can pair with (and segregate from) a, and not with A, and a,, then the follow
1ng gametes are produced

A A4 a a Gametes
o 1 AA
. .
. . } 2 Aa
A 1 aa

Since only A, carrymg chromosomes segregate from A,’, and A,’s from A,s,
only A, and A, carrying chromosomes can end up 1 the same gametes and not
A'sand A4,’s
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NN

NN

4

Fig 1584 Band C Sch repr of double red nan
(A) No double reduction (8) Double reduction in two of four gametes (C) Double
reduction 1n all four gametes (From Rieger and Michacehs 1958)

1M an individual with such gametes 1s selfed the following progeny results

Gametes | 1AA 2Aa laa
1AA | LAAAA  2AAAa 1AAaa
2da | 2AAAa 4AAaa 2Aaaa

laa | 1AAaa 2Aaaa laaaa

A typical dihybrad ratio of 154 1a 1s the result This expresston 1s also called
duplicate gene expression This phenomenon 1s caused by two identical allele
patrs (A A A A;) that have the same phenotypic expression but are located on
two different chromosome pairs
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one speaks of wide hybridization In wide hybridizatton one often encounters the
p of ination or chr diminution. This phe-
nomenon has also been called Riichregulierung (Rieger and Michaelis, 1958) or
downward adjustment, which 15 the tendency of polyploid or mixoploid tissues to
return to the onginal chromosome number of one of the diploid parents The mech-
amsm of this adjustment s not very well known yet It 1s suspected that one of the
ways to accomphish this 1s the formation of multipolar spindles with subseguent
of occurning cells (Rieger and Michaels, 1958) In auto-
ploids this cytological instablity s not very frequent For instance, tn the progeny
of artificially produced plod barley the freq of diplod 1ndividuals ts
only 1 10 5000 to 6000 (Miintzing, 1957) 1f, however, genomes of very remote
species are combined by somatic cell hybridization or cell fusion (seec Chapter 1,
Harns and Watkins, 1965) then chromosomes of one of the parents are usually
successively eliminated in the alloploid cell cultures (Ephrussi and Wesss, 1969,
Zeppetal, 1971) In human-mouse somatic cell hybrid cultures Wetss and Green
(1967) observed that after 100 to 150 generations only two or three human chro-
mosomes remaincd
Most alloploid species are tetraploid Hexaploid alloploids are less common It 1s
stil very difficult to obtain ploidy levels higher than octoploid experimentally
Examples of very hugh ploidy levels 1n nature are given 1n Table 156
Much attention has been directed to an intergenenc alloploid combmation
between wheat and rye, called Triticale The first ferule Trincale hybnd was
achieved by the German private plant breeder Withelm Rimpau tn 1888 {Jenkns,
1969) Since then many aitempts were made to develop a new crop from such 2
combination The hope 1s to combine 1nto one plant type the nutnitional and bak-
ing qualities of wheat with the drought tolerance, adaptation to poor souls, and
disease resistance of rye Early Tricale breeding programs were based on octo-
plord combinations such as AABBDDRR 1n whick three wheat genames (ABD)
were combined with the rye genome (R) However, 1t later was discovered that
the hexaplod combinations such as AABBRR were more successful The most

Table {56 Natural and artificial alloplods with very high chromesame numbers
Basic  Somatic  Plody

Species oo (x)  no (2n) level Reference
Hisbiscus radatus x 9 216 24x  Menzel and Wilson,
H dwersifolius 19

Galjum grande 11 +220 20x  Dempster and Stebbins
1968

Poa litorosa 7 265 38x  Hair and Benzenberg
1961

Kalanchoe spp 17,18 500 30x  Baldwin, 1938

Aulacantha — 1000 2700 —  Grelland Ruthmann,
1964

Schizaea dichotoma — 1080 —  Brown 1972

Ophioglossum retsculatum — 1260 — _ Ninan, 1958
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promsing hexaploid Triticales are the so-called secondary types that have been
obtained from intercrosses between hexaplowd and octoploid Triticales (Pissarev,
1963, Kiss, 1966} and between hexaploid Triticales and hexaploid wheats (Nika-
yma and Zennyoz, 1966, Larter et al . 1968, Jenkins, 1969, Zillinsky and Bor-
laug, 1971) Some of the ag Ily interesting t loid Triticales are not
Tnticales 1n the real sense of this term but are more properly considered 1o be
substitutional hexaploid Triticales since some of their R-genome chromosomes
are substituted by D genome chromosomes (Gustafson and Qualset. 1974) How-
ever, the highest yielding fertile lines all appear to have seven pairs of rye chro-
mosomes (Gustafson and Qualset. 1975)

Hexaplod combinations of wheat with Agrop; ron are being developed that could
combine all the useful agronomic charactenstics of durum wheat (AABB) with
the vegetative wigor, disease T and w hard of Agropyron
{Schulz-Schaefler and Mc™eal, 1977) A very extensive program of wide hybnid-
tzation among the grasses of the tnbe Tniticeae has been carned outl by Dewey
{1965, 1970, 1975} One of the goals of this program 15 to synthesize new amphi-
Ploid species and to evaluate their breeding potential (Asay, 1977) Dewey s work
1s also a practical application of Kihara's (1930) principle of genome analysis,
which was discussed 1n the first chapter The genome relationships n the genera
Elymus, Agropyron, and Hordeum, as worked oul by this analysss, are shown in
Fig 1511

Brsc Poss ble Arcestral Al otetsap sed Allooeton o d
Genome Dy ond {20 - 181 Deroyt ve {20 221 Dorryyt yo {20 - 651

Agopyron speatum

55
Egooiron dazstactum”
SSHH
HorSm g 4
H
HH
Agopypomsnt 3
SSHMIIXR
J Ebymmess porcess
]
Etgmus 2 dcodes?
urx
Wokrowo
x
xx

Fiz 1511 Speores relationships in the tnibe Triticeas a3 determined by genome analysis
('Dewey, 1965 Dewcy, 1970 *Dewey. 1975 Courtesy of Dr Douglas Dewey, C:xyps
Research Laboratory, USDA, Utah State Unrversity, Logan)
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1535 Complications with Polyploidy in Man and Animals

1t was mentioned in the preceding sections that polyplordy in man 1s extremely
detnimental Three major reasons for the lack of polyploidy in ammals have been
mentioned {White, 1973)

1 disturbance of sex determining

2 cross fertilization barrier

3 hustological barrer

Muller (1925) proposed that the reason for the paucity of polyplardy 1n animals
compared with plants 1s that in bisexual forms, polyplody could upset the sex chro-
mosome mechamsm 3 the diplord mechanism 15 XY XX the tetraplod one con-
sequently should be XXYY XXXX It could be argued that during meiosts of the
male the two Y chromosomes would pair and also the two X chromosomes with
the result that only XY gametes would form 1f such a male gamete would fertil
1ze a female egg (XX) only XXXY progeny would result and consequently only
one sex This 1dea was voiced during a period when Bridges” Theory (Sccuon
511) of balance between X ch and based on Drosoph
was accepted for ammals 1n general But Muller's argument did not hold ground
when 1t was established that in bisexual plants (Melandrium atbum) and 1n some
animal groups (Urodeles and mammals) the control mechamsm of sex differen
tration 1s the presence or absence of the Y chromosome XXXY male individuals
can backcross to XXXX females in the followng fashion

Bogart and Tandy (1976) state that the prior assumption that bisexual polyplad
ammals are not able to sexual imt mn 1s not true
anymore because of the recent discovery of several bisexual natural polyploid
ammal populations They found diploid and tetraplod populations of African
anuran frogs included 1n the same bisexual species and thought they had estab
lished the fact that polyplowdy 1s a general phenomenon 1n frogs and may appear
n any genus

The second barreer cross fertihzation, ss closely linked to the necessity of bisex
uality in ammals With the low d ofa m a diploid p

the of another d ind as mating partner 1s
unlikely If such a tetraploid individual mates with a diploid 1t will produce sterile
triploud progeny The high proportion of triploids among chromosomally abnormal
aborted human fetuses verifics this assumption (Hamerton, 1971b)

The third barrier, caused by h 1s explained by the more
complex nature of animals It 1s thought that polyploidy interferes with the devel-
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opmental pattern of ammals duning tissue differentiation Fankhauser (1945) gave
d for such complications tn amphib The size and the number of cells
in such vital tissues as the brain, the spinal cord, and the nervous system are smaller
than those of diploids A strong argument agamst the pessible effectiveness of such
a histologcal barnier 1s the hugh frequency of possible polypleidy 1n parthenogenetic
ammals (White, 1973)
A different phenomenon 1s the quite regular occurrence of specialized polyploid
nissues 1 otherwise diplord ammals Rat liver for tnstance, has 5% octoploid, 40%
tetraplord, and 55% diplaid cells (Dawson, 1962) This phenomenon s also referred
to as mixoploidy (Nemec, 1910) or chromosome mosaicism (Section 17 1 3) The
rectal glands of D) hila are pred ly 1




Chapter 16
Aneuploidy

The previous chapter dealt with the effect of genomic changes 10 the number of
chromasomes 1n hving organisms In this context we can speak of a phenomenon
of genome balance that preserves certain requirements of function It has been
observed that loss or gain of one or more chromosames may influence the merotic
pairing ability of chromosomes within balanced genome sets (Person, 1956, Tsu-
chiya, 1959, 1960, Schulz-Schaeffer et al, 1973} Genome imbalance 1s not only
expressed as mesotic disturbance but also morphologically A change i the relative
proportion of different genes has a phenotypic effect If a chromosome 1s added to
or missing from a normal genoruic multiple, this change 1s often visible m the
orgamsm [f 2 whole genome 1s added the polyploid 1s often indistinguishable from
the diploid form For instance, there 1s Little difference between the diploid and
tetraploid forms of Galex aphy lla both of which exist in nature (Baldwin, 1941)
In this chapter the effect of chromosome number changes that are not genomic 10
nature 1s beng studied

16.1 Euploidy

Euploidy 1s the term for cells, tissues and mdividuals that have either the basic
chromosome number of a genus (x) or complete multiples thereof (2x, 3x, 4%,
etc) Some genera have more than one basic chromosome number and are rec-
ogmized for this fact Examples are the genera Crepis (x = 4, 5, 6, 8), Carex (x
=6,7,8,9, 10, 13, etc) Brassica(x = 8,9, 10, 11), and Viola (x = 6, 10,11,
13) In these genera it 1s more difficult to disngwish euplody from aneuploidy,
which deviates from euploidy 1n that 1t has mcomplete multiples of the x-number

Euplowdy 1s often necessary for survival For instance, some euploid diploids can
not afford to lose single chromosomes Monosomucs of barley do not survive Every
chromosome 1s necessary for the genome balance However, monosomucs 1 marze
have been 1solated Haploid barleys have been reported and are viable (Clavier
and Cauderon, 1951, Suzukl 1959, Tsuchiya, 1962, Fedak, 1972, Kasha, 1974)

In y 18 a common pt and often goes d phe-
nolypxcally The extra genomes function as genetic buffers 1 such a polyplold
system
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As alreads indicsted ineuplards s any deviition from a cuploid conditron: This
cundstion ¢ 1n be exprressed erthier as an wddition of ane or mare entire chromanomes
or chromoame segments to 4 penomie number (1% 2% dx cte) or as a low of such
<hromosome mitern)

Ancuploids 10 be ¢ used by any of the four followang disturbances (Racger et al
19763
I Low of chromosames in mitotie or mesotic cells often caused by lagging chromosomes
or laggards, wheeh are charactenized by retarded movement duning anaphase Thiy
results 1n hypoplold chramasome numbens teg v 1 44 2 20 1 20 2 et
Non dijunction of chromuomes or cheomands duning mitasis or mewnts This i a
farlure of such penctie utits W scparate properly and results 1n therr nut besng distnb-
uted to opposite cell poles (Taig 16 1) 1 can cause hypo- or hyperploid chromosome
numbers teg 4v 1 el et
lereputantics of chromosame distribution duting the mesnis of palyploids with uneven
numbers of basic penomes such avan tnplods pentaplods ete (e g 31 S1) Insuch
pohvphds some chromonomes ate often present as unnvalents They are distnibuted
randomty 10 esther pole or may be lost in anaphase 1 or anaphase I
The occurrence of multipolar mitosis ressling i trrepular chromosome dastnbutionin
anaphase Such multiform ancuploidy (I3 194%) can result in cells with diferent
ancuploid chromosome numbers caustng the formation of tissue with chromosome
mosaicm

&

1621 Nulbisomy

Hypoploids are indnaduals, tissucs, or cells that are deficient for onc or more chro-
mosomes One cl;\“ of hypoploidsare (hc nulhsomics, which have one or more pairs
of homol misng Nl s usually are not found 1n natural
populations hu( have to be obtained by intererossing or selfing of monosomics (e g .
6x—1) This can occur by the fusion of two gametes that are lacking the same
chromosome  Selfed monosomics produce disomic, monosomic, and nullisomic
progeny Stnce male gametes lacking a chromosome usually have a low sunnal
rate duning fertilization or are less competitnve, the percentage of nullisomics from
monasomic selfing 1s quite Jow In wheat only from 0% 1o 10 of the 20-chro-
mosome male gametes can compete with 21-chromosome male gametes dunng
pollen tube growth Therefore, only a small percentage of the progeny of selfed
monosomics are nullisomuc Scars (1953) reported that monosomic 3B yiclds up

Fig 16 ] Nondispunction of chromatids during mitosis
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to 10% nullisomics, and several other monosomics yield as hittle as 1% after self-
mg Nullisomics are generally weak individuals that are difficult to maintain
They are reduced n fertility, size, and vigor In wheat all 21 possible nullisomics
(the nultisomic series) have been obtained by Sears Only nullisomic strains 7B

and 7D can be d easily as stocks N series are not
of great agronomc wmportance, but they can be used for genetic studies The
wheat nullisomics differ from each other morphol Ily and thus d

the genetic effcct of the mussing chromoseme pair (Fig 16 2) Nullisomic analysis
can be used to assign dominant genes to specific chromosomes (Dawson, [962)
The disomc' individual that shows a certain homozygous dominant character
(e 2. A) can be crossed with a nullisomic series the members of which all show
the recessive character The offspring of these crosses will all be heterozygous
{Aa) or hemizygous® dominants (40) If the heterozygotes (Aa) are selfed, they
will seg 3A o la The b {A0) will, upon selfing,
result 1n a majority of dominants (4A4+40) and a small proportion with the
recessive ch being € that upon crossing produces
hemizygous F,'s and a ratio deviating from the normal 3 [ in the F, 1s the one
that designates the carnier of the dominant gene (A4) 1n question {Fig 16 3)

1622 Monosomy

As d, are with one mussing chromosome (6x—1,
4x—1, etc) (Fig 16 4) Monosomics have been discovered 1n humans, amimals,
and plants Three types of monosamy can be recogmzed (symbols show wheat
situation)

1 Primary One 1s missing The h 1! to the
missing 52 normal Rieger et al (1976) also
recogmize this term (symbol 207+17 2n=41)

2 Secondary Qne homol h pair 1s missing and 15 replaced

y a y or for one arm of the missing parr Kim-
ber and Riley (1968} and Khush (1973} call this monorsosomy (symbol 207 +¢' 2n=
41

w

Tertrary Monosomy As a result of pollen irradiation, two nonhomologous chromo-
somes are broken 1 the centromere region Two arms of these non-homologues vmie
and form a tertiary chromosome with a functional centromere The other two arms
are lost A plant fertihzed with such pollen becomes a tertiary monosomic (Khush and
Rick, 1966) Such a plant really 13 a double monosomic with a tertiary chromosome
(TC) addition {symbol 19”+1"+1/+TC 2rn=41) (Fig 16 5)

have been used in wheat breeding for the purpose of chro-
mosome substitution. The first monosomic series 1n wheat was established by
Sears (1954} 1n the cultwar “Chinese Spring ™ The sources for such monosomics
are

1 Asyrapns as caused by nullisamy This was the major source m wheat Of 212 mono-
somes recovered, 114 (53 8%) were obtained from progeny of asynaptic nullisomsc 3B
(Sears, 1954)

'Disomic-Indwviduals (¢ g, 6x) with complete sets of homalogous chromosomes as
opposed to monosamics (6x— 1), nullisomics (6x—2), etc

‘Hemizygous-Genes not present as parrs of alleles but only once as a result of aneuplody
or loss of chromosome segments
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? [
A A
Ny tisomic
Senies. x
A > A 0
2 +
Heterozygous Hermizygous
Selfed Selfed
3A 1a
.
A A A 0
F Nu hsomic
? * * Recessives
Fig 163 of analysis 1n text

~

Polyhaplord progeny Of the 212 monosomics obtained by Sears (1954), 66 (31 1%)
were dertved from two different polyhaploid mdividuals

Chromosome loss as a result of non-disjunction during metosts or during the early
mitotic dvisions of a diplord zygate
Unegual d non
heterozygotes (see Section 14 3)
Chromosome substitution lines in wheat have been produced since the first mono-
samue seres became available Rieger et al. (1976) defined chromnsome substitu-
tion as the exch of a single ch h pair by chromo-

w

IS

) during meiosis of translocation

ora
somes of the same complement (from a different varety, for instance) or by
chromosomes of the complements of other species or genera (alien chromosome
substitution). One of the purposes for chromosome substitution could be that, after
demonstrating that disease resistance or some other desirable agronomic charac-
teristic 1s conditioned by a gene or penes carried by a certain chremosome, this
desirable chromosome could be substituted into an otherwise acceptable cultvar
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Fig 164 Karyotype of monosomic common wheat, Trificunt aestrsum L Chromosome
parrs 1 to 4 are arranged according to the length of their satellites Chromosome 5 (4D)
and pairs 6 to 21 are arranged according to the length of their short arms The photo-
graphs of the chromosomes were taken from a cell of a plant that was monosomic for
chromosome 4D Scale umits at left represent 1 um (From Schulz SchaefTer and Haun
1961 Reprinted by permssion of Verlag Paul Parey, Hamburg)

Assuming that *Chinese Spring” 1s that improved acceptable cultvar, it can be
used as a monosomic female reciprent for repeated backcrossing until the desirable
chromosome of the male donor variety 1s transferred into the Chinese Spring back
ground Such a techmique takes advantage of the fact that monosomes have much
greater transmission through male than through female gametes (Fig 16 6) In
order to improve varieties 1n such a way, the monosomuc series of Chinese Spring
had first to be transferred to other such desirable cultivars This has been accom-
plished 1n more than a score of cultvars

In recent years chromosome substitution, with the help of ancuploids, has been
used less because of the enormous effort in work and time required Usually, the
same objective can be achieved through the backcross method (Hurd, 1976)
Monosomics were first found 1n tobacco (Clausen and Goodspeed, 1926) They
also were detected 1n oats, tomato, maize, and cotton Since there ts some hom-
ocologous painng between genomes 1n tobacco, trivalents occur in 25% of the

In wheat, do not form trivalents

In humans the most common single abnormality 1 chromosomally abnormal
fetuses 1s the Turner syndrome (45,X) (Hamcrmn, 1971b) It occurs mo 03 T of
all female births Ths 1s the y for the X ct

1 mono-
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L

Fig 165 Schematic representation of tertiary mon
osomy The double monosomic condition 1s caused by
the formation of a tertiary chromosome (TC)

TC

somics m humans are very rare Al Aishetal (1967) reported one single complete
G group monosomy but most others are mosaics.

In Drosophila only one type of autosomal monosomic 15 known, the haplo-1V's or
individuals with only one chromosome 4 Ths 15 a loss of 54 bands of a total of

about 5000 in the entire Drosophik 1 Haplo-1V’s are not
as robust and healthy as normal flies There 1s no monosomy for chromosomes 2
and 3 M for the sex ch so called XO fhes, also exist in Dro-

sophila They are males but are stenle XO types have also been reported i mice,
and are female and fertile

As mentioned before monosomics in diplords are rare but have been isolated 1n
maize as early as 1929 (McClintock, 1929¢, Einset, 1943) Only more recent efforts
have made it possiblle (7 G¥E MITGSATIS 1T ganetic stades Tire establsiimart of
the complete monosomic series 1n maize has been particularly helpful (Weber,
1974) Plewa and Weber (1975) used monosorme analys:s for the study of fatty
acid composition 1n embryo lipids of maize
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Fig 167 Monotelosomic faaihtated mappung

NaliNe *Q% of genes in wheat

- -
PRV J
* onc ossners Crossovers
\Most of the presently mailable of wheat are d as ditek
for which the d 15 rep dbva gous parr of tel

osomes (207 +17) (Sears 1966)

1624 Tnsomy

Trnsomics are indnaduals with one or more {(doubletrisomics. etc ) extra chromo-

somes 1n an otherwise disorme chromosome complement Trisomy 15 very common

in plants [t was first disoo ered in Jimson weed by Blakeslee 1n 1921 (Chapter 1)

Orgamsms of this kind are hvperploids There are five major kinds of trsomy

recogmzed

| Prmary Trisomm The s gous to one of the

chromasome pairs of the complement

Secondary Trisorm The 1s a secondany or an

1sochromosome (sec Sccllon 103)

Ternary Trsomn The o tertiary chromo-

some conststing of two nonhomologous chmmosome segments

Ele Tnsorm A 15 missing and 1s gt d by
two other modified chromosomes.

5 Telosoruc Trisonn The 1sa

These five types of tnsomucs can be disuinguished cvtologically 1n metosis Given

the proper zvgotene painng and conditions for chiasma formation, pnmary tr1so-

mucs can form charns of three chromosomes in meosis (Fig 16 8A) but never rings

of three (Other possible trvalent configurations are shown in Fig 15 6A ) Second

an trisomics can form nines of three (Fig 16 8B) and tertrary tnisomucs can form

chains of five but never nngs of five chromosomes (Fig 16 8C) Telosomc tnsomics

can be of several different constitutions I one deals with 2 monotelotrisomic (20°

+12 "1 wheat) achain of three chromosomes can be formed but never a ring of

three (Fig 16 8D)

"

w
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Fig 1684 D Cytological denufication of tnsomics in meiosis (A) Primary trisomic
{8) Secondary tnisemic {C) Tertrary trisomic (D) Telosomic trisomic

16241 Primary Trisomy The first detailed morphological description of a
complete senes of 12 primary tnisomics (2n=25) was presented by Blakeslee
(1934) 1 Datura Each type 1n the series had its distinct frunt capsule morphology
(Fig 169) Primary trisomics can also be distinguished morphologrcally i Avena
sativa (Azael, 1973), Avena sirigosa (Rajhathy, 1975) Potennlla argentea
(Asker, 1976), Penmsetum (Manga, 1976), and 1n many other species Morpho

logical differences between trisomics are not large enough to be disungwished in
Clarkia (Vasek, 1956, 1963), Collinsta (Dhillon and Garber, 1960, Garber,
1964}, Triticumn (Sears, 1954), and Nicotrana (Clausen and Goodspeed, 1924)

In maize only two trisomucs, triplo-3 and triplo-5, could be identified morpholog-
1wcally The rest could not be distingmshed from each other nor from the disomics
(McClintock, 1929a, McChmtock and Hill, 1931, Rhoades and McClintock

1935) Additional series of primary trisomics have been established i maize
{McClmtock, 19292), barley (Tsuchiya, 1958, 1961}, tomato (Lesley, 1932), rye
(Kamanot and Jenkins, 1962), and 1n other species The main source for primary
trisomucs 1s 3x types and subsequent hybridization between 3x and 2x types Other
sources for ebtaimng primary trisomics are non-disjunction, progenues of triploids
and tetrasomics and translocation heterozygotes Prumary trnisomics have been

also obtained by the use of jomzing radiation and after colchicine and other
chemical treatments Gottschalk ana Mintinavie (1973) in. peas and Palmex
(1976) 1n soyb found certamn desynaptic mutants that have a genetically con

ditioned occurrence of meiotic univalents, which 1s a potental source of trisomics

Primary trisomics are excetlent tools for assigning linkage groups to specific chro-
mosomes As a matter of fact, the most extensive genetic studies with the awd of
aneuploids have been conducted with trisomics Geneticists made use of the fact
that gene segregation 1n primary trisomes 1s different from that of any other chro-
mosome 11 the complement

The crossing scheme for this kind of gene mapping 1s typically the following (Fig

16 10)

1 A plant homozygous recessive for a given gene (@) the hinkage group of which is to be
determined, 15 crossed to all plants of the primary trisomc series
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Fig 16 10 Gene mapping with the aid of trnsomics
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The trisomc F, plants are rdentified by cytological analysss or selected by morpholog
rcal charactenistics of that 1s possible They arc then backerossed to the homozygous
Tecessive

The F, testcross plants ate analyzed genetically for therr segregation If there s a stnk
ing deviation from the normal phenotypic 14 1a testcross ratio then the linkage group
1 question (marked by gene a) can be assigned 10 the primary trisome that produced
this rato

As seen 1n Fig 16 9, the tnsomic carrying 444 produced A4a trisomics 1n the F,
Genotypes of such trsomucs are called duplex (Section 153 24) A plant with a
duplex genotype produces the following gametes 144 1a 24 2A4a The testcross
ratio consequently results in 54 12 This ratio may be modified depending on the
distance of the a locus from the centromere permiting double reduction (Section
1532 4) It also depends on the transmission of hyperplord gametes through the
female In maize where this transmission was expected to be about 33% for chro-
mosome 10, a testcross ratio of 3 8 1 was obtained for a tnsomic of the R,R,r,
genotype (R, 57 Colored aleurone and plant) (McClintock and Hill, 1931)

This trisomic method for assigning hinkage groups to chromosomes has been
applied 1n Datura (Avery et al, 1959), Antirrhinum (Rudorf-Lauritzen, 1958),
maize {(McClintock and Hill, 1931), spinach (Jamck et al, 1959), barley (Tsu-
chiya, 1958b, 1959a, 19595, 1960, 1961, Tsuchiya and Takahasht, 1959, 1960},
tomato (Rick et al, 1964), and Petura (Smith et al , 1975)

The first discovered human tnisomic syndrome was the one involving the G-group
of ch called hsm or Down's Synd which has a freq y of
about 1 1n 600 to 700 births It 15 also the most frequent autosomal aberration 1n
humans This tnisomy 1mvolves one of the smallest human chromosomes which is
sigmificant 1n that most larger duplications of gene complexes cannol very often
survive The frequency of this synd. at 15 d at 1 1n 140
Spontancous abortion 1s the explanation for the r:ducuon 1 frequency of G tn-

w
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somy at birth As a matter of fact, from 60% to 100% of all chromosomally abnor-
mal fetuses are believed to be spontaneously aborted (Hamerton, 1971b) The
incidence of mongolismis known 10 increase with the age of the mother The reason
for this relationship is not yet entirely clanfied, but one could conceive that the
oocyte decreases im merote efficiency as maternal age increases Since the increase
10 G group chromosomes to five probably 1s caused by non-disjunction, one can
speculate that the chromosomes with increasing age of the oocyte mcrease mn
suckiness which could prohibit their separation at anaphase and facilitate therr
combined transport to a single cell pole The smallness of the G chromosomes
probably also contributes to their greater difficulty tn separating Recent cytoge

netic evidence seems to 1ndicate that tnsomy 21 can also onginate from paternal
chromosome non disjunction (Ericksen, 1978) Many researchers have described
the climeal features of Down's Syndrome (Gster, 1953, Penrose, 1961, Hanhart,
1960 Benda 1960 Beckman et al 1962, Gustavson, 1964, Penrose and Smith,
1966) Some of these features are severe mental retardation, saddle nose, and
slanting eyes

Other examples of human primary tnisomy are the Edward's Syndrome {E in-
somy) Pataus Syndrome (D trisomy), and C tnsomy er C-trisomy mosaicism

The Edward s Syndrome (47,XX or XY, 18-} 1s the second most common auto-
somal trisomy found 1n live birth Based on three surveys of hospital new borns, the
overall mimmum frequency is about 1 in 3 500 (Hecht et al, 1963, Marden et al,
1964 Taylor and Moores 1967) Eighty percent of the cases die within the first
two months after birth and all usually die before one year of age The first case
was reported 1n 1960 (Edwards et al) By 1971 about 150 indviduals with this
syndrome had been reported (Hamerton, 1971b) These cases show a high degree
of mental retardation, short sternum (breastbone) and laterally flattened head

The children are small and weak

The Patau Syndrome (47, XX or XY,134) is characterized by deafness, myoclonic
serzores (irregular mvoluntary contraction of muscles), eye defects, cleft palate
(split roof of mouth) and mental deficiency Usually the hrgest of the D group
chromosomes 15 1nvolved tn the and | 1315
suspect (Frg 16 11) A d studies have dthis
observatton (Grannelh 1965aand b Buchner et al, 1965 Giannelti and Howlett

1966 Yums and Hook 1966) Patau first described the chinical features of this

chromosome syndrome {Patau et al, 1960) About 75 children with this syndrome
were described by 1971 The incidence 1s about 1 1n 5000 hive births According to
Taylor (1968) the mean survival ime 1s about 90 days There 15 no evidence that

there 15 trisomy for any of the other D chromosomes

C wnsumry and T rsomy mosaicism nave been reparted by several researchers {El
Alfiet al 1963 Laurent et al 1971, Malpuech et a1, 1972, De Grouchy et al,
1971} Presently this 1s the only trisomy of a large human chromosome that seems
to be viable Most of the cases found up to now are mosaics Byjlsma et al (1972)
and Kakati et al (1973) have attempted to establish this trisomy as a syndrome

Stnce the wide application of chromosome banding has become a common practice,
C trisomy has been d with individual C-group ch Trisomies 8
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and 9 are well established Only a few cases of complete tnsomy 8 have been
described (Caspersson et al, 1972 Kakat et al, 1973, De Grouchy et al, 1974,
Jacobsen et al 1974, Sperber, 1975, Gaghards et al 1978} A wide varety of
congemtal malformations was reported in these indwiduals Mace et al (1978)
summanzed the present situation for trisomy 9 About 25 cases of tnsomy for the
short arm of 9, two cases of plete tisomy 9, and one case of a
mosaic condition have been reported
Sex-chromosome trisomics have a relatively hgh frequency in man One of the
earhest chimeal synd hinked to dy after the blish
ment of the night chromosome number 10 humans was Klinefelter s Syndrome At
least two X chromosomes and one Y (XXY) are a common feature of all these
di But other such as XXXY, XXXXY, XXYY, and
XXXXYY have also been observed Mixoploids such as XXY /XX, XXY/XY,
XXY/XXXY, and XXXY/XXXXY also exist The incidence of hve burths in
the population 1s about § 1n 500 This 1s 2 higher frequency than mongolism XXY
males show incomplete sexual expression Some Klinefelter males have been
reported to have mild mental or psychotic disorders (Mosier et al, 1960; Anders
etal, 1968)
Trnisomucs for the X chromosome (47,XXX) are females with double sex chro-
matin Seventy cases had been observed by 1971 They do not have any sexual
abnormalities According to Lubs and Ruddle (1970), they occur one mn 727
female new borns Th:: double Y syndrome (47.XYY) has often been assoctated
with Non-d of Y ch n hase of metosis
11 1s the most hkely cxplanauon for 1ts ongin  According to Lubs and Ruddle
(1970), the tncidence of this trisomy 1n male mfants was one 11 570 They pooled
the results of three studies surveying 6,746 male infants This trisomy 1s simular
to the 48, XXYY tetrasomy that was found in high proportion among males 1
nstitutions for the criminally insane (Casey et al, 1966, 1968) Several workers
found evidence that XYY tnsomy was often also associated with aggressive, tall
males who were in prison (Close et al , 1968, Telfer et al, 1968) However, Witkin
et al (1976) mantained that according to their studtes there is no enidence that
XYY men are espectally aggressive Hamerton (1971b) suggested that males with
the double Y suffer from derable inherent psych 1 disorders
that make it difficult »f not impossible for them to adjust to 2 normal socral envi-
ronment Sex chromosome syndromes are generally less upsetting to the genome
balance than autosomal ones because Y chromosomes are almost entrely hetero-
chromatic and genetically mnert (Secuion 5 2) and the X chromosomes are, with

the of one, all h h {Section 53 1)
In ammals 2 mumber of srsamve azses have been reportad Trasomy of & small
acrocentric mn bled Down’s Synd (McClureetal,

1969) and XXY sheep showed testicular hypoplasia (arrested development of
testes) typical for Klinefelter's Syndrome (Kilgour and Bruere, 1970) Mouse tri-
somics were found to be phenotyp:cally normal but sterile or sermstenle (Cattan

ach 1964, Gnffen and Bunker, 1964, 1967) In Drosophila melanogaster, chro-
mosome 4 trisomy (or triplo-1V) 1s viable and fertile in the female sex (Sturtevant,
1936) This s the only chromosome in Drosophula that can survive m the triphicate
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state {t constitutes anlv about 2% of the total chromosome complement Grass-
hoppers were found to be tnsormc for various autosomes (Callan 1941 Lews and
John 1959 Hewitt and John 1965 Sharmaetal {967)

16242 Secondary Trisonpy ~ Secondary trisomy sometumes occurs in the prog
env of normal plants but mostlv among offspring of plants with umvalent chro-
mosomes (Burnham, 1962) Misdvision of the centromere 15 the ongin of the
t same which dist fo! dary trisamics (Section 10 3)

In Darura (2n=23) 24 different secondary tnsomics are possible If each chro-
mosome arm 1s numbered the tvpes are

12412 1teri2 1222

3434 330r34 3344

56 56 550r56 Y666

etc
Fourteen had been identified by Blakeslee and Averv by 1938 Secondary tnsomics
are the least investigated among the four major kinds mentioned above (Section
16 24) Khush (1973) stated that the production of isochromosomes s predoms
nantlv a chance event, althongh expenmental methods can be nsed 10 prodoce
themn Sen (1932) obtained two menoisodisornics 1n tomato in progenies of poflen
treated with formaldehyde and ammoma vapor Khush and Rick (1967a) recewved
five d from pollen wrrad Such plants can serve as a source of
secondary trisomics Other secondary tnisormecs are known for marze (Rhoades
1933) tomato (Khush and Rick 1968b 1969) wheat (Sears 1954) and oats
(Rajhathy and Fedak, 1970 Rajhathy 1975)
Advanced studies with secondary trisormucs have been carmed out bv Khush and
Rick 1n tomato (2n==24) They 1solated 9 of the possible 24 secondarv tnsomics
which brings the total number for tomato up to 10 {Moens, 1965) Thev found
that most of the morphologmeal charactenstics of the prmary tnsomics are exag
gerated 1n the secondanes since one arm s represented four times 1 the chro-
masome complement rather than only three times as in the pnmanes The seg
regation ratios of the secondary tnsomucs are different from those of the pnmarv
tmsomucs In the pnmary tnsomcs the three homologous chromosomes can
entirely substitute for each other accounting for the umque trisomuc segregation
ratos But in secondary tnsomics the segregation 1s primanly disomic but com
plicated by the existence of an extra The of the
1soch varies depending on the chr arm involved. In Darura that
transmission to the progeny after selfing raneed from 2% for the 1 1 secondary to
31% for the 5 5 secondary (Blakeslee and Avery 1938) Any spore that receves
an 1sochromoseme mstead of a normal chromaesome aborts because 1t 1s dehcient
of one chromesome arm The segregation testeross ratie of secondary trisomics of
AAAa constitution deperds on the location of the recessive marker If the reces-
swe marker 1s located on the 1sochromosome, none of the trisomie progenv will be

Monaisod soruc-one chromesome 15 mussing but 1s replaced by an 1sochromosome for

one of the arms of ns homelorue Tomato has In=24 The menasodisomic syrbol 15
237+1"
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recessve If the recessive marker 1s located on one of the normal homologues, the
expected trisomic testeross ratio will be 11 1n Khush and Ruck’s (1968b, 1969)
data, the percentage of recessive secondary trisomics in the testeross Fy was lower
than expected because of lower viability of these trisomtcs

Khush and Rick could clanify the refationshsp between four tomato chromosomes
and their corresponding genetic linkage maps by the tnisomic method using sce-
ondary trisomics 1n tomato

According to Khush (1973), secondary trisomics can be used as efficient tools 1n
linkage mapping The segregating progemes can give data on the chromosomaland
arm location of a genetic marker, the centromere position, and the proximity of the
marker to the centromere

Feldman (1966) obtatned six doses of the pairing suppressor Ph of wheat by pro-
ducing trusosomic SBL (20”-+1”) and was, thereby, able to deduce the method
of action of this important gene

16243 Tertiary Trisomy  As d, the add 1 ch na ter-
tiary trisomic is a tertiary or translocation chromosome (Section 14 3} They reg-
ularly occur in the progeny of translocation heterozygotes In spite of their cyto-
genetic value, they have been studied i1n only a few species Avery et al (1959)
established 30 different terviary trisomics in Datura Other tertiary trisomics were
sdentified i Qenothera (Catcheside, 1954), barley (Ramage, 1960, Prasad and
Das, 1975, Prasad, 1976), maize (Burnham, 1930), rye (Sybenga, 1966), tomato
(Khush and Rick, 1976b), and 1n peas {Miiller, 1975) As mentioned in Section
1624 1, pnmary tnisomacs are ideal tools for assigmng genetic markers and entire
linkage groups to specific chromosomes Tertiary trisomics and telotrisomics are
toals to determine arm location and approximate distance from the centromere
In a teshary trisomic, the genenc ratios are modified only for genes Jocated i one
chromosome arm, since 1t has only one extra arm or part of such an arm for a
particular chromosome

In a terbary tnisomic test, the recessive gene to be located, {e g, a) has been pre-
viously wdentified with a specific chromosome by the primary trisomic test (Fig
16 10) The recessive gene ts then 1ncorporated into the corresponding tertiary tri-
somc, which 1s duplicated for one arm or past of one arm of the identified chro-
mosome One of the two normal homologues of the resulting trisommic will carry the
recessive gene (a) while the other homologue and the tertiary chromosome will
carry the normal alleles (Fig 16 12) If crossing over 1s tgnored, the disonuc frac-
tion i the testcross progeny of such a trisomic may segregate 1.4 la and all the
tmsomves wowld be nonmal L4) Such rahos wowld andicste thae the gene wader
mnvestigation 15 Jocated i the duphcated arm If the gene 1s nat located 1 the
duplicated arm, both the disomic and the trisomic fraction of the progeny will
segregate 14 ta

In the tomato, seven tertiary trisomics were studied, fne of which were used for
genetic tests Marker genes were assigned to specific arms of chromosomes 1, 4, 5,
7,9,and 10

Ramage (1964, 1965) described a method by which one could use tertiary tnso-
mues with genetic recessive male sterile genes (ms) 1n the production of hybrid
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Fig 1612 The tertiary tnisomic test

barley He called this method the bafanced tertiary trisomic system According
to Ramage, balanced tertiary trisomics ase * tertiary trisomics set up in such a
way that the dominant allele of a marker gene, closely inked with the interchange
breakpornt, 1s carried on the extra chromosame, and the recessive allele 1s carned
on the two normal chromosames that constitute the diploid complement™ If the
dominant marker allele 1s responsible for male fertility (A£s), the tertiary trisomic
has the genctic constitution Afs ms ms (Fig 16 13) All functional pollen with a
normat haploid chromosome complement from such a plant carries only the reces

swve ms gene, since Ms ms pollen 1s not able to compete Pollen with only the
translocated chromosome (Afs) carries a duplication and a deficiency (Dp-DI')
and 1s not viable Since there is alsa lowered tr of the extra 1

Ms marked chromosome through the egg, the progeny consists of only 30% bal-
anced tertiary tnsormics but 70% disomics In Fig 16 13, the extra translocated
chromosame has a second marker, 11 this case a dorminant gene for a red plant
color ANl balanced tertiary trisomucs have a red plant phenotype and are male
fertile All diploids would have a green plant phenotype and would be male stenile

The red marker gene or any other sumilar marker can be used for separating the
male stenle from the male fertile plants

Hawever, all of the presently available commercial hybnd barleys do nat have to
rely on any extra color marker gene (Ramage, 1975) The male parent rows are a
norma) barley cultsvar, which 1s a good pollen producer The female parent rows
are the sclfed progeny of trisomic plants (Fig 16 13) containing about 30% male
ferule bafanced tertiary trisomucs (Ms ms ms) and 70% male stenle diploids The
male fernle tnsomics are shorter, weaker, and later flowering Therefore, this
female parent produces almost pure stands (95% to 100%) of male stenile diplosd
plantsin { hybnd seed prod Inorder to pletely assure crowd

1ng of the male fertile trisomic individuals in the female parent rows, the seed from
the balanced tertiary plantsis sown at a speciaily heavy rate (25 to 30 kg/hectare)
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Fig 1613 Breeding behavior of a balanced tertiary trisomic marked with 2 domunant
mature plant character (Ms) (From Ramage 1965 Reprinted by permussion of the
Amencan Socrety of Agronomy Madison Wisconsin)

16244 C Tnsomy A trisomic was found by Blak
eslee (1927) 1n the progeny of a translocation heterozygote of Datura that
mvolved two 1 and a ning of & ch The trans
location involved the chromosomes 12 56 and 9 10 of Datura (2n=24) The

d were of the 102 19 16,and 52 (Fig
16 14) If chromosomes 910 19 56 and 2 5 of the translocation ring combine
with a normal gamete a plant results with anly one 1 2 chromosome the missing
1 2 chromosome being compensated for by the 1 9 and 2 § chromosomes Such a

10 91 25 6
—— ZeveOeensenes
‘T al Tn
10 2,7 7 9 5~ S\ Fig 1614 Nlustraton of the
— oS
o e s \  possible origin of compensating

{{ mcm— Ly ae8 \2esOeese? ] msomy  (From  Burnham
[—— - ~ =/ ey



Arenpledy 29)

plart 15 tnsoruc for the 5 2nd 9 chromosoms sevments A chamm imohang 7
chromosores mas occur 1n the first metotic drasion of such a plant 910-109
9112255665

16245 Telosonne Tnisomn In telosome tnsomy the addmonz) chromoso™me
(6x~1, 2x~1, etc ) 15 2 telosonte which 15 homolozous 10 one chromosome arm
m the otherwise normal disomic complement In wheat (2n=42) roTerclzture
this 15 called 2 monotelotrisomic or 15 svibohized 25 207 ~t2  1f the telosom= 15
wentifi=d the chromosome number can follow the svmbol For mstarce f the
extra telocentnic wbeat chromoome 15 3A the ssmbol would be 20°~12 ~A
Teletnsomics hase been reported 1n maize (Rhoedes 1936 1940) Darues (Blak
eslee ard Avern 1938) tobaceo (Goodspeed 2nd Avers 1939) wheat (Moseman
z~d Sruth 194 barlev (Tsuchina 1960- Singh and Tsuchnz 1977) me
{hzmanozrd Jenkins 1962) 2nd tomzto (Khush ard Rick 196%¢) In mzize 2nd
*bet the telotnsomics could be used to determire the 2rm focztion of vanows
e~z bn most species it 1s difficult (o identifs the telosomnas 2s o therr arm hemo!
¢y Howsver m tomate ard maize identifcation 13 possible because accuvate
Fachytene analysis can be carned out (Section 2 2) Gerelic segregzation ratios for
telotnsomics 2re very simalar to these i tertizn tnsomics Then 2re onhy modif=d
for the markers located on 1he dupheated telocertne 2rm

Be 1968 six monotelotnsomics were discovered ard idsnufied 1n tomato Irhen
tance studtes with three of them fzaihitated 2rm assignmert of marker gemss In
Eerlsy 7 momotelotnsomics were used to analvze cver <0 gznzs on 7 chromosomes
§ ~ee telocentne chromosomes are shorter than comp'ste chromosomes the trans-
38307 rete was higher through femals gzmetes than i primary tnso™ics

1625 Tetrasomy

Tetresomuscs are orgamsms m which ore chromosome 15 prasent four tmss 1 20
otherease disonic chromosome complem-nt (e g 6x—2) Inwbeat the svmbol 1s
20°~1  Sears (1952¢) used tetrzsomic wheats in ovder to establish the so-called
Bomoeslozons groups in that species Particular tetrasorncs after combraanen
#7th rullisonics can cancel the morphological expression of certzr rulfise™ cs
Fromy the study of nuifisomic tetrasenics, Sears concluded that there are snen
su¢h chromosome groups of three homoeolomous chromesomss e2ch Each terra
$emue compensated to some deeres for either of the other two rullisones Sears
s7tbasized 21l 42 possible nullisomic tetrasoue conbinztions witkm each of the
lozous groups. 2rd each showed some supenionty ever the roflisomes
Ivrmam cases the compensation was complete Afier this studs the chromosermes
of wheat were reclassified from a Ronzn numerz] rumben=g ssstem {(1-311)
1029 Arabre pumbenng svstem with capiz] Ietters folloar~e rurmbers to desiz
T2tz genorue relanoships (1A 7A 1B-7B 1D-7D) Stmilar chromosome com-

pensation betaeen nullisoics and tetrasomcs ks 2bo been demesstrated 17
cats



Part VIII
Variation in Chromosome
Function and Movement

In Parts V, VI, and ViI the possible deviations from the normal
chromosome types, structure, and number were described and dis
cussed In the forthcommung three chapters, the vamuon n the
function and of the chr 18




Chapter 17
Variation in Function of Autosomes

Both ch function and are highly d and precisely
efficient processes In this context Swanson {1957) commented “The fact that eell
division 1s not a unitary process means that the steps that normally occur 1n orderly
succession are subject to disturbance and open to attack The natural causes of
upsets 1n cell and chromosome behavior can be examined, as well as thesr conse-
quences to the particular individual and to the population at large ™

171 Somatic Segregation

Each cell division normally leads to the formation of two cytologically and genet

1cally identical daughter cells But, due to cytological and genetical disturbances,
cell division can lead to unlike daughter cells and, consequently, to unlike tissues
The results are phenomena like mosaicism, chimeras, variegation, and mixoploidy
Genetic mosaics caused by intrachromosomal changes, for tnstance, are the result
of somatic crossing over.

1711 Somatic Crossing Over

Somatic crossing over occurs during mutosis of somatic cells and leads to the seg-
regation of | alleles Its prereq 1s somatic ch painag
(1e, panng of hi ) as di d 1n Section 92 Somatic
crossing over, like meiotic crossing over, occurs mn the four strand stage of chro-
mosomes and 1s common 1n many dipterans If, for instance, a certain tissue of the
fly Drosophtla has a gene for yellow body color represented 1n a heterozygous con-
dition (Bb) and crossing over occurs between the centromere and this gene, then
4 daugiiter ceil can ongirate oiat carries the gene 5 1n a iomozygous recessive
condition (Fig 17 12) The tissue that develops from this cell would show 2 yellow
(bb) single spot. In a more critical test, two recessive genes for body color, a and
b, are located on the same chromosome and are mvolved 1n somatic crossing over

The crossover location 1s between the centromere and the first gene (g) The result
can be two adjacent cells of which one 1s homozygous for gene a (aa) and the
other for gene b (bh) The tissues that develop from these two adjacent cells will
form a so-called twin spot, twin patch, or double spot (Fig 17 1B) Figure 172
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Fig 17 1Aand B Dragram explaiming somatic crossing over and its genetic consequences
m a double heterozygote (Ab/aB) (A) Crossing over 15 located between the two locy A
and B which results i a bb-spot (&} Crossing over s located between the centromere
and the first locus, A, which results 1n a twin spot, aa bb (From Rieger et 2l 1976)

Fig 172 Twm spot an maze, consssting of light
varegated and self colored kernels, on a vanegated
car {From Brink and Nilan, 1952 Reprinted by
permsssion of 1the Genctics Socicty of America, Aus-
tin, Texas)
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shows a twin spot 1n the ear of maize Somatic crossing over has been demon-
strated in Drosophila (Stern, 1936) maize (Jones, 1937), and asexual fungi (Pon-
tecorvo, 1958) (Haendle, 1971a 1971b, 1974) showed that somatic crossing over
1n Drosophila can be mduced by x rays and that it 1s dependent on the dosage
Vig (19732 1973b) studied the effect of nhibitors of DNA synthesis on the induc
tion of somatic crossing over in soybeans Somatic crossing over was induced only
by those chemicals (caffeine and actinomycine D) that are known to allow rejomn
ing of chromosomes He saw thus as evidence that somatic crossing over 15 caused
by a specific event tn DNA repair rather than by mere inhibition of DNA synthesis
Soybean seems to be an 1deal object for the study of somatic crossing over Its
frequency of somatic crossing over 1s almost 10 times higher than in tobacco (Evans
and Paddock, 1976) Twin spots composed of a dark green (¥, ¥;,) and a yellow
(O 31s) component can be observed adjacent to each other on the hght green
(Ys 341 leaves 1n the areas of complementary exchange for these genes Vig sug-
gested that this genetic system 1n soybeans should be given a wider try at least for
prehminary testing of the effect of mutagens

Zimmermanet al (1967) suggested that somatic crossing over may be responsible
for some form of cancer 1 humans Somatic crossing over leads to homozy gosis of
recessive genes that when phenotypically expressed may be detrimental or lethal
and might lead to mahgnant growth

1712 Chromosomal Chimeras

These are cytogeneucally heterogeneous tissues that lie side by side in an orgamsm
and lead 1o the formation of mosaics They are caused by changes 1n chromosome
structure or number and can therefore be called chromosomal chimeras. A chi-
mera can be defined as “an organssm usually a plant, that 1s not genetically uni-
form throughout™(Cramer, 1954) In chromosomal chimeras, distinct adjacent tis-
sue layers have different chromosome structures or numbers They have been
reported in Nicotiana Solanum Datura and Crepis etc They may be classified
according to therr different structural origin

1 sectonal chumeras (Fig 17 3A)

2 mericlinal chimeras (Fig 17 3C)

3 periclinal chumeras (Fig 17 3B)

[
Fig 1734 € Schemanc illustration of chromosomal chimeras (A) Sectorial chimeras

(B) Pericinal chimeras (C) Merichnal clumeras (From Swanson 1957 Redrawn by
permission of Prentice Hall Inc Englewood Chiffs N J)
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1n sectorial chimeras, different tissues occupy distinct sectors of the plant and are
not limited to tissue layers Instead, the heteraplod tissue extends from the center
of the affected plant part (root, stem, or leaf) to the epidermis This type was dis-
covered and deseribed 1n Datura (Blakeslee et al 1939 1940) In this type one
branch of the plant may become tetraplod and another diplord depending on the
ongin of specific branches In aa wnsestigatian by Brumbield (1943) on the faba
bean «btea fabarand Crepes hang ch rear mnduoced by x
ravs, most of the chimeras obtained were of the sectorial type The prevalence of
sectori1l chimeras and the almost complete absence of pertclinal chimeras in this
study scemed to be caused by the method of treatment that imolved x-rays Only
sngle apral cells were affected by the treatment that supposedly gave rse to a
chimeral sector betind the apical meristem The sector usually involved about one-
third of the root s cross sectwn mcluding roat «ap epidermis cortex, and central
cyhinder Figure 17 4, for instance shows how from a stem with 2 2v-dx sectoral
chimera {A). pure 4v (B). sectorial (C), pure 2x (D), penichinal (E), and men-
chinal (F) branches can anse If the plant can be propagated asexually, one could
produce plants that are composed entirely of tissues with different chromosome
numbers Much of the information about the behavior of sectonal chimeras stems
from gene differential chimeras (Rieger et al, [976) These are chimeras that
could arise, for instance, from somatic mutation of a gene 0 18 recessive allele
A penchna) chimera can anse from a sectonal one, such as Jf a superficial stnp
of the 2x component overlaps the 4x component (Fig 17 9) If such an overlap s
extensive and the budding branch originates within 1ts periphery, such a newly
ongnated branch will be penichinal (Neilson-Jones, 1969)

Mericlinal chimeras (fig 17 3C) are interrupted penichinaf chimeras in which, for
tnstance, only part of the covening layer or epidermus s tnvolved n the tissue dif-
ferentiation Swansen (1957) believed that this 1ype 1s probably the most com-
monly found although the most unstable msofar as perpetuations concerned
Periclinal chimeras (Fig 17 3B)are probably the most stable ones They may have
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Fig 174 Possible aeigin of umifarm branches (B and D), scctonal (C). penichnal (£),

and mericlinal branches (F) from the stem of a scctonal chimera {From Neilson-Jones,
1969 Reprinted by permussion of Methuen and Co, LTD , London)
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2¢ 8 2x 2x2x8x

Fig 17 5A-D Drawimgs of longitudinal sections through the shoot apex of diplord Sim-
son weed Datura stramomum L, showing three lavers of penchinal chromosome chi-
meras (A) Diplord Iayers (2x) of first tumea, second tunica, and corpus_(B) Octoplond
first turica (8x) diplod second tunica {2x) and diplord corpus (2x) (C) Diplond first
wnica (2%) octoplord second tumea (8x) and diplord corpus (22) (D) Diplond first and
second tuTica (23) and octoplod corpus (Bx) (Aficr Sauna ot al., 1940 Redrawn by
permussion from Colchicine 10 Agncaltare, Mediaine, Biology, 2nd Chermustry by O J
Eigstand P Dustin, Jr {0 1955 by the Iowa State University Press, Ames, Jowa 50010)

entire chimeral tayers of ussue that can be one, two, or mere ¢ells in depth The
diffening tissue can occupy e1ther the core of the plant structare, 1t can be sand-
wiched between two layers. or it may smohe the covening layer such as the ept-
dermis Most chimeras produced by colchiane are of the persclinal type Such
chimeras were descnbed 1n Darura (Satina et al, 1940; Satina and Blakesles,
1941) The cells that are affected by the spindle fiber porson, colchicine, are tn the
actnely dmiding menstem. The stage most susceptible to the action of colchicine
15 late mitotic metaphase The cells of one particular germ layer are all m meta-
phase, while the neighbormg layers are i earher or fater drvision stages Conse-
quenth, only one cell layer wall be affected by the colchiaine, while the others wall
remain unchanged (Nealson-Jones 1969) In Darura penclmal chimeras of
2xr4x and 2x~+8x consuitution were prodnced by treating germinating seeds
with colch The d of } dinal sections through the shoot apex of
Datura n Fig 17 5 show the vanous combinations of different plondy levels in the
three germunal layers of the shoot apex (first tumca, second tumica, corpus, the
tumea 15 the outermost of the growth regions of the apical menstem) Sunilar
chimeras were studied by Dermen (1941, 1945, 1953, 1560) 1n peach, apple, 2nd
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cranberry Blakeslee (1941) explamed the use of polyplordy 1n periclinal chumeras
to label the different germ layers as to their contribution to the development of a
given plant organ Chromasomal chimeras also have been observed as part of nor
mal tissues and are often referred to as polysomaty (Section 17 1 4)

1713 Chromosomal Mosaics

In men and ammals the term mosaie 1 generally used for a phenomenon that 1s
similar to & chimera in plants Ch mosaics, fike ch ich

may have cefls differing in chromosome structure or aumber Many human chro-
mosomal mosaics have been mentioned n previous chapters They are often
referred to as mixoploids An example of dv as a normal p} n
a human tissue 15 the end (mucous b hmng the uterus) in
which chromosome numbers range from 2n=17 to 2n=103 (Hughes and
Csermely 1966) Tetrapioid cells have been found along with diplord ontes i rat
liver {Alfert and Geschwindt 1958) and in certain mammalian bram cells, includ-
ing the Puerkame cells of the cerebellum (Cohn 1969)

1714 Polysomaty

This phenomenon i actually identical to endopolyplody which was discussed ear-
ber (Section 9 1) Polysomaty 1 2 term that was comed by Langlet (1927) to
designate normal tissues that cantain diploid and polyplowd cells adjacent to each
other The terms “chimeras * and “mosaics™ are generally used for anomalies, but
the Literature 1s not The terms “ch h " and “chromo-
some mosaics” do not necessanly always 1mply changes in chromosome number
only, but also i chromosome structure The term “polysomaty,” however, s
restricted to tissues 1n which euploid chromosome numbers at various ploidy levels
occur together Such change in ploidy can be explained by the onigin of polysomaty
through the process of endomitosts (Section 9 1, Fig 9 1) Endomutosis always
imphes that polyplod occurs in differ tissue This 1s another form
of somatc segregation that occurs bath m 2mmal and plant tissues Polysomaty
apparently was first discovered in plants by Stompsin 1910 He observed that many
cells 1n the penblem {cortical region) of the spinach root regularly had twice the
typical somatic number Thos finding was confirmed by Litardire (1925) i hemp
More extensive studies demonstrating polysomaty in spinach (2n = 12) have been
carried out by Lorz (1937}, Gentcheff and Gustafsson (1939). and Berger (1941),
who showed that the degree of polysomaty extended from 3¢ to 8x 1o even 16t in
some cases Other plant species m which polysomaty has been demonstrated are
maple (Meurman, 1933), melon (Ervin, 1941), and 39 species and vaneties of Lil-
1ales (Sen, 1973)

Polysomaty tn antmals was first discovered by Holt (1917) 1n the alimentary tracts
of the mosquito, Culex piprens Hertwig (1935) showed that the phenomenon
occured 1n the nurse cells of the Drosophila ovary where nuclear volumes corre-
sponded to cells having 2, 4x, 8, 16%, 32x, 4%, and 128x constitutions Simular
findings by Geutler (1937, 1939, 1931) 1n the salvary glands of the water mnsect
Gereis lateralis were reported previously (Section & )
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1731 Asynapsis and Desynapsis

Both these processes represent asynaptic mutations and lead (o the reduction or
foss of synapsts However while in asynapsis, the b l ither
fai to pair completely during 2y gotene or pair very mcompletely 1n desynapsis the
homologues pair imtially bul fall apart durmg early diplotene or just after 1t but
usually before I The caused by major genes can be
of varsed origin
1 asynaps s owing to gene mutat ons
2 asynapss n progenics of varietal or spectes hybrids
3 asynapsis owing to loss or addition of 2 chromosome or chremosome pair
Futhermore asynapsts can be induced or d by external
conditions espectally by mutagens The same genetic and environmental influences
are vahd for desynapsis
Beadle (1930 1933b) discovered a gene 1n maize that upsets synaptic pairing He
called this gene asyraptie (as chrom 1 53) The effect of this gene was that most
of the chromosomes did not patr during zygotene and as a result occurred as um
valents rather than bivalents at metaphase I Normal synapsis and crossing over
are guaranteed only if two doses of As are present (As 4s5) (Baker and Morgan
1969 Nel 1973) Ewvidence for genetic control of asynapsis was also discovered in
Matthiola (Philip and Huskins 1931) Drosophila (Gowen 1933) Dartura (Berg
neretal 1934) peas (Koller 1938) Oenothera(Catcheside 1939) wheat (Smuth
1939) rye (Prakken 1943) tomato (Soost 1951) rice (Katayama 1961) maize
(Miller 1963 Sreenath and Sinha 1968) sorghum (Stephens and Schertz 1965)
broad bean (Syddin 1970) rape (Stringham 1970) cotton (Weaver 1971) and
Loltum (Omara and Hayward 1978)
The structure that spans the region between two synapsed chromosomes1s the syn
aptonemal complex (sec Section 7221} This complex ultrastructure 1s com
pletely lacking i a Drosophila mutant 1n which crossing over in homozygous
females 15 or almost letely reduced n the entire chro-
mosome complement The name of that mutant 1s ¢{3)G ” (chrom 3 57 4) (Meyer
1964 Smuth and King 1968) Such a lack of synaptonemal complexes as well as
lhc lack of pairing of chromosomes 1n pachytene may be a critrcal cntenon for
between and Desynapsis 1s d by ds
genes that lower the chiasma frequency or prevent chiasma formation entirely
Both as and ds genes are stmilar 1n their action They both cause disturbances 1n
mcro- and megasporogenesis A third group of genes that also affect fertiity m
higher plants the m: genes arc only effective 1n microsporogenesis (Section 17 4)
bV B m ¥ne mutant cofiecuons of couniess
plant species
Desynaptic mutants have been reported in Crepts (Richardson 1935) wheat (L1
etal 1945 Bozzmiand Martim 1971) peas (Gottschalk and Jahn 1964 Gotts
chalkand Baquar 1971) sorghum(Magoonetal 1961 Sadaswvaiahand Magoon
1965) oats (Thomas and Rajhathy 1966) rice (Misra and Shastry 1969) Lolium
{Ahloawalia 1969) cabbage (Konvicka and Gottschalk 1971, Gottschatk and
Konvitka 1972) soybeans (Palmer 1974) Allum (Gohil and Kout 1971 Kaul
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1975} barlcy (Scheuring et al  1976) and Penrusettem (Singhetal 1977 hoduru
and Rao 1978 Rao and horuru 1978)

Evidence of probably genctically determned asynapsis comes from the study of an
azoospermic but otherwise healthy and normally developed man (Chagant and
German 1974) Pachytene paining and chiasma formation at diakinesis were dis
turbed Unnalents were obsenved in diakinesis No chrasmata were scen Afmost
all spermatocytes were in pachytene The patient s mother s brother and mother s
stster s son were also inferule

1732 Vanaton in Crossing Over

Beadlc (1933b) assumed that crossing over in the asynaptic mutant of masze would
be greatly reduced because there was very hittle chromosome pairing in zygotene
as mamfested in pachytene But Rhoades (1947) could demonstrate that the fre
quency of crossing over and of double crossing over in particular was much higher
than normal in this mutam For mstance 1n the wsdg -gf region of chromosome
2 (white sheath ws,Q liguleless g, 1} glossy gl 30). double crossing over was
increased 25 times The same observation was made for the C-sh,-» ¢ region of
chromosome § (aleurone color, €, 26, shrunken endosperm, sk, 29, »axy endo-
sperm, »x59) If chromosomes do not pair in 7zygotenc. onc could speculate that
panng and crossing over could happen duning premeiotic cell divisions
Premerotic crossing over was assumed for male Drosophila for which crossing over
docs not seem to occur during meiosis 1n the pnimary spermatocytes {sce Section
8 2 1), but somatic crossing over does occur in the spermatogonsa (Whittinghill
1937, 1947) Other merotic mutants that reduce and/or change the distribution of
crossing over 10 Drosophila can be classified into three categornies

1 Reduction of crossing over without changes in the distnibution pattern [An example
1s mutant mer 9 (Baker and Carpenter, 1972, Carpenter and Sandler, 1974} ]
Reduction of crossing over with changes 1n the distnibution pattern [ Mutants involved
are mei-4), mei-218, mei-251, met S282, met B, a b o and mer-68'//(Bridges, 1929,
Lindsley et af, 1968, Baker and Carpenter, 1972, Lindsley and Peacock, 1976, Val-
entin, 1973, Carpenter and Sandler, 1974 Parry. 1973) ]

No reduction of crossing over but changes in the distnbution pattern [An example 1s
mutant met-352 {Baker and Carpenter, 1972} ]

All of these genes reduce crossing over when they are homozygous recessive In
females If genes ¢f3)G* or ¢(3)G* are homozygous recessive, crossing over s
almost completely absent (Carlson, 1972, Hall, 1972) But, when they are hetero-
zygous, they show a nonumform increase 1n crosstng over (Hinton, 1966, Hall,
1972)

1n a homozygous recessive mutant for gene rec-1 of Neurospora crassa crossing
over 1n the us-1 locus some distance away 1s sncreased ten-fold above normal
(Catcheside, 1977) As pointed out carlier, chiasmata are the visible evidence for
meiotic crossing over (see Scction 4 2 1) Consequently, the frequency and distn-
bution of chizsmata 1n meotic mutants have been used as a possible indicator for
crossover disturbances In a recessive rye mutant ivestigated by Prakken (1943),
pachytene painng was almost normal but the total number of chiasmata was

~

w
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reduced from an average of 126 to a range from 26 to 6 4 The distnbution of
chiasmata shifted toward the distal ends of the chromosomes Other mutants in
which the total number of chiasmata was reduced were reported in Crepis and
broad bean (Richardson 1935) and 1n tomato (Soost, 1951) Decreasing chrasma
frequency was obsenved 1n inbred lines of rye as homozygosity wncreased (Lamm,
1936 Muntzing and Adkik, 1948) Simular results from nbreeding were obtained
in maize {Blanco, 1948) and Drosophila (Blanco and Mamnano, 1953) Howeser,
an inbred line of mice showed a higher frequency of chiasmata (Shzinsky, 1955)

In 2 broad bean mutant, Syddin (1970) found a charge n distribution of the chias

mata Smmlar obsenvations were made 1n maize (Beadle, 1930, 1933b, Muller,
1963) peas (holler, 1938 Klein, 1969) Oenothera (Catcheside, 1939}, wheat (L1
et al 1945) tomatoes (Moens, 19692), and Scotch pine, Pinus syhestris (Run-
quist 1968) Failure of chiasma formation tn one particular chromosome (chro-
mosome IV) was observed i H) pockeris radicata (Parker, 1975)

Metotic mutants 1n humans are difficult to discover since pedigree data are harder
to obtain But patients with Down s syndrome (see Section 16 24 1) have been
reported to have an increased number of chiasmata per cell (Hulten and Lindsten

1973) This obviously is not necessanly a result of aneuploidy, since human XYY
trisormes and loids with extra d small centric have
normat chiasmata counts (Evans et al , 1970, Hulten, 1970, Hultén and Lindsten,
1973)

1733 Vanation in Chromosome Size

Evidence that the size of chromosomes must be under genetic control was gien by
Thomas (1936) tn perennial ryegrass and by Lamm (1936) 1n rye hnes derned
from inbreeding In the garden stock Matrhiola incana a mutant exists 1n which
the chromosomes are long while in the normal forms they are short {Lesley and
Frost 1927) A reverse situation was discovered 1n sweet pea where the mutant
form showed short chromosomes while the normal situation was characterized by
long chromosomes (Upcott, 1937) Moh and Nilan (1954) dlsco\ercd a meiotic
mutant m barley (sc} that was ch: 1zed by d diak 1

chromosomes In addition, the mutant had relatively well spread pachytene chro-
mosomes that proved to be favorable for pachytene analysis (see Section 22)
(Blickenstafl et al, 1958) A gene for long chromosomes was found 1n barley
(Burnham 1946 McLennan, 1947, McLennan and Burnham, 1948)

17 34 Vanation n Spindle Formation

Clark (1940) discovered a melotic mutant in maize that1s called dn ergent spindle
(dv location unknown) When this gene 1s homozygous recessive (dv dh), the spin-
dle fiber apparatus 1n metosts I cells forms parallel or divergent fibers mstead of
those converging to the two poles The result 15 that the chromosomes fail to
gather at the poles, but or smaller groups
come together and form separate nucler The spindles at the second metotic dvi-
sion may agam be divergent Consequently, there may be more than four spores
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Fig 176 Multuple microsporo- T
cytes (syncytes) in barley caused [l

by a recessive gene Multiple spa-
rocyte with 113 bwvalents and $ &
quadrwalents (From Smith 1942

Reprinted by permussion of Bur
lington Free Press  Burlington
Vermont)

NG
N

at the quartet stage (Fig 7 27), and 42% to 95% of the mucrospores are multe-
nucleate A divergent spindle mutant was also discovered in crested wheatgrass
(Tar, 1970)

Sumlar divergent spradles were found 1n a mutant that formed multiple sporocytes
e barley {2n =14} (Smuth, 1942) Mewcytes were found with 14, 21, 28, 56, 112,
and higher bers of ch pairs Such ytes are also referred to as
syncrtes' (Levan, 1942b), which are formed by ¢y tomuas® (Gates, 1911) Fusion
of some of the chromosomes was thought to have taken place prior to metosis, since
i many cases multivalents had formed during synapsis Cell walls seemed to be
absent 11 these so-called cells and sometimes all, or at least part, of the contents of
an entire anther locule were tncluded 1n one syncyte Some of the chromosomes
seemed to have fused as late as hase I Very long hase plates were the
result of this phenomenon (Fig 17 6)

Multeple spindle formation was reported in Clarkia (Vasek, 1962) About half of
all metocytes possessed two complete spindles at metaphase

17.35 Other Variations in Metosts

In a mutant of Daturg (2n=24) called diad (dy), which resulted from pollen
treatment with radium no second merotic diviston oceurred (Satina and Blakeslee,
1935) At the end of telophase I, the normally short pertod of nterkinests (see

'Syneyte-a polyploid or multinucleate ecll formed usually by inhibstion of evickiness, 1t
leads to the formation of a syrcy ium (Haeckel 1894) which 1s 2 mass of protoplasm
lodging many nucler not separated by cell membrane

*Cy tomias-the fuston of the chromatin of two or more celfs
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Section 7 3) was replaced by a prolonged repular interphase dunng which a post-
meroti. chromosome rephcation took place Mitosts 1n the first male gametophyte
dmision produced diplord nucles that became diplod gametes.

Precocious chromosome division during meiosts [ occurred 3n three mutants
tomato (Lamm 1934 Clavberg, 1939) and Alopecurus (Johnson, 1943) Normally
<hromauds do not separate until anaphase 11 In the mutants the chromatids sep-
arated dunng anaphase 1, telophase 1, or wnterkinests If a metaphase IT plate was
formed the chromatids moved to the oppasite poles at random

Another group of mewtic mutants are those that result 1n frequent chromosome
breakage In some of these, bndges and fragments have often been observed at
anaphases [ and 1} These mutants were demonstrated 1o occur an peas (Klen,
1969 Klemn and Baquar 1972) Plants with igh frequencies of anaphase bndges
and fragments without clear evidence of mutantongin have been observed in Setlla
(Reos. 1952 1998}, Solanum (Lamm, 19453}, Proea (Anderson, 1947}, Matricana
Hvoscvamus (Vaarama, 1950). Sorchum (Magoon et al, 1961), Allum (Koul,
1962y and Podophyvilum (Newman 1967) Other mutants that are eften assoa-
ated with chromosome breakage dunng merosss are the sncky mutants The first

one discovered was d previoush 1n witheh; breakage
duning mitosis (Section 17 2) This was the sicky gene 1 manze discovered by
Beadle Adh of the ¢h at phase I, and clumpng, and some-

trmes breakage were charactenstics that were associated with this suchness. With
this study Beadle could demonstrate that genes affecting chromosome behavior
scgregate and recombme 10 the same fashion as those that influence the mor-
phology of plants or ammals Other sticky meouc mutants sometimes assoctated
with chromasome breakage were reported i Alopecurus (Johnson, 1944), durum
wheat (Maruni and Bozznin, 1965). broad bean, tomato (Moens, 1969a). Brassica
(Stnngham 1970} Collinsia (Mehra and Rar, 1970. 1972), and peas (Klan.
1971)

17.4  Male Sterility

Aberrant mejotic behavior caused by nuclear genes. as dincussed m Sections 17.3,
can be the reason for genetically determimed male stenhty Other phenomena
assoctated with male stenlity can be. for mstance, pollen abortion, failure of anther
dehincence. anther abortion and distortion, and pistillody of the anthers (the meta-
morphosis of anthers into pl:\lls) (Gottschalk and Kaul, 1974) Microsporogenesic
o reall the sroontr o ol d mot The reforery anpre-
tected haplord male gametophvie 1s pmbabl\ morc \'ulncmb]: than the protected
embryo sac (Swznson, 1957) More than 400 ms mutants i over 50 speaies have
been reported so far (Gouschalk and Kaul, 1974) In most of the male stenhty
mutants in maize, abortion occurred after merosis, but, 1n a few, male stenlity
was caused by aberrant meotic behavior (Beadle, 1932b) For instance, male
gametophyte deselopment 1n genetic male stentles ms,, ms, and nis,, breaks down
between the fifth and tenth days after mewous (Madolelo et al., 1966) Most male
stenlity genes are recessne (ms nis) One of them 1 marze 15 a dominant gene
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{Ms;) Twenty different male stenibity gencs in masze had been described by 1935
(Emerson ct al  1935) The numbenng system indicates 43 by 1979 (Golubov
skaya 1979) Some of the maize male steriiy genes are ms {Chrom 6 17) ms
(Chrom 9 67) ms, (Chrom & 14) ms, (Chrom 10) ms (Chrom 123) and
ms st {Chrom 6(19)]

Genetic male stenhity in plants has not occurred widely in nature but it has been
screened for in atmost all crops Bestdes 1n mawze genetic mafe stenlity has been
found for snstance 1n barley (Suncsan 1940 Hockett and Lshick 1971} tomato
(Rick 1943%) hima bean {Allard 1953) potato (Okuno 1952) and cotton {Rich
mond and hohel 1961)

Genetie mate stenbity 15 of great value to plant breeders 1115 1ncreasingly being
used for the production of hybrid varcies Marker genes closely bnked with the
male stenility gencs make roguing of the male fernie plants casier since the progeny
of 2 crons between a male stenle plant tms ms) and a male feritle plant (Ms ms)
always produces 50'» undesired male fertiles (45 ms) In some instances male
ferile plants can be identified before pollen shedding and can be removed In
watermelon a sienle homorygous recessive male stenle mutant has as a marker
glabrous feaves which allows the nonmarked male fertifes 10 be removed (Watts
1962) In lettuce male stertles (s ms s, ones, ms ms,) have narrow sharply
cut teaves that can be recogmzed prior to flowening {Lindgwist 19€0)

175  Preferential Segregation of Chromosomes

Meotic segregation of chromosomes toward the poles at anaphase I 1s generally at
random (see Section 73) But such behavior 1s difficult to prove unless the two
chromosomes of a bivalent arc morphologscally marked or unless there 1s genetic
proof of nonrandom scgregation of gencs that are on different chromosomes The
of chi greg wis proved tn several grasshopper species
10 which heteromorphic homologous chromosome pairs could be studied (Caroth
ers 1917 1921)
N d of ¢h greg n meiosis has been observed 1n sev
eral cases has been called preferential sexregation, and Ieads to segregation dis-
tortion (Sandler and Hirazumt 1961) An instance s which preferential segre
gation was proved both by a marker chromosome as well as by distortion of
£enelc ratios was observed 1n mawze An abnormal chromosome 10 was discov
eved by Longley (1938) 1n certain masze strains grown by North Amerncan Inds
ans This chromosome has a Targely heterochromatic knobbed segment added to
the long arm of chromasome 10 Burnham (1962) notseed that this terminal seg
ment superficially rescmbles the well known B chromosome of maize In plants
that are heterozygous for abnormal 10 707 of the megaspores carry this distine
tive marker chromosome (Rhoades 1942 1952) This preferential movement has
been explained as a purely ch related ph The abnormal 10
h has a tend to form a {sec Section 212) The
spindle fiber instead of attaching to the normal position at the primary constric-
tion of chromosome 10 pulls this chromosome at a new location close to the
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abnormally knobbed end This 15p 1n that 110 passes
quickly to the nearest pole before the other chromosomes normally separate at
anaphase This movement 1s thought to cause the abnormal 10 to be preferentially
distributed to the basal megaspore that, 1 the linear quartet {see Fig 87),
becomes the functional embryo sac Not only the abnormal 10 segregates pref-
erentually, but other chromosomes that possess knobs also can segregate nonran-
domly m the heterozygous presence of one abnormal 10 (Longley, 1945) The
knobs of these chromosomes are activated by the presence of abnormal 10 and
become that move pi m h: Tests were con-
ducted involving genes closest to the knob on the short arm of chromosome 9 In
the t te, the knobbed ch carred the atleles for aleurone color
(C, 26), shrunken endosperm (sh, 29), and wax) endosperm (wx 59) The knob
had a near 0 position on the ¢h map The h h

without the knob carned the alleles ¢\, SHy, and Wx From these map data, 1t
can be seen that C, (26) was closest 1o the distal knob and wx (59) closest to the
centromere (see genetic maize map, Fig 4 8) C, showed the greatest percentage
of preferential segregation, sk, was similar in this respect, but wx showed very
fittle Preferential segregation ts increased for Jocs that are ravolved 1n frequent
crossing over between the centromere and the knob and are in close proximity to
this distal knob This hip 1s best 11l dmFig 177 P seg-
regation 1n translocation heterozygotes has already been discussed (see Section
143)

Anather involving pre [ seg 1s often referred to as
merotic drive. This was defined by Sandler and Novitski (1957) as a metotic phe-
nomenon that modifies the breeding structure ftom the expected rati0s by changing

the freq of alleles m a pop An example for this phenomenon was

Anaphase | Telophase 11 Anaghase { Tefophase It

A /\A A AA

% A VA . \/.

No cross ng—over [
A
AV W
a [}

Fig 1774 and B gation caused by actwity of the knobbed
abnormal 10 chromosome 1n mae {A) During mewoss 1n the embryo mother cell the
affects the knob {gene A) by pulling the chromatid on which

1 18 located to the extremuty of the AT pole When o crossing aver occurs one chromo-
some carries the ncocentromere and the other does not Preferential segregation 1s neg
hgible (B) When crossing over occurs, both chromosomes have one neocentric and onc
normal chromatid The neocentric chromatids move to the extremes of the Al pole and
are preferentially included 1n the termenal (functional) quartet cell during A Il (From

Sybenga 1972 Redrawn by permussion of Elsevier/North-Holland Biomedical Press,
Amsterdam)
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orgmally thought to be the gene for Segregation Distorter w Drosophila (SD
chrom 2 550 Centromere location) This gene 1s located close to the heterochro-
matic-euchromatic junction and according to one interpretation may nvolve chro-
mosome breakage n that region (Sandler and Nowitski, 1957) Simular alleles of
this gene have been found by other workers (Mange, 1961, Greenberg, 1962) The
females (SD SD or SD sd) of this mutant behave normally The homozygous dom-
wmant males (SD SD) are sterile The heterozygous male (SD sd) produces a
majonity of SD-bearing functional sperm often more than 95% Generally, one
would expect a 1 1 ratio of SD- to sd-beaning sperms
The earhest explanation of this ph, was the dy | sperm hypoth-
esis of Sandler et al (1959) According to this hypothesis the sd bearing chro-
mosome {second Drosophila chromosome) through the action of SD breaks at a
specific location, that after chromosome replication 1s subject to reversed sister
strand reumon (see Section 11 1} causing chromaud bridges and death or non
function of the cells they tie together The cytological evidence for this hypothests
could not be venified subsequently
An alternative to this hypothesis was the functional pole hypothesis of Peacock
and Erchson (1965} that states
a that Drosophila melanogaster normally produces two functional and two nonfunctional
sperms from each spermatocyte
b that the sd bearnng chromosome ts directed by SD to the nonfunctional cell pole during
spermatocyte division
The functional pole hypothesis was discredited by Hartl et al, (1967) and inde-
pendently by Nicolettiet al, (1967) They established that the number of offspring
produced by SD sd males was about half as great as that produced by normal sd
sd males A condition for the functional pole hypothesis would be that the SD sd
males will produce no less functional sperm than normal males More recent
thought again favors the dysfunctional sperm hypothests SO could induce some
kind of physical alteration in sd too small to be detected cytologically, and by this
action render sd nonfunctional (Hartl and Hiraizum, 1976)
Anather gene was discovered that seems to have a regulating function 1n regard to
SD Tt occurs together with SD and 1s called Stabilizer of Segregation Distorter
(St-SD Chrom 2 close to bw 104 5) In the absence of St the activity of SD 1s
more variable (Sandler and Hirarzurm, 1960) Hartl and Hirmizums (1976) bebeve
that the action of St appears to be really a cumulatwve effect of minor modifier
genes
Zimmennget ai (1970) have suggested five possible mechamsms of unequal trans-
mussion of homologues
ta y repl of the driven and the d
loss or degeneration of its homologue
impatrment of sperm function by abnormal chromosome behavior (e g , chromosome
breakage) with the sperm thnl carrnes. lhe favored chromosome rematning unimpaired

spermt ar ding on the genetic constitttion of an
orgamsm

w N

of a favored h l to the i pole at meiosis
d:n'crcnml acccplancc of two different kinds of sperm by the ovum

Genetic proof for nonrandom segregation sometimes leads to the conclusion that
preferential chromosome segregation 1s involved Such genetic segregation was

wa
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observed 1n the progeny of crosses between laboratory stocks of muce and was
referred to as genetic affinity (Michie, 1953, 1955, Parsons, 1959, Wallace, 1953,
1957, 1958,1959,1961) 1t was found that genes located on different chromosomes
{V and XI1I) tended to segregate together at meiwsis and pass 1o the same pole
This results in geneuc linkage between genes of nonhomologous chromosomes
Simular between m theirr toward the pole
was reported for crane fly spermatocytes {Forer and Koch, 1973)




Chapter 18
Variation in Function of Sex Chromosomes

The so-called *normal function™ of the sex chromosomes was discussed 1n Chapter
S As there are genetic factors that upset the normal function of the autosomes.
there are naturally also those that upset the normal function of sex chromsomes
Since the sex chromosomes constitute a distinct group with a much specialized task
of specific genettc expression their special treatment 1s warranted and 1s presented
n this chapter

18.1 Variation in Sex Ratio

The normal sex ratio 15 determined by the number of males vs females at birth,
which generally 1s 1 1 or close 1o it Deviations from this ratio can be caused by
several factors Sturtevant and Dobzhansky (1936) discovered a sex ratio gene 1n
Drosophila pseudoobscuraand D persimuhs This gene caused abnormal frequency
of daughters (more than 907%) 1f 1t was present in the male parentof a cross During
the first melotic division of the sper the X and Y ¢} did not
pair but the X ct phit twice and sep d 1ly (Fig 18 1) durnng
meiosts | so that each daughter cell received one X chromosome The Y chromo-
some did not divide during meioss 1 but passed to one of the first division poles,
became enclosed m a vesicle, and d d Since the X chr had split
twice during mezosis § (probably two replications during premeiotic interphase), it
could again separate in mesoss 11, distributing one X chromosome 1o each sperm

Nowitskiet al (1965) and Polansky and Elbson (1970) reinvestigated the sex rano
gene n D pseudoobscura and found that the mechamsm was different Duning
anaphase I the X and Y chmmosomcs regularly passed to opposite cell polcs Fol-
lowing metosis I the Y ch d leading to nonfy 1 sperm
formation Consequently, each pnmary spermatocyte produced only two instead of
four functional sperms Thus, the X chromosome did not sphit twice as was sug-
gested by Sturtevant and Dobzhansky

Another case of the distortion of the sex ratio 1n favor of females was reported by
Novitski and Hanks (1961) and Enckson and Hanks (1961) Males of Drosophila
melanogaster contaiming the gene Recorery Dusrupter {RD(1). chrom 1629]

may produce approximately 67% female progeny, due to a reduction 1n the recov-

ery of the Y chromosome The mechanism involved causes a fragmentation of the
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Fig 181 Mewosss m a “sex ratio™ male of Drosophila pseudoobscura (A, = auto~
somes) Accordmg toan clder concept, the X sphts 1n both meiotic dwisions The Y 15
(Yp) (From White 1954 After Sturtcvant
and Dobzhansk) ma Rcdmn by permussion of the Uninersity Press, Cambnidge)
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Y chromosome during metosis {Enchson, 1965) A second RD chromosome
[RD(2)] has been discorered on chromosome 2, but the map location has not been
determined (Watlace 10 Lindsley and Grell, 1968) This factor 1s thought to be
another example of metoric drne (see Section 17 5)

182 Dufferent Sex Chromosome Systems

In Chapter 5 the basic form of sex determination 1n ammals and n some plants
was discussed In the basic system one sex has a pair of chromosomes that, micro-
scopically, are simudar {XX) and the other sex has visibly different chromosomes
(XY) The closest deviation from this XY XX system s the XO XX system The
O 1n this formula merely indicates the absence of the Y chromosome As men-
tioned. Henking mn 1891 found the first one of such systems n the insect Pyrrho-
coris apterus (Chapter 1) In meiosss [ of such XO organisms, the X chromosome
ortented 1tself in the metaphase plate without forming a bivalent Usually, 1f auto-
somal unnalents occur 1n meiosis, they do not hine up on the metaphase 1 plate
Here, the X chromosome moyes randomly to one of the two cell poles and later 1s
recorered m $0% of the gametes Autosomal univalents often lag behind m ana-
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A ~NEO~Y A1~NEO-Y
Fig 1824 and B Two possible onigins of multiple sex chromosome systems {A} A
reciprocal translocation occurs between the X chromosome of an XO XX system and one
of a parr of avtosomes (A of AA,) The two new translocated chromosomes become X
chromosomes (X,X;) The second autosome (A,) becomes the neo-Y chromosome (8)
The X and the A chromosome fuse at the centromere {centric fusion). The centromere
then divides fy instead of I resulting 1n two new X chromosomes
each possessing one arm of the old X and one arm of A (X,, X;} (From Hughes
Schrader, 1950 Redrawn by permussion of Prentice Hall Inc, Englewood Chiffs, New
Jersey)

phase and do not always get included 1n the daughter nucler A great majonty of
spectes in the nsects of the Orthoptera and Odonata have the X0 XX system
(White, 1973)

Buvalent pairing and chiasma formation mn merosss 1 apparently are not always
necessary requirements for chromosome distribution, as 1s the case for autosomes
For instance, 1n some Tipulordea spectes, the X and Y chromosomes do not synapse
but distribute regularly to the poles in meosis 1 (Wolfe, 1941) Sometimes the sex
chramosomes form a very brief end-to-end m drak as n the
); Rhytudol semlis (Schrader, 1940b) This transitory chromosome
assocxanon was called touch-and-go pairing by Wilson m 1925

Translocations between one of the sex chromosomes and an autosome can lead to
multiple sex chromosome systems If i the XO XX system, the X m the XO sex

with one of the an X,X,Y d cananse (Fig 18 2A,

B) Thc l“o translocated chromosomes will become X, and X, while the non-
haomol of the parr involved (A,) becomes the neo-Y

h Such sex ch: trivalents {X,X,Y) have been observed mn the

manuds (Hughes-Schrader, 1950} The same phenomenon has been observed 1n
14 genera of grasshoppers (Helwsg, 1941, 1942) 1n such a system the autosomal
neo-Y chromosome becomes confined to the male sex The female has one more
chromosome than the male (X,X,Y X,X,X;X; system) Other examples for this
system are Drosophila muranda (MacKmght and Cooper, 1944) and the Rhode-
sian pygmy mouse (Matthey, 1965)

Another possbility 1s a translocation between the Y chromosome and an autosome,
which leads to the XY, Y, condition In such a system the male has one more chro-
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mosome than the female (XY,Y, XX system) Examples for this system are Dro-
sophila amertcana (Spencer, 1940}, the gerbil (Wahrman and Zahavi, 1955), and
some bats (Baker and Hsu, 1970)

Complex systems of higher magmtude can be based on the XO XX or XY XX
systems X, X,X;X,0 males occur in the aphid Euceraphis betulae (Shiny, 1931)
All X chromosomes pass to the same pole during meiwosis I, and the secondary
spermatocytes that do not have any X chromosomes degenerate Only one type of
sperm 15 formed The scale insect, Matsucoccus gallicola, even has six X chro-
mosomes 10 the male (X,X,X,X,X;X,0, Hughes-Schrader, 1948)

Complex systems based on the XY XX scheme have been found in the beetles of
the genus Blaps B walti B mornisage and B mucronata had X,X;X,Y (Nomt-
dez, 1915, Guenin, 1949, Lewis and John, 1957), B grgas had X,X;X;X.Y
(Guenin, 1949), and the most complex sex chromosome system known 1s recorded
for B polychresta—X, X, XX XX XrXeXoX 10X 11 X 12Y 1 Y2Y, V.Y Y (Guénm,
1953)

18.3 Cytogenetics of Sciara

Stoking meiotic anomalies with 1nteresting departure in sex determination have
been observed i the fungus gnats, small two-winged fhes of the famly Scardidae
feeding on fungl Thc lhorough studies of the spectes Scrara coprophila are fairly
1n the genus Scrara in general (Metz,
1931 1933 |934 1936 1938a, 1938b, Metz and Schmuck, 1929, 1931, Schmuck
and Metz, 1932)

Sciara has a bastc l of four homols patrs, three auto-
some pairs, and one X pair {(6A +2X, ¢ soma) But in the germ hne there are, m
addition, one to several limited chromosomes (1) that are hmited to the germ line
During the gmwth or lhc nurse cells and of the primary spermatocytes, these
ic (see Section 22 1) 1n that they are
compact and ugh\ly coled and dzrk:r appeanng than the basic set They are also
larger in length and dizmeter and apparenily without specific genetic actwity
(Fig 183) The meiosis of the females 1s normal Brvalents are formed and
genetc evidence for crossing over exists {Schmuck and Metz, 1932) Spermato-
genests, however, 15 very irregular (Metz et al , 1926, Metz, 1933) The homolo-
gous chromosomes do not pair duning merotic prophase I, and the chromosomes
remain umvalents

The chromosome complement 1n the male germline 1mtially consists of 3AY* 3X
+31+ (Fig 18 3) Before the first spermatocyte dwvision, an X chromosome and
an 1 superfluous J-ch: become d The first meiotic
diviston spindle 1s a monaster that performs a monocentric mitosis. The maternal
chromosomes {white in Fig 18 3) become attached to the spmdle 2nd move to 2
single pole This fact 1s based on genetrc as well as on cytological evidence (Metz,
1938a) The paternal chromosomes, 1n spite of also betng attached to the mon-

*3A" = 3 pairs of autosomes
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Fig IS 3 Mcmllc and mitotic anomalics with departure 1n sex dcl:rmmauon 1n Sciara
pro; . 1-timited . X-sex ch 4
(Modified from Crouse, 1943 Rcdrawn by per-
mission of the Umv:mly oI Missours Agricultural Experiment Station, Columbia)

aster, back away from that polc and become collected nto a tiny bud that Jater
pinches off and becomes discarded The maternal and paternal (black and white
1n Fig 18 3) l-chromosome pass with the maternal A and X chromosomes ito
the secondary spermatocytes Since a paternal I-chromosome docs not possess any
speaific genetic function, no paternal gencs become sncfuded n the secondary
spcrmatocyte
During the second spermatocyle dwision, the only remaiming X chromosome
dwvides Both halves move precociously to the same pole (non-disjunction) so that
cach sperm always possesses two X chromosomes, since the cells without X chro-
mosomes degencrate
As mentioned, the somatic tissue (soma) from which the germ line branches off
consists of three pairs of {3A"),3X ch (3X) and one or more
I-chromosomes (3 are shown 1n Fig 18 3) The I-chromosomes become discarded
at the fifth or sixth clcavage division after zypote formation One or both paternal
h arc d shortly th . during the scventh or exghth
cleavage division This eimination will determine il the indvidual becomes a male
or fermale If both paternal X chromosomes are ¢liminated, the soma becomes
male (XO, Fig 18 3) If only one of the two paternal X chromosomes 1s elimi-
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Cytagenetics of Sctara n?

nated, the soma becomes female {XX) Consequently, males and females in
Sciara differ 1n thesr somatic chromosome number (Sctara coprophyla & 2n=1,

Q 2n=8)

The chry ination of the I-ch and the X ¢t m
the soma 1s stmular in nature The prophase 1s apparently normal Along with the
normai ck the | chr become attached to the mitotic spindle

1n metaphase and open out at the centromere but fail 10 separate at ther distal
ends As a result the | chromosomes remain 1n the equatonal plate and eventually
degenerate They are not mcluded in the daughter nucler This elumnation process
may be closely associated with the heteropycnotic or heterochromatic nature of
the l-chromosomes Heterochromatin has a tendency to become sticky under cer

tamn condutions, which may lead to the inabihty of these chromosomes to dyside
normally

In Sciara the genotype of the father has no mfluence on the sex of the progeny
(Metzand Moses, 1928) In a normal XO XX system, there are two hinds of sperm
produced, one with an X and one without In Serara all sperm have 2X In S

coprophtla for mstance, the offspring of any par matng are all of one sex {uni-
sexual progenies), either male or female The sex of the offspring consequently
must depend on the genetic constitution of the mother Some mothers produce only
male and some only femate offspring There appararently are no visible cytological
differences between these two kinds of mothers They must differ i an imisible
genetic factor The X chromosome carrying this factor could be designated as X’

Germ lhines of female producing females would be heterozygous for this factor
{X"X) and females producing males would be homozygous (XX) The heterozy-
gous mothers (X’X) produce two kinds of eggs, X’ and X If X’ eggs are fertilized
by XX sperm, X’XX zygotes will result that after elmination of one paternal X
will become females (X'X) that, in turn, produce 2l female offspring (X'XX) The
homozy gous mothers (XX) produce only one hind of egg (X) If they become fer-
tilized by XX sperm, they produce XXX zygotes that after elirmnation of one X
become XX females that produce only male progeny (Fig 18 4)



Chapter 19
Apomixis and Parthenogenesis

Asexual reproduction occurs 1n plants as well as i ammals In plants, asexual
reproduction 1s commonly known as apomixis

191 Apomixisin Plants

Apomius s the of sexual reprod imixis) by vartous types
of asexual reproduction that do not result in the normal fusion of haploid gametes
(Rieger et al 1976)
Apomicts can be obligate or facultatine In an obhigate apomict every plant of the
species 1s always apormctic In facultative apomucts sexual and apomictic repro-
duction occurs m the same plant It 1s very difficult to classify a species as an
obligate apomict because sexual or facultative apomicts may occur in nature that
may not have been detected yet For instance, Young etal {1978) studied embryo
sacs of formerly known obligatory aporict buffelgrass (Cenchrus ciliaris) and
detected that about 10% of 1,300 pistils investigated showed single, fully differ-
entiated, 8 nucleate embryo sacs that were mdisunguishable from those of known
sexual plants observed by the same method Aposporous and sexually appeanng
embryo sacs were observed within the same plant They concluded that this pos-
sibly indicates the presence of facultative apormixss in buffelgrass
Nevertheless some spectes have been classified as obhigate apomicts For instance,
almost all 2pomuctic Compositae are obligate rather than facultative apormicts
personal Other ples are Cooperia (Coe, 1953)
and the Amernican polyploids of Crepis (Stebbins and Jenkins, 1939) According
to Stebbins many species of the Rosaceae are mainly facultative apomucts, while
the Gramineae are equally divided into both groups Other examples of facultative
aporicts are found among species of Poa, Potennlla, Rubus Citrus (Brown,
1972), and Pulsella (Rosenberg, 1917)
Apomixts can be impheated i a situation tn which two phenotypically different
parents when crossed result i an F, progeny that are all phenotypically hike the
homozygous recessive female parent In normal sexual reproduction, the progeny
of such an F, cross should be phenotypically like the homozygous dominant pollen
parent The following 1llustrates the two conditions
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Additional evidence for apomuvus 1s the maternal resemblance in the chromosome
number after reciprocal crossing (Einset 1947)

Apomius can be subdnided into ag p and regey reprod In
agamospermy there 15 seed formation but reproduction 15 asexual In segetative
reproducyionthere is no seed formanion and the new individual forms from 3 group
of differentated or undifferentiated cells (Fie 191)
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Fig 192A4-C Companson of differem forms of agamospermy (A) Adwventitons
embryonv In rormal kaploid embryo szc 2n w0 adserutions embryos (8) Apospory

In-norma! kaploid embrvo sac with sexuzllv produced embryo 2n two dip'ord 2pospo-
rous embryo s2cs comziring aporictic embryos (C) Diplospory 2n 21 embnvo sac con

tairirg 2n zpomiehic embrvo (Modified from Brown 1972 Redrawn by permission of
tke C V Mosby Cortpany Sairt Louwss \Missoun}

2. thoss that dzperd on erdosperm developreent but not on ferthizanon such as Coele-
bogy ne thafolia (Schnarf 1929)

3 those that deperd ratber on fertiization ner 61 endosperm davelop~ent, such as the
Jorrted czctus Opuntia aurartiaea (Archebald, 1939)

19122 Somanc Apospors  Thisis one of the two forms of gametophytic apo-
mius It means that the functional embryo sac does rot develop from the mega

spore but from a somatic cell Two main types of somatic apespory were reported

the Hieracum type 2nd the Parscum type

The Hieracium type was found m some species of Hieracum (Rosenberg, 1906,
1907), Artemisia (Chiarugs, 1926, Crepts (Baboock and Stebbins, 1938), ard
other genera One or more somauc cells begim to enlarge, become vacuolate, ard
develop directly into the imtial cell of the gametophyte Three nuclear dnvisions
result o7 the normafl $-nucieate embdryo sac bur the nucln have e 21 sommane
rather than the gametic chromosome number (n)

The Pamcum type was reported for Pamcum maxium (Warmke 1953) and for
other members of the Panicodeae (Emery, 1957, Emery and Brown, 1938, Simp-
son and Bashaw, 1969, Bashaw et al, 1970) One or more nucellzr cells develop
1nto 2n 2posporous embryo sac After vacuolztion only two nuclear drvisions result
1n a 4-nucleate embryo sac All four nucler remain n the micropylar region Dif-
ferentiation gres nse 1o two synergids, one ege and one polar nucleus 21l having
2 somatic chromosome number (2n) Often more than one embryo sac forms in an

ovule, but usually only one embryo sac functions 1n seed formation (Young et al ,
1978)

19123 Diplospory  In diplospory the embryo sac develops from an arches-
pore cell, but me1osis 1s erther missing or does not result 1n chromosoms reduction
A meros:s that does not lead to ch d 15 called iosis (Ren-
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ner 1916) The reesons for farlure of reduction can be lack of chromosome painng

and of d of merosis. and PreCOCIONs mCHosIs.
Apomeroue dmsions can ranee {rom almost meione to tvpcal eutotie, In Errge-
ron karwinshiarus 807c of the P tes form nucler in anap

1 (Bautagha 1950} The of the n hase 15 so ermate

and scattered that by telophase 1 they are spread alons the :nur: spindle (Fig
19 3) The nrclear emelope forms adjacent to these scattered chromosomes and
eventualh will enclose all chromosomes within one single restitubion nuclens
ratber than within the normal two Thus leads to the unreduced chromosome nurs-
ber 1n some forms of diplaspory

Aporeios:s can also be caused by asvnapsis I the chromosomes do not paur, they
remam as unnalents and become enclosed 1 a diplond restitunion nuclens. This
svstem s tvprcal for some speaies of Taraxacum A mitouc division follows afier
resutution and 2 dvad with the somatic chromosome number 1n eack nucleus 15
formed The embrvo sac develops from one of the two dvad cells (Schrarf, 1929
Rosenberg 1930+ Gustafsson, 1932 19352 193%b 1937) Other examples of
2svnapsis with subsequent formation of two or four nucler formed from dmsions
of the archesponal cell are Artenasia, Eupartorium and Poa seronna.

19124 Pseudogern  Somauc apospon and diplospons are generally hinked
with pseadogam (Focke, 1881) 1n that they require pollination This hand of pot
Lination does not lead to feruhization of the et but 15 necessan to sumulate
embno formaton In pseudogam a male gamete 1s necessan for embrvo, endo-
sperm and seed formaton Pseudogams has been reported 1n species of Poa,
Rubus Poternilla Rarunculus Hipencum Partheraum Citrus and Allrum. Spe-
aes that do not show pseudogamn are found tn Hieracium, Taraxacum, Anten-
nona Creprs and Calamagrosns (Gustafsson 1946 19472 1947b) Some specics
can use pollen of related species for sumulation as was discorered for Pervusetum
seraceum by Simpson and Bashaw (1969)

19125 Parth Parth 1s the P of an embyro
from an ovam without the paruaipaton of 2 sperm In parthenogenesis the
embrio alwavs develops from the female gamete or ovum In 2pogamets 2 non
gametic 2n veeetatne cell of the embrvo sac {female gametophyte) produces an
embdrvo (Fig 19 1) The normal hfe cvele of a seed plant (Armnspcrma:) cons:su
of an of 2n sporophyte and In phyte

Fig 193 Apomeios:s leadine 10 the formation
of a restitanion nucleus at telophase 1 The
nuclear emelope (dashed hinc) forms around
the scattered chromosomes and encloses all of
them 1n a sinele restitunon nucleus  (From
Brown 1972 Redrawn by permussion of the C.
% Mosby Company Sant Lows Aissouns)
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lonts, Chapter 8, mntroduction) These generations are separed by the events of
meiosts and fertilization that alternately reduce and restore the somatic chromo-
some number (amphimuxis, Fig 19 1) Agamospermy then 1s the by passing of
metosis and fertilization 1 the process of embryo and sporophyte formation
According to the embryplogical pathways chosen there ewst four different avenues
leading to the formation of agamospermous seed (Fig 19 1) These arc

1 diplosporic parthenogenesis

2 diplosporic apogamety

3 aposporic parthenogenesis

4 aposperic apogamety

Here we are concerned with the two forms of parthenogenesis (1 and 3} Diplo-
sporic parthenogenesis occurs in quite a few species of the Compositae and 1n
many other families Grant (1971) gives a summary of the species 1n which 1t has
been observed Aposporic parthenogenesis occurs 1n eight different species of Cre-
pis, 1n numerous species of Hieractum in some Rosaceae and others

19126 Apogamety  As already d 1n ap Y. @ veg cell in
the embryo sac produces an embryo Apogamous development of embryos has
been reported for Taraxacum Hieractum Alchenulla Alnus and Poa in which
the vegetative embryo sac cell develops from one of the synergids (see Fig 8 7)
Embryo development from one of the antipodals has been observed n Hreracium
Elatostema and Alhum (Gustafsson, 1946, 19472, 1947b)

19127  Aponuis and Polypleidy  Polyplody 1s found 1n many apomicts
Many polyploids would not have survived without apomixis Within groups of
plants, the diploid species may have entirely sexual behavior while their polyploid
relatives are mawmly apomicts But there arc exceptions [n the genera Alfim
Agave, and Lifium diploid species with the vegetative form of apomuxs, vivipary,
do occur But 1n a large number of genera, the viviparous species are nearly all
polyplods Examples are Poly gonunt vpvtparum (x=10, 2n=c 88, ¢ 100, ¢ 110,
€ 132, Darhington and Wylie, 1955, Flovik, 1940, Love and Love, 1948, Skalinska,
1930), Rarunculus ficara (x=7, 2n =32, c 40 Bocher, 1938, Maude, 1939), Car-
damine bulbyfera (Stebbins, 1950), Saxifraga spp , vanous species of Festuca,
Foa Deschampsia, and other Gramineae

Among the many groups of gametophytic apomicts, the polyploids far outnumber
the diploids Examples are Potenniila, Hieracium and Ranunculus (Stebbins,
1950) Other groups are exclusively polyploid Stebbins (1941) lists 24 gameto-
phytic apomicts that are polyploids Later, he mentions four addivronal ones, Par-
themum Rudbechia Paspalum, and Crataegus {Stebbins, 1950)

19.2 Parthenogenesis in Animals

In tugher anymals apomixis occurs almost exclusively as parthenogenesis There
ate two kinds of parthenogenests 1n animals haplaid parthenogenesis and diploid
parthenogenesis.
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Haploud parthenogenesis often occurs 1n the form of male haploid geneuc systems
1n which the males arise by parthenogenesis from unfertihzed eggs Male haploidy
1s restricted to onty a few higher taxa (Hartl and Brown, 1970) It occurs in some
insect families of the orders H. F Col and Thysan-
optera It also occurs in the aquatic Rotifera and the Acarmna mites In the Hyme-
noptera for instance, the haploid eggs parthenogeneticallydevelop mto males while
the fertilized eggs develop into females Spermatogenesis in the haploid males
occurs without chromosome reduction Usually only ane equauonal mcnouc dnvusmn
occurs Haplowd parth 1s almost

since an egg may either be fertihzed or develop parthenogeneticaily In diploid
parthenogenesss, only diploid females are produced from unferttlized eggs They
are genetically 1dentical to their mothers Two types of diploid parthenogenesis
exist obligatory parth isand cychical parth is. In obligatory par-
thenogenests, this 1s the only form of reproduction The population s entirely made
up of females If an occasional male 1s found, is presence 1s not a prerequisite for
species survival Obligatory parthenogenesss 1in animals s often associated with
polyplordy

In cychical parth diploid alternates with sexual repro-
duction Cyclical parthenogenesis has been demonstrated 1n the Trematoda, Rott-
fera, Cladocera, aphids, Diptera, Coleoptera, and Hymenoptera

A classic example for cyclical parthenogenests i1s the aphid Tetraneura uimi
(White, 1973) Fertihized eggs of this aphid overwinter in Europe, and i spring
each egg develops by viviparous parthenogenesis into a small female nymph that
forms a gall on the leaves of the primary winter host plant, the European elm

Inside the galls, the nymphs develop into adult wingless female aphids called fun-
datrices (Fig 19 4) Each fundatrix parthenogenetically produces about 40 winged
daughters called emigrantes. These make their way out of the galls and migrate to
the roots of the secondary summer host food plants, which are various species of

grasses While on these plants, the female parth produce
several generations of female exules. The last generation of exules includes winged
sexual males and par females These fly back to the pr1-

mary wimnter host, the elm, where they parthenogenetically produce male and
female sexuales. These then pair and produce the fertilized eggs that overwinter
on the elm

The female fundatrices, emgrantes, exules, sexuparae, and sexuales of 7wl all
have 2n=14 But the male sexuales have 2n=13 (Schwartz, 1932) This consti-
tutes an XO XX sex-determiming mechanism since the females have 2X and the
males 1X At the end of the warm season, the sexuparae parthenogenetically pro-
duce two kinds of eggs that will develop into female and male sexuales From one
kind of egg, 2 female with a normal 2n=14 number of chromosomes develops by
a smgle maturation division that will produce n=6+X eggs The detatls of this
ameiotic parthenogenetic egg maturation process had been urresolved for a long
time They have been elucidated by Cognettr (1961a, 1961b, 1961c, 1962) and
Pagha1 (1961, 1962) for Brevicoryne brassicae, Macrosiphum rosae, Myzodes
persicae, and Toxoptera aurantiae Synapsis and bivalent paining occur normally

However, the bivalents then separate again into univalents without spimdle for-
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Fig 194 Cyclheal parthenogenesis n Tetrareura ulmr (After White, 1973)

tion Subsequently, 3 single nutotsS maturation divtsion occurs with the diplod
chromosome set, and the formation of a diplowd polar body awds i the eimmation
of the extra st of chromosomes The polar kiness has been deseribed fuely early
{Blochmanr, 1887, Stevens, 1905 Tannrcuther, 1907) The other kind of egg deved-
ops by a rudimentary meiosis. Only the two N chromosomes pare and segregate
metotically One of the tho X chromosomes goes to one cell pole and remains sine
gle At the other pole, all 12 autosomes and the other N chromosome come together
and form the AO eggs that develop into mle sexuales

The spermatogencsis of the male sexuiles 1 very anomalous The autosomes pate
and form a fint metotie metaphase plate with the N remuning unnalent During
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embrves show microcephaly (abnormal smallness of fiead) lordosis {abnormally
exaggerated forward curvature of the spine), and ventral odema (pulfy swelling
ot the bells)  Atter hatching the ammals are sfuggish mactive and with abnormai
muscle tissue The ammals kave & high death rate and aimost all affected ammals
die at an earby stage

Adult parthenugenests is knawn in tishes ampinbiany repiies and birds Parthe
nogenetse embryos occur i mammals Mie were imserminated with < raved and
uitraviolet hght treated spermatozoa and embrios were examned n the blastocyst
stage (Edwards 1954 19570 §957b) Notrogen mustard tolmdine blue and try
patfavine also were apphed (Edwards 1954 1958} At certamn blastouyst mitoses
at higher x ray doszges acrmal Chromosomes were abvened w haplowd number
presumabiy the maternal ones and in addition abnormai or tragmented ones pre-
sumably the patermat vnes Development af the embirvos was cetarded Semular
experiments were wartied out in rat hamster guinea pip rabit sheep and terret
(Beatty 1967) fincus (19392 1939} clamed that he treated rabint virgin eggs
with hypotomie salts. transterred them into host temales and that two temale
vounyg were born Thirty vears have passed sinee these first and only reports at the
survnal of such rabbit parthenogenones to irth but no conhrmation has been
reported since



Part IX
Extrachromosomal Inheritance

Parts 11 through VI of ths book dealt with the ¢hromosomzs 25
the hereditary deterrunarts Howener, 1t was recogrized fairly
early tbat the chromosomes are not the only camers of genetie
factos Throughout the Exstory of genstics, reports seemzd to
indicate that extranuclzar elemants conld be possiblz 2gents of
bereditary trammssion Wettsizmn in 1928 comed the expression
plasmon with which be wanted 10 sigmfy the cytoplasm 25 2
bereditary agert. Part IX dezly with such extrzehromosomal
genztic factors



Chapter 20
Plastids, Mitochondria, Intracellular Symbionts,
and Plasmids

A plasmagene (Darlington, 1939b) can be defined as an extranuclear hereditary
determinant that shows non M Goldschmidt (1945) pro-
posed that the term should be used only tn such instances where a self-replicating
umit 1n the cytoplasm produces defimite genetic effects similar to those produced
by genes 1n the chromosomes The sum total of all plasmagenes constitutes the
plasmon or the plasmotype (Imai, 1936) The plasmotype and the genotype are
referred to as the idiotype (Siemens, 1921) or the entire genetic system of the
cell At the time the concept of the plasmon was established, the details of extra-
chromosomal inhenitance were not too well known Now 1t seems to be clear that
most of the cases of cytoplasmic 1nheritance could be included 1n one of the fol-
lowng three groups

1 plastids and mutochondra

2 mtracellular symbionts

3 plasmuds

20.1 Plastids

The first evidence of cytoplasmic inhenitance came from studies that involved
plastid characteristics In general, reciprocal crosses had shown the equality of
genetic contributions from both parents This was already shown by Kblreuter
(1761-1766) (Chapter 1) But if cytoplasmic hereditary determinants are taken
mnto account, the contribution from the egg 1s much greater than that from the
sperm Plastid charactertstics are therefore mherited from the female parent The
discovery of such plastid inhenitance was presented by Correns (1902, 1909) He
studied the four-o'clock plant Mirabilis jalapa The leaves of this plant have nor-
mal dark green but 1n the alb type, there are variegated
leaf areas that have chlorophyll-deficient chloroplasts that cause pale green, pale
yellowish, or white patches Flowers on entirely dark green branches produce
seeds that grow into normal dark green plants Seeds that develop on vanegated
branches produce 3 kinds of progeny green, variegated in vanable proportions,
and white Seeds from entirely white branches produce progeny entirely deficient
1 chlorophyll The pollen source 1s of no tnfluence to the development of the prog-
eny Consequently, inheritance 1s entirely maternal and determined by cyto-
plasmic factors
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The evidence that hereditary material is included in the chloroplasts was finally
shown 1n electron microscopic studies In 1962 Ris and Plaut demenstrated by
electron microscopic and cytochemical methods that chioroplasts in the alga
Chlann domonas moewusu actually contain DNA (Chapter 1) Chloroplasts are
reported to have as much DNA as bacteria (Elhs 1969) Reports of DNA 1n the
alga Acetabulania are 10 * grams per plastid (Green and Burton, 1970) and
10 " grams per plastd n the algae Chlorella euglena and Chlamydomonas
(Brown 1972) The total DNA content of a chloroplast 1s usually about 10 times
that of a muitochondrion (Gramick and Gibor 1967) The extranuclear hereditary
determunants of chloroplasts can be likened to the genophores of bacteria They
very much resemble pure DNA and differ from nuclear chromosomes by carrying
much less protein and by lacking tistone in their structural organizatien Plastid
DNA as bacterial DNA s cireular 1n structure (Manmng et al 1971 Sprey and
Geitz 1973 Ells, 1974 Falk et al 1974 Herrmann et al 1974)

Repiication of chiaroptast and mtochondriad genophores was demonstrated by
means of multiple displacement loops or D-loops (hasamatsu etal 1971 koled

ner and Tewant 1973) These are short three-stranded closed circular DNA
regions, approximately 10000 base pawrs apart They expand undirectionally
toward each other and upon meeting appear to tmtiate the formation of a double
stranded replicative fork structure Chloroplast DNA s umque 1n that if 15 spe-
caifically related to ribosomal and transfer RNA as revealed by DNA-RNA
hybnidization studies (Tewani and Wildman 1970) Isclated chloroplasts can
carry out protewn synthesss (Heber, 1962} According to DuPraw (1970 ntra-
chloroplast proteins sometimes account for 70% to 80% of the total leaf proteins

But protein synthesss in the chloroplasts ts not entirely autonomous as has been
demonstrated n studies by kirk (1966) Normally mutations in the plant nucleus
chemucally change the enzymes that synthesize chlorphyll Consequently, not all
chloroplast protems are coded by chlaroplast DNA Apparently the synthesis of
chloroplast structures 1s carried out by the combined effort of chloroplast geno-
phores and nuclear genes

20.2 Mitochondria

In 1940 Winge and Lautsen demonstrated mutochondrial inhentance of germi-
nation 1 yeast Saccharompces Ephrussi et al (1949) and Ephrussi (1953)
wnduced the so-called petite (p-) type mutant in the yeast, S cerevisiae using the
DNA-specific acriflavine dye, tetrazolium, and ultraviolet radiation This caused
respiration deficiencies affected by an mnability of the mutochondna to synthestze
certam respiratory enzymes Slommski (1949) demonstrated that mitochondrial
respiration almost completely ceased, this was confirmed by Yotsuyang: (1962)
who also noticed the lack of cytoch of certain dehyd and mem-
branes It1s now well established that these deficiencies are caused by large dele-
tions or even complete loss of mitochondrial DNA Such loss has been genetically
demonstrated by the absence of one, several, or all genetic markers in the muto-
chondnal genophore (Faye et al . 1973, Nagley and Linnane, 1972, Nagley et al ,
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1973 bc‘uda and Suda 1973) The delctions are compensated by repetition of

bl segm=nts of drial DNA (Hollenberg et 21, 1972
Van Kreyl et 2l 1972, Faye et al. 1973)
Addiuonzl evidence linking hondna 1o the inh of certan ch

wstcs was th discovery of the so-called poky type mutants in the fungus NMeuro-
spora crassa (Mitchell and Mitchell, 1952} This slow growth characteristic,
which cannot be supplemented bv growth factors 1s mhented only through the
fernal and shows no transmission patterns through the male

A sigrificant finding simular to that in chloroplasts was the discovery of nuto-
chondnzl DNA under the clectron mucroscope (MZass and Nass 1962, 1963)
(Chaprer 1) 1t of the fact that hondnal DNA like plastid DNA
can be arcutar 1 shape followed soom (Kroon et 2., 1966 “ass 1966 Sinclar
and Stevens 1969) But not 21l mitochondnal DNA s circular 2s was reported
for Meurospora (Shapro et al., 1968) and Phaseolus (Kirschner et al, 1968)
Resinction enzyme mazpping of mutochondnal DA has been reported for Neu
rospora (B-rnard et al., 19752, 1975b) yeast (Sanders et al, 19752, 1975b)
mouse, monkey and humans (Brown a2nd Vinogrzd, 1974 Robberson et al,
1974) It 1s now well blished 1hat the hondnial DNA molecules of fungs
2nd plants are substantally larger (S0-70x10° dzltons) than those of vertebrates
(10%10* dattons) (Dmyon and Michaelis 1974) That the gene sequence of DNVA
within the mitochondnion 1s completelv different from that 1n the nuclear genone
of the same specizs has been established by Tabak et al (1973) and Flavell and
Trampe (1973)

203 Intracellular Symbionts

Symbrotic orgarisms zre those that have established such an intimate relationship
with therr host cells that they behave s of they were cellolar inclusions Those
symbionts are subject to hereditary transrussion and 1t 1s difficult 10 distinguxsh
whether they are subject 1o heredity or infection.

203t The P Particles of Parameciurn

Thss 15 2 group of some 10 different Gram-negatn e bactenal symbionts including
kappa gamma delia pr mu lambda alpha and tau that occur m the cytoplasm
of Paramecium aureha 2nd are called collectriely P particles (Sonneborn, 1959)
Th~ were first reported by Sonneborn m 1938 Thev are comparatnely large
particles that consist of DNA, RNA, protein, and related substances The first
demonstration of therr effect was presented by Sonneborn 1n 1943 when he showed
that evtoplasmuc kappa particles caused 2 Jaller trait in Paramecium. But the
kill=r trait was 2bo dependent on the genotype of the Paramecium cell. Repro-
duction of kappa particles occurs only m cells containing the genes K. s, and s,
Cells with the penotype Kk contzin only half the number of kappa particles that
are comtzined 1 cells with g-notype KK. About 400 particles per cell were pos-
tolated to be requured for th= killer effect. When Preer (1950) succeeded 1n stamn
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1ng the particles by the DNA speaific Feulgen method the expected number of
kappa particles was observed mucroscopically Some races of Paramecium called
killers, produced substances (paramecin) that had a lethal effect on members of
other races, called sensitives. A medium that contans killers for a time and s
then replaced by sensitives causes the sensitives to be killed A certain killer stram
say kappa 1s protected against the killer actvity of its own homologous Aappa
particles, but 1t 1s sensitve to killer particles of other types like pt or mu
The killer particles have different modes of kitling sensitives There are 6 different
killer types (Stegel 1953, Sonneborn, 1959)
1 Fbacuolizer The killer ehiminates the sensitive by vacuolizing 1t
2 Humper The killer causes the sensitive to form humps
3 Spinner The kaller makes the sensitive rotate
4 Paralyzer The killer paralyzes the senuitive
5 Rapid Lysis The killer eliminates the sensttives verv quickly
6 Mate Killer Ralling of sensitives oceurs only during conjugation
Work with symbionts in paramecium has been repotted by Preer et al (1972)
Franklin (1973), Gibson ({973), Karakashian and Karakashsan (1973} and
Sdldo and Goday (1973) Lambda killer particles seem to contain multiple copres
of cach DNA sequence This 1s 1n contrast to most free-living bacteria whech have
only one or a few coptes of a given DNA sequence Soldo and Gedoy speculated
that this may be a consequence of adaptation resulting from prolonged mtracel
fular existence Mu particles could be removed from Paramectum with pemaltin
which seems to prave that some killer particle cell walls are similar to those of
certain bacteria (Stevenson, 1965, Frankhin, 1973) Kappa partcles, however,
were unaflected by penicillin (Williamson et al, 1952) It has been discovered
that a certain percentage of every kappa parucle population contains so-called
proteinaceous R-hadses, which are refractile inclusions consisting of thin nbbons
of protein that are wound 1nta a tight roll of 10 to 12 wrns R-bodies are respon
sible and essential for the totic action of kappa particles on sensitive paramecia
After sensitives ingest kappas, the happas begin to break down in their food vac-
uoles The freed R-bodies then suddenly unroll or unwind 1nto a long twisted nb-
bon 15um long, 02-0 5um wide, and 12 nm thick The food vacuole membranc
breaks down and the Xalling process 13 imtiated (Jurand et al, 1971) The remark
able structure and behavior of the R-bodies 15 unparalleled with any other bac-
seval serworare known According to Preer et al (1966). no other bactenaf struc-
ture is able to undergo such extensive and reversible changes m form The
bactenal nature of kappa particles has been established by their electron micro-
scopie structure and chemical compositton (Dippell, 1959, Smuth Sonncborn and
Van Wagtendank, 1964, Kung, 1971)

2032 The Sigma Virus in Drosophila

This virus was discovered 1n Drosophila melanogaster m 1937 by L'Hentier and
Terssier 1t makes 1ts host COp-sensitive Drosaphila can be easily anesthenized
with CO, and usually recover fast and completely when the CO, 15 removed But
certain Drosophila strains were d d that become perm ly paralyzed
by CO, exposure Such strams occur naturally tn different countrics of the world
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(Kalmus et al, 1954) Sensitive strams of Drosophila after brief CO, exposure
become “drunk” or uncoordinated and some of the legs become paralyzed Recip-
rocal crosses have been carned ont that demonstrated that inheritance was matnly
maternal Repeated backerossing of sensitive females to normal resistant males
yielded sensitive offspring enly Backerossing of normal females to sensitive males
produced a few sensitive progeny, but mostly the trast was not passed on
The virus can be njected 1n the form of extracts into normal resistant flies in
order to induce CO, sensitivity Such 1njection infected females do not regularly
transmit their sensitivity to the offspring, 1njected males never do Strains infected
by 1njection are called nonstabilized hines. In the original stabilized lines the virus
15 believed to be located 1ntracellularly in the germ line 1 2 nominfectious form,
maybe as naked nuclerc acid, and 1s transmtted hereditanly (L'Héritier, 1962,
Seecof, 1968) Infective wirus could be produced by the maturation of the nontn-
fectious form Drosophila has nuclear genctic resistance to the sigma virus Flies
homozygous for a resistance factor re do not become infected after inoculation
with sigma virus (Gay and Ozolins, 1968)
The stgma virus could not bc wsolated (Plus, 1962, Seecof, 1962), but electron
y has d 1t 1n bearing lines (Berkaloff et al 1965)
The virus parlu:lcs are rod-shaped, 7 nm by 140 nmin size Plus (1963) suspected
that sigma 1s a DNA virus

2033 The Maternal Sex-Ratio Condition in Drosophila

The progeny of some Drosophula strains 1s entirely female The original accounts
of this trait were governed by nuclear genes as reported earher (Section 18 1)
But istances of maternally inhented sex ratios (SR) conditions are also known
Such conditions were reported for several specles of Drosophila specifically D
b D p itans, D will J: lis D nebu-
losa and D robu:/a (Magm‘ 1954, Cavalcant et al, 1958, Malogolowkin, 1958,
1959, Osshi and Poulson, 1970) Death of males was found mamly in early embry-
onic stages but usually as zygotes Maternal sex ratio conditton 15 either revealing
total absence of males 1n the progeny, as in D wedlistonn, or predominantly female
with a few male offspring, as in D paulistorum

The sex ratio condition i D willistonn, D equinoxialis, D nebulosa, and D pau-

historum has been hinked to the of trep kke SR spirock that
are Spm to 6um long and 0 1-0 2um wide 1n their filamentous stage and exhibit
a typical spirat form (M , 1958, Malogolowkin et al, 1960, Poulson

and Sakaguchi, 1960, Oishi and Poulson, 1970} If SR spirochaetes of any of these
Drosophita species are mixed either i vitro or 1n vivo, spirochaetes of one or o
both species die (Sakaguchi and Oishe, 1965, Sakaguche et al, 1965, Oishi and
Poulson, 1970) Oishi and Poulson have demonstrated that the cause of death of
these spirochaetes 1s a DNA contaiming spherical virts of 50nm to 60nm 1n diam-
eter Preer (1971) suggested that the same virus may be the agent that kills
developing male Drosophila and causes the development of entirely female
strams In the species D bifasciata no spirochaete bacteria are present, and a
virus 1s suspected of killing the male zygotes instead (Ikeda, 1965, Leventhal,
1968) Another Drosophila species with sex ratto condition not caused by spiro-
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chaetes 1s D robusta (Poulson 1968) The cause of male death in D prosaltans
has not been completely resolved (Poulson, 1963) The SR spirochactes are
believed 10 be mycop!. lated (Wil etal, 1977)

Mycoplasmas are the simplest known cellular orgamsms Their size overlaps with
the largest viruses and the smallest bacteria They have a aircular DNA molecule
that 1s not separated from the remamder of the cell Unlike viruses they do not
require host cells for dup!! Their plasma b 1s not surrounded by
an elaborate cell wall as in bactena (Novikofl and Holtzman 1976)

2034 The Milk Factor in the Mouse (MTV)

Bittner (1938, 1939) 1s credited with discovering an extranuclear factor respon

sible for the susceptibility of mice to mammary cancer The factor was shown to
be transmatted through the milk It was believed to be related to the viruses being
a particulate nucleoprotemn (Barnum et al 1944) 1t 1s now known as the mouse
mammary tumor virus (MTV) Moore (1967) and Hageman et al (1968) estab-
Tished that the virion of MTV 35 the B particle which was described by Bernhard
(1958) The prcsence of MTV has been demonstrated in the gametes of mice by
electron and bioassay (Bentvelzen et al , 1970)

This form of canccr was detected by outcrossing strains of mice that were inbred
for many generations About 90% of the mice of these inbred strams over 18
months of age had breast cancer When females of these strains were crossed with
mbred strams that had low incidence of cancer, 90% of the F, individuals had
breast cancer If the reciprocal cross was carnied out, none of the F, had breast
tumors Mace of a cancerous hine fed from birth by noncancerous foster mothers
did not show evidence of tumors But after injection with blood from cancerous
mice, they did develop tumors (Woolley et al, 1943) Bentvelzen et al concluded
that host genes control the susceptibality to MTV

2035 Cytoplasmic Male Stenhty (CMS)

CMS has been reported for 80 species, 25 genera, and six families (Edwardson,
1970) Viruses can be transmitted by the seed and induce pollen sterility This has
been demonstrated with the tobacco nngspot virus (TRSV) in Petunia (Hender-
son, 1931) and with the tomato ringspot virus (TMSV) 1n soybeans (Kahn, 1956)

Atanasoff (1964a, 1964b) d that all cytop! ly nhented traits such
as cytoplasmic male sterility (CMS) could be due to viral infections even though
the presence of a virus has not been demonstrated The successful asexual trans-
mission of CMS through plant grafts demonstrated in Petuma (Frankel, 1956,
1962, 1971, Edwardson and Corbett, 1961, Bianchi, 1962) and 1n sugar beets
(Curtss, 1967) supports the possible assumption that CMS could be transmitted
by virus CMS has been demonstrated 1n many plant species A plausible defim-
tion for cytoplasmic male sterihity 15 a condition sn which pollen sterility 1s at least
partially caused by factors that are only passed on by the female and 1n which
this poflen stenlity 15 not abandoned dunng successive reproductive generations

The expresston of this can also be infl d by ch 1 genes

The expression of cytoplasmic male stenlity can often be changed by the cond-
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uons of the specific environment 1n which the plants are grown The present
usabtlity or the potential use of CMS for the production of hybnd seed has been
demonstrated 1 tobacco (Chaplin 1964), maize (Rogers and Edwardson, 1952),
sorghum (Ross, 1971), and wheat (Wilson and Ross, 1962) Other reports of eco-
nomic possibilities with CMS are for flax (Chittenden, 1927), onton (Jones and
Clarke 1943), alfaifa (Davis and Greenblatt, 1967), petuma (Edwardson and
Warmke, 1967) sugar beets (Theurer and Ryser, 1969}, intermediate wheatgrass
(Schulz Schaeffer, 1970), cotton (Meyer, 1971), and other crops

The phenomenon of cytoplasmic male sterthty was first described by Correns 10
1904 and was 1nterpreted as a true case of CMS by Wettstein in 1924 There are
4 possible sources of CMS

1 rgen and

2 and

3 intraspeaific hybndization

4 spontancous occurrence

A good example for the development of cytoplasmic male sterihity through inter-
generic hybridization 1s wheat Kihaea (1951a) crossed Aegilops caudata with
Trittcum aestvum and backcrossed the hybnd with T gestrvum Since the female

parcn( contributes the majonty of the L the b lished
] of the Aegilops ch: by Tnticum chromosom:s, which

were placed in the Aegilops cytoplasm CMS was the result of this method
hy was the h of ob CMS 1n tobaceo when

Burk (1960) placed the genome of Nicotiana tabacum nto the cytoplasm of N
bigelom Cytoplasmic male stenlity 1n ontons was accomplished by ntraspecific
hybndization (Jones and Emsweller, 1937, Jones et al, 1939, Jones and Clarke,
1943, Jones and Davis, 1944, Jones, 1946) A recessive gene (ms) n the homo-
2Zygous state caused plants to be male sterile when by appropriate crossing it was
placed into a certamn type of cytoplasm (S} The same gene had no effect 1 a
different type of cytoplasm (V)

And finally, the most prominent example for spontaneous occurrence of CMS 15
maize The Texas source (T type) was isolated from the cultivar “Golden June”,
a vaniety of dent maize that was grown in the southwestern United States (Rogers
and Edwardson, 1952) Another cytoplasm used 1n marze breeding 1s the S type
Maize inbred ines that were sterile in the § cytoplasm were not necessarily sterile
m the T cytoplasm Because a higher percentage of corn belt inbred hnes were
completely sterile in the T-cytoplasm than tn the S-source, most hybrid production
was based on the T cytoplasm (Duvlck 1966) It has been cstabhshcd that two
plasmud Iike DNA’s are d with
from S type maize (Pring et al.. 1977)

204 Plasmds, Episomes, and Transposable Elements

Plasmids (Lederberg, 1952) n the strictest sense are extrachromosomal hered:
tary determinants that only occur 10 an autonomots condition and exist, replicate
and are transferred 1ndependent of the chromosomes This concept excludes the
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category of episomes, which 1n contrast are hereditary determinants that can
alternate thewr with a cond 1 which they are attached
to the chromosomes Interpreted this way an episome that 1s detached from its
chromosome becomes a plasmud (Hayes 1968 Navick 1969 Richmond 1970)
The term episomes was comed by Jacob and Wollman and was adopted from
Drosophila geneucs (Thompson 1931) Insertion sequence elements (IS) and
transposons are much smaller than plasmids and episomes Three classes of ele
ments that are able to insert at different sites of DNA molecules can be
distinguished

Comugons (Luna 1963) These are specialized genetic promotor elements that are
necessary duning bacteral conjugation 1n order 1o establish contact between cells
Cells that possess conjugons (donor cells) can establish contact with related cells that
lack such cpisomal conjugons (recipient cells).

Temperate bacteriophages (Jacob ct al 1953} These are bactenal viruses that can
enter lysogenic bacterra and in contrast ta virulent ar lytic bacteriophages that destroy
therr host by the process of lysis they become 1ntegrated into the bactenal genophore
or become attached to 1t without damage to the host Phages when integrated by this
process are called prophages (LwolT and Gutman 1950} Lysogemc bacteria become
immune to further infection by an extrinsic homologous phage after integration of a
prophage The sites of integration of prophages 1nto the bacterial genophore (prophage
sites) are designated on the genetic map by a Greek letter

Transposable genetic elements These are the 1S elements and transposons They are
small nonrephicating transposable DNA that can be inserted into the DNA of tem

perate bactenophages or plasmds They have not been found to exist autonomously

9

w

According to Rieger et al (1976) conjugons have three functions

) the of the surface prop and synthetic abilities associated with the
establishment of cffective contacts between conjugation partners

mobilization of the genophore matenal that 1s 1o be transferred from the donor cell to
the reaip ent cell

provision of the energy source required for genophore transfer

(WIS

2041 The F-Episomes

Also called the F agent this conjugon 1s an episome or a transmussible plasmid
At this point 1t 15 important that the student understands all these different terms
because they are used interchangeably in the Iiterature The F episome 15 part of
2 group of sex factors that are capable of inducing conpueation The preseoee sr
absence of these factors 1n a bactenial cell determines its sex

Depending on their orgamzation there are 4 kinds of bactenal cells (Demerec et
al 1966)

1 F cell

2 F cell

3 Hifr cell

4 F cell

An F cell 15 a bacterum that does not posses an F episome Such a bacterinm
15 a genetic recipent cell or conjugation “female  that does not possess the abihty
of a geneuc donor cell or male  Such a cell cannot transmit an F episome but
1t can be mnfected with such an episome (Fig 20 1)

An F cell 1s a bacterium that carnes an F episome extrachromosomally Such
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Fig 201 Dufferent mamfestations of the F episome an Eschenchia colt (From Scaife,
1963)

episome can be transferred to an F cell with huigh frequency Such an F~ cell
then becomes an F* celt

An HIr cellis a bacterrum that has an F-episome integrated 1n its bactenal geno-
phore (Fig 20 1) An F* cell can convert into an Hir cell by a process of integra-
tion {Demerec et al, 1966) The integrated F-episome confers on the Hfr cell the
ability of high frequency recombination (Hfr) Due to transient coupling between
F and the genoph the of genetic n matings between
F*and F cells 1s about 10 *, but 1n matings between Hfr and F cells, 1t 1s as
high as 001% to 0 5% The process of bacterial conjugation involves direct contact
between the donor and the recipient, which 1s followed by the establishment of a
cellular bridge that enables transfer of the entire male genophore, or only a seg-
ment, nto the recipient cell Transfer usually results only 1n a merozy gote (\Woll-
man et al, 1956), which 1s diploid for only past of the genophore and haplowd for
the rest of it This process of mating 1s lustrated in Fig 201 The transfer occurs
only after breakage of the circular genophore Breakage happens at one of the *
two nsertion potnts of the F-episome This pont 1s referred to as “O* (ongtn) or
head This portion of the genophore 15 always the first to enter the rectpient cell
The position of the Hir-episome 15 at the end of the transferring linear genophore
Since the genophore usually transfers only 1n part, the integrated F-episome 15
included only rarely in the transfer O always marks the head and Hir the tail of
the transferring genophore But the sequence of the genetic markers of each Hfr-
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strain 1s strain-specific since Hfr can integrate at different sites of the genophore
(Hayes, 1964) If the markers of the genophore are designated by the letters of
the alphabet then the following sequences would be possible

O A-B-C-D-E-F-

Q-B-C-D-E-F-A-

O-D-E-F A-BC-

O F-A B-C D-E-

or other sequences
The integration of the F episome into the Eschertchia colt genophore 1s not
entirely random Certain sites on the £ colt map are preferred
An F’ cell 1s a bacterum that carries an extrachr 1 F-epi
to a genophore fragment F’ episomes are also called F-merogenotes (Clark and
Adelberg, 1962) or F-genates (Ramarknishnan and Adelberg, 1965) An F’ epr-
some carrying a genophore fragment can interact at a specific site on the bacteral
genophore An F cell is haplord except for a short genophore segment 1 which
1t 1s partially diploid and heterozygouic Such a cell 15 also called a heterogenote
(Morse et al, 1956a) F’ episomes anise when excision during release of the F-
episome from an Hir 1s not exact

hed

2042 Colicinogeme Factors

Fredericq (1953, 1954) discovered extrach { genetic el 1 colt-
form bacteria that produce protetnaceous substances called colicins capable of
killing sensitive members of other bacterial strams of the same or closely related
species He called these extrach 1 el Colici factors (Cf)
He proved that Cf can be transferred from col (col*) to

genic (col”) strains by cell contact The col-factors are a heterogeneous group of
plasmuds, and they are able to carry out a wide variety of activitses such as colicin
production and release, production of colicin immunity, and quiescent and vege-
tatwve reproduction Herschman and Helinski (1967) described two quite distinct
classes of col factors colicinogenic sex factors and nontransmussible col factors
A well studied example of a colicinogemc sex factor s Col V-k 94 It can mobilize
the genophore but «t 1s not ntegrated I addition to a sex factor, 1t carnes a
structural gene for a colicin and a gene for resistance or immunity to the colicin
Col ¥V k 94 was studied more extensively than any otfier calicinogenic sex tactor
According to electron microscopic studies by Bradley (1967), nontransmissible
col-factors such as colE1 are defective phages that have the ability to produce
incomplete, nomnfective phages

2043 Resistance Factors

The resistance or R-factors (Iseki and Sakar, 1953) of the coliform bactersa are
capable of conferring resistance to antibotics or to metal rons (Summers and Sil-
ver, 1972) Such factors confer selective advantage to organisms growing 1n the
presence of antibiotics or having metal complexes such as mercunals and have
been ssolated from hospital environments (Joly and Cluzel, 1975) There are two
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classes of resistance factors nentransmussible R-factors and transmussible RTF
sex factors

Nontransmissible R-factors consist of DNA that provides resistance 10 one or sev-
eral 1al drugs or such as 1} de, tet-
racycline or streptomycin and/or several metal 1ons such as Hg, As and Cd For
mstance in studies of Shigella bacteria it was found that strains resistant to all
four of these commonly used drugs were more common than strains resistant to
only one two or thrce Multiple drug resistance 15 now an established fact
Resistance to yein, , and the 1s very often included
(Lewin 1977)

In order for an R-factor carrying bacterium to be able to conjugate with other
bacteral strains and to transfer drug reststance to them, the R-factor has to be
linked to a resistance transfer factor (RTF) (Watanabe and Fukasawa, 1961)
RTF often carries resistance to ampicillin only Such an R-RTF complex 15 very
similar to the F-episome (Section 204 1) but its transmisston frequency from
donor to recipient 1s not as high as that of the F-episome The functional relation-
ship between R-RTF and F-epi 1s also d d by Watan-
abe’s (1963) discovery that one class of R-factors, i* (=fertihty inhibition),
nhibits the genetic expression of the F-episome when 1t 1s acquired by the F*
reciptent cell Inhibition of the F-episome expression caused by an fi* R factor
seems to be caused by a single gene in the R-factor (Hirota et al, 1964)

The presence of antibiotics 1n livestock feed and as therapeutic agents as well as
the use of heavy metals such as mercury as disinfectants has contributed to selec-
tion of R factors, and transmission to human or ammal pathogens leads to the
difficulty in treating subsequent infections (Meyers et at, 1975)

2044 Bacteriophages

In Section 20 4, two classes of episomes were described, conjugons and temperate
bactertophages One of the best known 1s the small bacteriophage lambda It 1s
composed of a protein coat containing a single chromosome that consists of a sin-
gle double stranded DNA molecule This chromosome ¢an be exther linear or cir-
cular Genetically, this chromosome acts as 1f 1t were hnear having a defimite head
and a definite ta)l The very ends of lambda DNA are single stranded and com-
plementary to each other tn nuclectide sequence They are referred to as sticky
ends or cohesive ends (Ris and Chandler, 1963, Hershey et al, 1963) and are
from 10 to 20 nucleotides n length They can parr and form a closed circular
structure {Fig 202) Apparently, there 1s a small amount of protein associated
with the lambda DNA The phage lambda 1s about 17 gm x 20m tn size When
lambda 15 1n 1ts 1ntegrated state n the bactertal host cell, it usually occupies a
unique positton within the bacteral genophore (Fig 20 3) It has been demon-
strated that other temperate phages also have their own specific attachment sites
on the bacterial genophore (Jacob and Wollman, 1957) As part of the bacteral
genophore, prophage genes function tn precisely the same manner as bactenal
genes When lysogenic bacteriophages become excised (released) from the bac-
tersal genophore, they can enter a lytic cycle (Wollman, 1953) Such a cycle can
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be induced, for instance, by ultraviolet radiation Inexact exasion of phages
leads 10 a linkage of one or more bactenal genss to the phage and formauon of
specialized transducing phages. In transduction (Zinder and Lederberg, 1932),
the phage transfers genetic matenal from a donor ¢ell 1o a recyent ol Since
lambda 15 located close to the galactose genes (see gal Fig 10 1) of E colt these
are <ome of the few genes that fambda asually transduces (Morse et al, 196a,
1936b) The genetrie matenal that can be transduced tn such a manner 1s genarally
Tess than 1% of the total length of the bactenal genophore. If famdda picks up a
cal seement from 1ts previous host cell and transfers 1t 1o 2 new bactenum, the
<econd host cell becomes diploid for the gal segment and becomes a heterogenote.
Usually the phage leaves behind part of self i the genophore of the first host
cell and becomes defective, It cannot become released from the genophore and
reproduce. But a defective lambda can be exersed agamn af the new host eell con-
tains another intact lambda helper phage. Transduaing lambdas have been inves-
tigated phyvsically and genencally They have lower density, and large middle <eg-
ments of the genetre map are muwing {(Arber, 1958 Weaske et al., 1959) Mapping
of the lamdda baclenophage has been farrly extensive, According to Lewn (1977)
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1t seems unlikely that any essential genes have not yet been identified Campbell
(1971) summarized genetic data obtatned from several laboratories and presented
a lambda gene map {Fig 204) According to this map lambda has 26 essential
and 9 nonessenttal genes Other temperate bacteriophages that have been
described are ¢80, P1, P2, and Mu

2045 IS-Elements and Transposons

IS-el ts are small, ble DNA of 800 to 1400 base pars
This compares with about 46,500 base pairs in the lambda bactermphagc 18-
elements can be mserted mto bacterial genoph or

plasmuds 1S-elements were first dctecled wn the £ colt galT gene by Jordan etal
m 1968 They compared the density of mutated and wild type Agal phages and
could show that the mutated phages had increased density After reversion to the
wild-type, the density decreased 10 its usual value Five of such IS-elements are
now known i E colt others are known n Salmonella and Citrobacter (Starlin-
ger, 1977) 1S-clements can cause the effect of a special kind of mutation, catled
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Fig 203 for the of lambda smta the bactersal geno-
phore. (From Franklin W_Stahl, The Mechanies of Inheritance, 2nd Ed , © 1969, p
158 Reprinted by of P Hall, Inc, Ciffs, New Jersey)
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polarity mutation (Franklin and Luria, 1961, Jacob and Monod, 1961b) A polar-
1ty mutation abolishes the function of the mutated gene and impairs the function
of other genes within the same operon But the polanty mutation caused by the
insertion of an 1S-¢lement differs from a point polarity mutatton tn that 1t easily
reverts to the wild-type condition 1S-elements have also been demonstrated under
the electron microscope (Hu et al, 1975a, 1975b, Ptashne and Cohen, 1975, Sae-
dler and Heiss, 1973, Saedler et al, 1975, Mosharrafa et al, 1976) They were
shown by the heteroduplex technique onginally developed by Davis and Davidson
(1968) and Westmoreland et al (1969) The strands of DNA molecules were
separated and so-called heteroduplex DNA molecules were prepared by DNA-
DNA hybridization (Hall and Spiegelman, 1961, Chapter 1) Heteroduplex DNA
molecules are hybrid DNA double strands that consst of polynucleotide chatns
that originated from two different parental molecules The presence of an IS-ele-
ment in one of the two DNA strands can be seen under the electron microscope
as a single strand loop

IS-elements apparently do not exist 1n the form of autonomously replicating plas-
mids (Chnistiansen et al , 1973) Integration of 1S-elements shows some site spec-
ificity that is intermediate between the strong spectficity of lambda bacteriophage
and the lack of 1t in Mu bacteriophage Different IS-elements show different site
specificity IS 4 has been observed only at a single site 1n gene galT of E coli
(Shaptro and Adhya 1969, Fiandt et al, 1972, Shimada et al, 1973, Pfeifer et
al, 1977) IS I and IS 2 are less specific than IS 4 Several other IS 4 sites have
been reparted Integration sites of IS 2 and IS 3 1n the F-plasnud have been
mapped by Davidson et al (1975) and by Hu et al (1975a, 1975b, 1975¢) (Fig
20 5) IS-elements have been shown to be partially homologous to the mverted

sroB
/I HfrP804
a thr / lec
Rfr13

proC

Fig 205_Location of some of the multiple copies of IS elements 1n the chromosome of
E colr W represents 152, 3} represents 1S3, B2 1s v & Arrows tndicate the on-
entation of the IS elements and the Hfr formed at these positions The integration site of
AB313 15 taken from Ohtsubo et al (1974) and the tntegration stte of AB312 has been
analyzed by Guyer (cited m Davidson et al, 1975) At the position of Hfr PS04 seven
other Hfr strains are known, at position of Hfr 13 and the neighboring 1S3, six other
Hfrs and at P3 three other Hfrs have been described (From Davidson, Deomer, Hu and

Ohtsubo, 1975 Redrawn by permission of the Amenican Society of Microbiology, Wash-
ington, D C )
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sequences that barder the transposon for tetracycline resistance (Cohen and
Kopecko 1976} IS ! an element of 770 base pars has been analyzed by the
nucleottde sequencing techque (Calos et al 1978 Gnindley 1978)
Transposons (Hedges and Jacob 1974} are very small DNA segments (100 to
1500 nucleotide parrs) consisting of ene or several genes They are capable of
nsertion and exciston in DN\ A molecules without the requirement of a funcuunal
bactenal recombination system They are resp le for r to

They can be t posed from chr to chrd m the same cell
(Piashne and Cohen 1975 Bergetal 1975 Berg 19772 1977b) The nomen
clature of transposons has been explained by Campbeli et al (1977) An example
would be Tn 9(Cn1) tn which Tn 1s followed by the wsolation number and the
antibtotic (in parenthesis) to which the resistance ts conferred i this instance
chloramphenicol Gene mutauon occurs through integration of transposons into
a gene (Kleckner et al 1975 Berg 1977a) Reversion into wild type generally
occurs like that reported for IS clements Inexact excision of transposons can lead
to deletions next to the transposon site (Foster 1976 Campbell et at 1977 Bot
stein and Kleckner 1977 Brevet et al 1977) Also duplications and mversions
have been described occurring next to tetracycline transposon Tn /0 (Botstein
and Rleckner 1977) Transposons also show different site spearficities (Starlinger
1977)
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