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1. INTRODUCTION

1 .1  HISTORICAL

The germ c e l l s  o f animals have been popular o b je c ts  of study w ith 

c y to lo g is ts  from the very beginning of "modern" Biology ( fo r  example:

Jensen 1887, von Ebner 1888, and von Lenhossek 1898).

Hertwig (1876) re a l is e d  the s ig n ific a n ce  of f e r t i l i s a t i o n .  Van 

Beneden (1883), dem onstrated in  A scaris equorum Goeze, th a t  the  egg and 

sperm nucleus each contained  two chromosomes, whereas a t  m ito s is  in  the 

f e r t i l i s e d  egg, four chromosomes were v is ib le .  A ll c e l l s  o f the o ffsp rin g  

were subsequently  derived  from the zygote by normal m ito tic  d iv is io n  

and had each chromosome s e t  rep resen ted  tw ice. So, the gametes each c o n tr i ­

buted the haplo id  number of chromosomes to  the  zygote, which contained  the 

d ip lo id  number in  i t s  nucleus. Weismann (1887) invoked the n e c e s s ity  of 

red u c tio n  d iv is io n  in  h is  germ plasm theory . He p re d ic ted  th a t  a sp e c ia l 

n u c lea r d iv is io n  must be repeated  in  every g en era tio n  in  germ c e l l s  of 

p la n ts  and anim als, a t  which the chromosome number i s  reduced again  to  

h a lf  the number contained in  the p a re n t nucleus. Both Van Beneden and 

Weismann ra th e r  assumed th a t  the d iv is io n  of chromosomes was n o t preceded 

by re p l ic a t io n .

I t  was a lread y  noted th a t  abnormal d iv is io n s  were found to  occur 

in  quick succession  and Flemming (1887) c a lle d  them "h e te ro ty p e"  and 

"homotype" since the f i r s t  d iv is io n  was the more abnormal of th e  two. 

S trasb u rg e r (1888) observed in  the p o llen  mother c e l l s  and embryo sac 

mother c e l l s  o f various p la n ts , th a t ,  a t  l a t e  prophase of the f i r s t  of 

th ese  d iv is io n s  when the chromosomes f i r s t  become c le a r ly  v i s ib le ,  the 

hap lo id  number was p re sen t. Even i f  th ese  o b serv a tio n s  were based on the  

wrong s tag e , the id ea  was sound and the scene s e t  f o r  a tru e  understanding 

of th e  process r e s u lt in g  in  a reduction  d iv is io n  suggested in ,  fo r  example,



papers by K orschelt (1895) on Ophrvotrocha p u e r i l i s  Clap. end. Mecz. and 

Sc'haffner (1897) on Typha l a t i f o l i a  L.

So, by the time Mendel’ s gen etic  d isco v e rie s  were given true recog­

n i t io n  (De V ries 1900, Correns 1900, and von Tschermak 1900) m eiosis had 

e s s e n t ia l ly  been d iscovered , the r e la t io n  of m eiosis to  gamete form ation 

in  anim als was ap p rec ia ted , and haplo idy  versus d ip lo id y  during  the l i f e  

cycle was made c le a r .

Montgomery (1901) in  s tu d ie s  from 4-2 sp ec ies  of hem ipterous in s e c ts  

concluded th a t  the chromosomes which a sso c ia te  in  p a ir s  a t  prophase I  

were of p a te rn a l and m aternal o r ig in s . Sutton (1902) s ta te d  th a t  id e n t ic a l  

chromosomes a sso c ia ted , since he was ab le to  p o s it iv e ly  id e n t i f y  each 

p a ir  in  the  grasshopper B rachystola magna Scudder. Sutton drew a t te n tio n  

to  the s im i la r i ty  between chromosomal behaviour in  m ito s is  and m eiosis.

Farmer and Moore (1903) w ith f u l l  understanding of the meaning of 

the two successive  n u c lea r d iv is io n s , described  the p rocess in  a p re lim in a ry  

communication, in  a v a r ie ty  of animals and p la n ts .  Gregoire (1904.) suggested 

th a t  the two d iv is io n s  should be d is tin g u ish ed  by Roman num erals I  and I I ,  

and Farmer and Moore in  1905 coined the term "m aiosis" meaning "to le s s e n " . 

L a te r , i t  was considered more c o rre c t to  c a l l  i t  "m eiosis".

TERMS USED FOR THE STAGES OF FIRST MEIOSIS.

The ovaiy of the  ra b b i t  provided the m a te r ia l by which th e  e a r ly  

p a r ts  of the  m eio tic  p rocess were named (von W iniw arter 1900), I t  was 

id e a l  m a te ria l s ince  m eiosis extended over a long tim e, up to  a month 

from b ir th .  The h a lf  day old  ra b b it  dem onstrated chromosomes in  a ‘ s len d er 

r ib b o n ’ co n fig u ra tio n  termed " lep to ten e" . A chromomeric or ‘beads on a 

s t r i n g ’ p ic tu re  came l a t e r ,  w ith  some p a r ts  p a ire d  and o th e rs  unpaired, 

termed "synaptene". "Zygotene" was s u b s ti tu te d  fo r  th i s  l a t e r  (Gregoire 1907). 

By 4. to  5 days, ’th ic k  rib b o n 1 or "pachytene" chromosomes were apparent 

and by 10 to  12 days a few sh o rte r  and th ic k e r  "d ip lo tene" chromosomes



were p re se n t, most reaching  th i s  stage by 28 days. A ll s ta g e s , mature 

and immature, were p re sen t through the ovary.

Hacker (1897) had subdivided prophase o f the  f i r s t  d iv is io n  of 

m eiosis in to  two p a r ts .  For the second of th ese  when th ic k  loops or 

c ro ss  shapes were apparen t, he coined " d ia k in e s is51, meaning "moving 

a p a r t" . ( I t  p re -d a te s  von W iniw arter’ s "tene" s u f f ix . )  Janssens (1909) 

gave the  name "chiasma", meaning "a c ro ss" , to  th e  nodes between the arms 

o r loops o f d ip lo ten e  or d ia k in e tic  c o n fig u ra tio n s . The s u f f ix  "neme" 

o r "nema" i s  sometimes used in s te ad  of "tene" (Rhoades 1950) ,  bu t choice 

appears to  be a m a tte r of opinion. In  th i s  study , the o ld e r  term s were 

used where i t  was necessary  to  name s tag es  of an e s s e n t ia l ly  continuous 

p ro cess , because, since the d iscovery o f the synaptinem al complex (Moses 

1956, Fawcett 1956) "tene" meaning "ribbon" was considered  a su p erio r 

d e sc r ip tio n  to  "neme", meaning "th read". The im portan t p o in t was to  e s ta b l is h  

whether a l l  au thors used the same name in  d e sc rib in g  a p a r t i c u la r  stage 

and whether the c o rre c t p o s itio n  in  the m eio tic  sequence was ap p rec ia ted .

HUMAN CHROMOSOME NUMBER AS ASCERTAINED FROM TESTIS MATERIAL.

. Von W iniwarter (1912) was the f i r s t  to  attem pt human t e s t i s  p re p a ra tio n s . 

Using sec tio n s , he proposed a 47 chromosome complement w ith  sperm atogonial 

metaphase, to g e th e r w ith  XO/XY sex d e term ina tion , which was co n tra ry  to  

W ilson’s (1909) g en era lised  view of XX/XY sex d e term ina tion . Von W iniwarter 

ap p rec ia ted  the n a tu re  of the chromatin body in  sperm atocytes, b u t thought 

i t  con tained  a s in g le  sex chromosome.

Also using t e s t i s  sec tio n s , but f i r s t  metaphase r a th e r  than spermato­

g o n ia l m etaphase, F a in te r  (1923, 1924.) recorded the human number as 4.8 , 

w ith  an XX/XY sex determ ining mechanism, males having d is s im ila r  chromo­

somes. In c id e n ta l ly , in  h is  p re lim inary  communication (P a in te r  1921), 

he rep o rted  h is  b e s t p rep a ra tio n s  as showing 4-6 chromosomes. He considered 

the  d iscovery  o f the  Y the most im portan t o b servation , and achieved the



f ig u re  4-8, by adding one to  von W iniw arter’ s count of 47* P a in te r  

c e r ta in ly  agreed w ith  von W iniwarter th a t  the number was between 4-5 and 

48.

Von W iniwarter and Oguma (1930) and o th e rs , re ta in e d  th e i r  b e l ie f  

in  X0 sex de term ination  and counted 4-7 chromosomes in  sperm atogonial 

metaphase. K o ller (1937) solved the sex de term ina tion  problem by firm ly  

e s ta b lis h in g  the presence o f a I  chromosome.

For over 30 y e a rs , the re p o rts  were c o n s is te n tly  o f 48 , w ith  v e ry  

occasio n a l counts o f 46 being noted (Evans and Swezy 1929, Shivago and 

Andres 1932). Ford and Hamerton (1956) using hypotonic p re trea tm en t and 

squash p rep a ra tio n s  f in a l ly  confirmed, in  m eiosis, the c o rre c t number, 46 , 

as had been found in  f ib r o b la s t  c u ltu re s  from f o e ta l  lung by T jio  and 

Levan (1956). Ford and Hamerton showed 23 b iv a le n ts  a t  f i r s t  metaphase 

in  normal m eiosis.

Gradually 46 became the  ru le  w ith only the occasio n a l re p o r t  of o th e r  

v a lu es  in  m ito tic  and m eio tic  a n a ly s is . For example, Kodani (1957, 1958) 

using  m a te ria l from 21 p a tie n ts  w ith ep id id y m itis  o r cancer of the p ro s ta te ,  

found fou r cases w ith  46 , one with 47 , and s ix te en  w ith  48 chromosomes.

The p re sen t study began w ith the firm  knowledge th a t  the normal 

human chromosome complement was 46 .

t
1 .2  TECHNIQUES 

LIGHT MICROSCOPY.

I n i t i a l  work was performed using h is to lo g ic a l  se c tio n s . The ’break­

through" s tu d ie s  of the  1950’s can be a t t r ib u te d  to  the use of the "squash" 

technique o f H eitz (1936) as in  Sachs (1952), and the  d iscovery  of hypotonic 

p re trea tm en t of c e l l s  (Makino and Nishimura 1952, Hughes 1952, Hsu 1952 and 

Hsu and Pomerat 1953). The "squash" technique proved popu lar fo r  th e  

nex t decade, o ften  w ith  some m o d ifica tion . For example, Gardner and



Punnett (1964) employed so ften in g  and co n cen tra tio n  of c e l l s  and mounting 

in  Hoyer’ s medium and B88k and K jess le r (1964) f ix e d  a f t e r  hypotonic 

trea tm en t in  5 p a r ts  g la c ia l  a c e tic  acid : 1 p a r t  N HC1: 4 p a r ts  d i s t i l l e d  

w ater and squashed in  one drop of 2% a ce to -o rce in .

I t  was the a p p lic a tio n  of the ’’a ir-d ry in g "  procedure used by R o th fe ls  

and Sim inovitch (1958) fo r  mammalian c e l l s  in  c u ltu re , th a t  proved another 

breakthrough fo r  m eio tic  p re p a ra tio n s . Evans, Breckon and Ford (1964) 

and Ferguson-Smith (1964a) app lied  a ir -d ry in g  and hypotonic p re trea tm en t 

to  m eio tic  m a te r ia l, and Ferguson-Smith (1964a) used a ir -d ry in g  w ithout 

hypotonic p re -tre a tm e n t, f o r  p re se rv a tio n  o f n u c le o l i .

Hypotonic p re trea tm en t and a ir -d ry in g  were th e re fo re  a v a ilab le  fo r  

the p re sen t study. For the asso c ia ted  m ito tic  work th e re  was, in  a d d itio n , 

the  d iscovery  of phytohaem agglutinin as a m ito tic  s tim u la to r  (Nowell I960) 

and used in  a technique by Moorhead, Nowell, Mellman, B a ttip s  and Hungerford 

(i960) fo r  p e r ip h e ra l blood p re p a ra tio n s , w ith  colcemid (N-Desacetyl-N-m ethyl 

c o lc h ic in e ) , the le s s  to x ic  d e riv a tiv e  of c o lch ic in e , fo r  h a rv estin g .

Anner£n, Berggren, S tah l and K je ss le r  (1970) attem pted to  improve 

spread  as w ell as morphology of chromomere p a t te rn  a t  pachytene using 

v a rio u s  p re tre a tm en ts , osmotic p re ssu re s , time and co n cen tra tio n  of enzyme 

tre a tm e n ts , f ix a t iv e s ,  f ix a t io n  tim es, s ta in s  and s ta in in g  tim es, bu t t h e i r  

r e s u l t s  d id no t compare w ith  those of Hungerford (1971) who, fo llow ing 

experim ents w ith v a rio u s  hypotonic p re trea tm en ts , desc rib ed  an a i r - d r ie d  

technique invo lv ing  in cu b atio n  in  0.125M KC1 f o r  an hour a t  37°G. This 

gave e x c e lle n t y ie ld ,  p re se rv a tio n  and spreading  of chromosomes in  the 

pachytene stage  of m eiosis, thus s e t t in g  the scene fo r  an e x p lo ita tio n  

o f th i s  s tag e . The technique has been used in  the id e n t i f ic a t io n  of 

th e  supernumerary chromosome in  Down’s syndrome as the sm aller G 

(Hungerford, Mellman, Balabam, LaBadie, M essatzzia and H a lle r 1970).

ELECTRON MICROSCOPY.

The most im portan t d iscovery  from the a p p lic a tio n  o f e le c tro n  microscopy 

to  m eio tic  m a te ria l was th a t  of the synaptinem al complex (freq u e n tly  termed



synaptonemal complex) observed independently  by Moses (1956) in  c ra y fish  

sperm atocytes, and Faw cett (1956) from work on p igeons, c a ts  and humans. 

Over the y ears  th e re  has been some d i f f i c u l ty  in  in te rp re t in g  i t s  s tru c tu re  

and fu n c tio n  (Moistenhome and Meyer 1964, Moses 1963, Moens 1968b and 

Jaworska and Lima de F a ria  1969). I n i t i a l l y  i t  was c lo se ly  a sso c ia te d  

w ith  c ro ssin g -o v er since  i t  was no t found during  m eiosis in  male D rosophila 

(Moses and Coleman 1964) which c la s s ic a l ly  does n o t have chiasm ata (Bodmer 

and Parsons 1962) although the female has both.

Synaptinemal complexes are not found in  p rokaryo tes  (Moses 1968).

They are o c ca s io n a lly  found where no t expected, f o r  example, in  the  

achiasm ate sperm atogenesis o f the O rthopteran M antid, Bolbe n ig ra  

G iglos-Tos (Gassner 1969) and in  asy n ap tic  wheat (La Cour and W ells 1970). 

Roth (1966) described  polycomplexes of synaptinem al complexes in  oocytes 

and nurse c e l l s  in  the mosquito. S o telo  and T ru jillo -C erioz  (i960) found 

m u ltip le  core complexes resem bling stacked  synaptinem al complexes in  

hap lo id  sperm atids of G ry llu s . They are th e re fo re  a sso c ia te d  w ith  

h a p lo id s , d ip lo id s  and t r ip lo id s  (Moens 1969b).

Moses (1969) then  pu t forward the more cau tio u s  sta tem en t th a t  

the  synaptinem al complex i s  necessary  b u t n o t s u f f ic ie n t  f o r  chiasma 

fo rm ation^possib ly  j u s t  prov id ing  a framework in  which c ro ss in g  over 

can occur. I t  may be regarded as evidence of a mechanism fo r  p u llin g  

chromosomes to g e th e r, no t even being n ecessary  fo r  i n i t i a t i o n  of p a ir in g  

(Comings and Okada 1970c, 1971b).

Moens (1969a) in  lo cu st,fo u n d  the synaptinem al complex to  inc lude  

the  e n t i r e  len g th  of the p a ire d  homologues and to  be a tta ch ed  to  the 

n u c lea r membrane, and Woollam, M illen and Ford (1967) p re sen ted  evidence 

using  mouse, th a t  each p a ir  of homologues had i t s  own.

The synaptinem al complex i s  completed during  zygotene in  Lilium  

(Moens 1968a) and F r i t i l l a r i a  (La Cour and W ells 1970). I t  extends 

the  le n g th  o f th e  chromosome. However, a number o f people have re p o rted
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th a t  e f fe c t iv e  synapsis occurs a t  a l im ite d  number of s i te s ,s u g g e s t in g  

th a t  p a ir in g  i s  d iscon tinuous a t  the tim e of c ro ss in g  over ( fo r  example 

H olliday  1964 in  fu n g i, and Roberts 1965 in  D rosophila) . Even though 

th e re  i s  disagreem ent w ith in  the f i e l d ,  th e re  rem ains the  s tro n g  beL ief 

th a t  the synaptinem al complex i s  a sso c ia ted  in  some way w ith  c ro ssin g  

over.

The cen tre  to  cen tre  d is tan ce  sep a ra tin g  l a t e r a l  elem ents of the 

t r i p a r t i t e  ribbon i s  g e n e ra lly  given as between 0.10 and 0.15)i (Moses 

1968). This i s ,  u n fo r tu n a te ly , ju s t  below the  l im i t  of the l i g h t  micro­

scope re s o lu tio n  (0 .2p.).

The a p p lic a tio n  o f the K leinschm idt w ater spreading  technique

o r ig in a l ly  used fo r  the  f in e  s tru c tu re  o f the  b a c te r ia l  and v i r a l
/. . , - < . . .  .; • ■■ . .. . . .. . -  
genophore, has been ap p lied  to  human m eio tic  m a te r ia l f o r  low power

e le c tro n  m icroscopy (Comings and Okada 1971a). Apart from synaptinem al

complex d e t a i l ,  fragm ents o f n u c lea r membrane were seen embedded in  the

o u te r  f r in g e s  o f the chrom atin f ib r e s  suggesting  they  had been a ttach ed

to  the membrane a t  th a t  s i t e .  This technique i s  a t  an e a r ly  s tag e , bu t

i t  i s  p o ss ib le  th a t  i t  might enable d e ta i le d  o b serv a tio n s  on the

mechanism o f chromosome p a ir in g  in  t r a n s lo c a t io n s ,  in v e rs io n s  and

d e le t io n s .

STAINING.

In 1941 La Cour f i r s t  described A cetic Orcein as a s ta in  for  chromo­

somes. I t  was the main one used in  th is  study.

Feulgen (Feulgen and Rossenbeck 1924) i s  g e n e ra lly  accepted  as being 

s p e c if ic  f o r  DNA (D arling ton  and La Cour 1969). I t  was e s p e c ia l ly  popular 

used w ith the  "squash techn ique" since the  h y d ro ly s is  s tep  so ftened  the 

m a te r ia l (see , f o r  example, Ferguson-Smith 1964a and E berle  1963).



Carbol Fuchsin i s  p a r t ic u la r ly  w ell known in  the Z ieh l-N eilson  

technique f o r  b a c te r ia l  s ta in in g . I t  has been used fo r  sex chromatin 

(Eskelund 1956,and K linger and Ludwig 1957). Carr and Walker (1961) used 

i t  f o r  human m ito tic  metaphase chromosomes w ith  a squash technique as 

d id  Robinson and Puck (1967), who m odified the method of K linger and 

Ludwig (1957).

Toluidine Blue, a b a sic  dye, was used by Tarkowski (1966) w ith 

h y d ro ly s is , f o r  chromosome p rep a ra tio n s  from eggs.

Giemsa was used by Chen and Falek (1969) w ith male m eio tic  a ir -d r ie d  

p re p a ra tio n s . They claimed centrom eres were made p a r t i c u la r ly  obvious 

a t  l a t e  d ip lo te n e . Sasaki and Makino (1965) noted only the G chromosome 

centrom eres when using  th is  s ta in . Giemsa has re c e n tly  become very 

popu lar in  a s so c ia tio n  w ith  the banding techniques re s u l t in g  from 

d en a tu ra tio n  and re -an n ea lin g  (Pardue and G all 1969, "funis, Roldan, 

Yasmineh and Lee 1971, and Sumner,Evans and Buckland 1971). With both 

Toluidine Blue and Giemsa, s ta in s  can be removed and the  same p rep a ra tio n s  

used a fterw ards fo r  fluo rescence  microscopy (P o lan i and Mutton 1971).

This cannot be achieved w ith  permanent p re p a ra tio n s  s ta in e d  w ith  o rce in .

A ll th ese  s ta in s  were te s te d  on a i r - d r ie d  p re p a ra tio n s  o f m eio tic  

c e l l s .  Q uinacrine flu o rescen ce  (Zech 1969) has been e x p lo ite d  ex ten s iv e ly  

in  m ito tic  a n a ly s is , fo r  example, Caspersson, Lomakka and Zech (1971) 

b u t success w ith  m eio tic  p rep a ra tio n s  has been com paratively  l im ite d . 

Pearson and Bobrow (1970b) found a f lu o re sc in g  Y in  few er than 5$ of 

sperraatogonial metaphases (80 -  90% of lymphocyte m etaphases show a 

f lu o re sc in g  Y). From m eio tic  prophase onwards Y bodies could be seen 

in  the  v a s t  m ajo rity  o f c e l l s .  They rep o rted  1.4% double Y-bodies in  

mature sperm. As f o r  the autosome.s, polymorphism of a f lu o re s c e n t spot 

was sometimes dem onstrated. Caspersson, Hulten, L indsten  and Zech (1971) 

ap p lied  qu in acrin e  m ustard fluo rescence  to  the id e n t i f ic a t io n  o f m eiotic 

b iv a le n ts  w ith  some success. A fluo rescence  study was n o t attem pted here.



I
1 .3  DURATION OF SPERMATOGENESIS

The f a c t  th a t  DNA sy n th esis  tak es  p lace  in  the in te rp h a se  preceding

m ito s is  and m eiosis allow s one to  e stim ate  the d u ra tio n  o f m eiosis and
.

the whole o f sperm atogenesis.
.

H elle r and Clermont (1963) in je c te d  t r i t i a t e d  thym idine in to  the  

s c r o ta l  sacs of some inm ates from a S ta te  P e n ite n tia ry , and a f t e r  an hour 

found th a t  sperm atocytes and some sperm atogonia were la b e l le d . Label 

appeared in  pachytene a f t e r  12 to  L4 days and was p re se n t in  mid pachytene 

c e l l s  by 16 days. An estim ate  of the d u ra tio n  o f the  whole of spermato­

genesis  was 64. days since f re e  spermatozoa showed la b e l a f t e r  32 to  64. 

days. Each cycle of the  sem iniferous ep ithe lium , i . e .  from sperm atogonia 

stem c e l l  to  p re -m e io tic  in te rp h a se , was estim ated  as la s t in g  16 days.

They confirmed th is  in  1964 and re -e s tim ated  the whole o f sperm atogenesis 

to  extend over 4-»6 cy cles  g iv ing  74- days + 4- to  5 days.

Lima de F a ria , German, Chatnekar, McGovern and Anderson (1966 in  

a p re lim in a ry  communication, and in  1968) kept human m eio tic  and o ther 

t e s t i c u l a r  c e l l s  in  c u ltu re  extending f o r  16 days. DNA sy n th es is  was 

shown to  occur a t  the in te rp h ase  preceding m eiosis and a lso  a t  the e a r ly  

s tag es  in  lep to ten e  and zygotene. (The l a t t e r  may be a t t r ib u te d  to  

c rossing  o v e r.)  They suggested the stage  pachytene was reached a f t e r  a 

p e rio d  of 14. days.

1.4. SPERMATOGONIA

H elle r and Clermont (1964-) c la s s i f ie d  sperm atogonia from sec tio n s

o f human t e s t i s  on th e  b a s is  of s ta in in g  p ro p e r tie s , in c lu d in g  glycogen 

co n ten t and a lso  shape of nucleus. They described  "Dark4* and "P a le11 type

"A11 sperm atogonia (the stem c e l l s )  and type "B" sperm atogonia. Although
,

sperm atogonial metaphase was used in  the e a r ly  a ttem pts to  assess  th e
.

human chromosome number (von W iniwarter 1912, von W iniw arter and Oguma
■
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1930, end K o lle r 1937) i t  has la rg e ly  been ignored more re c e n tly . Reasons 

fo r  th i s  inc lude  the f a c t  th a t  s tre tc h in g  of secondary c o n s tr ic t io n s -  

makes an a n a ly s is  d i f f i c u l t  (Hulten and L indstan  1970).

P re-m eio tic  P a irin g  of Homologous Chromosomes

Wilson (1912) using  mainly Ilem iptera, f i r s t  suggested th a t  synapsis 

may be i n i t i a t e d  as a ru le  in  the anaphase o r te lophase  of the l a s t  p re -  

m eio tic  d iv is io n . Smith (194-2) agreed, and suggested i t  te rm ina ted  a t  

l a t e  pachytene. Maguire (1967a) found p re -m e io tic  p a ir in g  of homologues 

in  maize and McDermott (1970) observed i t  in  sperm atogonia of the  human 

m ale.

1 .5  MS 10 SIS

FIRST MEIOTIC DIVISION .

Proohase I

This i s  a long stage and i s  u su a lly  d iv ided  in to  le p to te n e , zygotene, 

pachytene, d ip lo ten e  and d ia k in e s is . Onset o f m eio tic  prophase i s  hera lded  

by a marked in c rease  in  n u c lea r volume (Rhoades 1961).

L eptotene. Leptotene i s  u su a lly  d escribed  as the appearance of the

d ip lo id  number of apparen tly  s in g le  chromosomes, although th e re  i s  au to­

rad io g rap h ic  and m icrodensitom etric  evidence which suggests DNA sy n th es is  

has a lread y  occurred (see d iscu ssio n  by R iley 1966^and by Hamerton 1971). 

Wilson (1912) was the f i r s t  to  suggest o rd e r, in  le p to te n e  confusion, 

which was in d ic a tiv e  of the synapsis which was to  fo llow .

Van Beneden and Ju lin  ( I 884.) d escribed  synapsis in  A sc a rls ,

E isen  (1900) d escribed  i t  in  Batrachose-ps, van Hoof (1912) in  va rio u s  

sm all mammals and Wenrich (1916) in  F h ry n o te ttix . Ends of the chromosomes 

tend  to  l i e  towards a reg ion  a t  the su rface  of th e  nucleus and the 

chromosomes are then fo rced  to  loop round in to  a co n fig u ra tio n  described



11

as a “bouquet". G elei (1921) in  Dendrocoelum lacteum  M uller, confirm ing 

the bouquet, po in ted  out th a t  prox im ity  to  the n u c lea r membrane tends 

to  le ad  to  precocious development. The "bouquet" stage  seemed accepted 

f o r  anim als, but not e s ta b lish e d  f o r  humans. Severinghaus (1942) mentioned 

a bouquet stage  occu rring  p o s t- s y n a p tic a lly  in  a human.

Zygotene. This i s  considered the s tag e  where homologous synapsis

occurs (Rhoades 1961).

Pachytene. Completely p a ired , p a r t i a l l y  co n trac ted  chromosomes, o ften

e x h ib itin g  chromomeres, are described  as being in  pachytene. N ucleo li 

a re  f re q u e n tly  p re se n t. Von W iniwarter (1912) observed a chrom atin body 

in  human sperm atocytes. This has been confirmed and a t t r ib u te d  to  the 

sex chromosomes, on numerous occasions ( fo r  example: Sachs 1954)- I t  

was n o t e s ta b lish e d  whether th e  human sex v e s ic le  supported a nuc leo lus 

in  i t s  own r ig h t  (Sasaki and Makino 1965).

S chultz  and S t. Lawrence (1949) attem pted chromosome maps of pachytene 

b iv a le n ts . An aceto-carm ine squash technique was used. They claimed 

c y to lo g ic a l mapping by chromomere p a tte rn  of an autosom al b iv a le n t. This 

b iv a le n t supported a n u c leo lu s, a t  i t s  c e n tre , between prom inent dense 

chromomeres. Kodani (1954) claimed to  map a second autosom al n u c le o la r  

chromosome and Yerganian (1957) is o la te d  and desc rib ed  9 a d d itio n a l 

autosom al b iv a le n ts  using  chromomere number, s iz e  and sequence. He n o tic ed  

elem ents w ith  te rm in a l n u c le o li  c a ll in g  them "broken" n u c leo lu s  forming 

ones (the c e l l s  were d is ru p ted  w ith  a Waring b le n d e r) . D isru p tio n  meant 

ex ac t chromosome number could not be seen, but d i f f e r e n t i a l  c e n tr ifu g a tio n  

suggested 28 a r b i t r a r y  groups.1 Gardner and P unnett (1964) b e liev ed  they 

could id e n t i fy  22 autosom al b iv a le n ts , bu t the XY b iv a le n t was recorded 

as s tra ig h te n e d , no t being wholly in  the sex v e s ic le .

Ferguson-Sm ith and Handmaker (1961) suggested th a t  the  b iv a le n t 

w ith  the median nuc leo lus might re p re se n t two b iv a le n ts  corresponding to
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the  s a t e l l i t e d  m ito tic  chromosomes, while Shaw (1961) suggested i t  m ight 

be chromosome No. 1 which has a p a ra ce n tric  secondary c o n s tr ic t io n .

Yerganian (1963) reassessed  h is  former fin d in g s  and agreed w ith  Ferguson-Sm ith 

and Handmaker (1961). Eberle (1963, 1966) attem pted pachytene mapping 

and noted th a t  four s a t e l l i t e d  chromosomes (claimed to  be 13, 17 or 18,

21 and22) a sso c ia te d  among them selves, w ith  the sex v e s ic le  and the 

n u c leo lu s . He did n o t th in k  th e re  was evidence of homologous reg ions on 

th e  X and Y chromosomes from an exam ination of the sex v e s ic le ,  and assumed 

condensation before c ro ssin g -o v er had occurred.

Using m a te r ia l from $ young ad u lts  w ith normal h is to lo g y  or w ith  

hyposperm atogenesis, Ferguson-Sm ith (1964a) found the p r in c ip a l  n u c le o li  

were a sso c ia ted  w ith  the " te rm in a l chromomeres" of 3 long and 2 sh o rt 

b iv a le n ts  eq u iv a len t to  the s a t e l l i t e d  m ito tic  chromosomes. He noted th a t ,  

o f the  2 sm all G b iv a le n ts , the la rg e r  had a t  l e a s t  6 d i s t i n c t  chromomeres 

and the sm aller only 4* Ford, Cacheiro, Norby and H e lle r (1968) using  3 

c e l l s  claim ed to  id e n t i f y  the normal human karyotype in  pachytene chromo­

somes and in  1969 th ey  concluded th a t the  s ize  r e la t io n s h ip s  r e la t iv e

to  m ito tic  chromosomes were re ta in e d .

Hungerford, La Badie and Balaban (1971) pub lished  p ro v is io n a l maps 

o f the 2 sm a lle s t autosomes a t  pachytene, the lo nger co n ta in ing  10 prom inent 

chromomeres (3 major) the sh o r te r  6 (2 m ajor). Both possessed  a la rg e  

te rm in a l chromomere in  which they  suggested the centromere was lo c a ted . 

Bordjadze and Prokofieva-Belgovskaya (1971) used 11 su b je c ts , 28-39 y e a rs ,

3 from acc id en ts  and 8 o ligosperm ics. Studying th e  5 a c ro c e n tr ic s , they 

d esc rib ed  chromomeric p a tte rn s  which g en e ra lly  supported those  described  

by Ferguson-Sm ith (1964a). They did n o t consider th a t  the centromere 

was lo c a ted  in  the te rm in a l chromomere.

D ip lo tene . There i s  rep u ls io n  between the homologues of a b iv a le n t

excep t a t  those  p laces  where c rossing  over has occurred . There i s  no
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re le v a n t d a ta  on th is  stage  in  the human.

D iak in es is . F u rth er condensation from d ip lo ten e  r e s u l t s  in  the d ia k in e s is

c o n fig u ra tio n . Chiasma a n a ly s is  i s  u su a lly  perform ed on th i s  s tag e .

Bridges (1916) w ith  cy togenetic  evidence from D rosophila found 

th a t  two of the  fo u r s tran d s  in  a d ia k in e s is  b iv a le n t were involved  in  

c ro ss in g  over.

Janssens (1909, 1924) assumed th a t  each chiasma rep re sen ted  one 

g en e tic  c ro ssover. Sax (1932), D arlington (1935b), and M atsuura (1950), 

a sso c ia ted  chiasm ata w ith  the  m orphological expression  o f c ro ss in g -o v e r. 

G enetic evidence dem onstrates th a t  an absence o f recom bination in  male 

D rosophila  i s  a sso c ia te d  w ith  the  absence of chiasm ata (Bauer 194-6).

Whether every chiasma re p re se n ts  one crossover was questioned  by Cooper 

(1949) on the  b a s is  o f  observations on male D rosophila of m ito tic  and 

m eio tic  'ch iasm ata ' n o t accompanied by c ro ssin g -o v er,an d  S te in its -B e a rs  

and Sears (1953) found a poor c o rre la tio n  between chiasm ata and exchange 

frequency  in  wheat. I t  i s  g en era lly  accepted , however, th a t  chiasm ata and 

c ro ss-o v e rs  do correspond (Brown and -Zohary 1955)* Peacock (1968) considered  

the  most d i r e c t  evidence of a 1 :1  re la tio n s h ip  between a chiasma and a 

c ro ss-o v e r, was th a t  provided by a comparison, using  heterom orphic b iv a le n ts  

in  the O rthopteran A c rid iid  Goniaea, between metaphase chiasma frequency 

and the  mode of anaphase seg rega tion  o f chromosome arms.

Mather (1938) has reviewed chiasma frequency. Chiasma a n a ly s is  i s  

im portan t, s ince  from i t  the map leng th  can be c a lc u la te d  by the  frequency 

w ith  which a chromosome segment has a t  l e a s t  one chiasma (Syfcenga 1970).

I f  1 chiasma = 50 map u n its  (centim organs) and C = average number of 

chiasm ata p e r  c e l l ,  then  the map le n g th  = C x 50. In many organisms 

chiasm ata s l i p  towards the ends of the  b iv a le n ts  in  p re p a ra tio n  f o r  f i r s t  

anaphase, a p rocess c a lle d  " te rm in a lisa tio n "  by D arling ton  (1937). A 

" c o e f f ic ie n t  of te rm in a lis a t io n "  i s  given as the r a t io  o f te rm in a l to  to ta l
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chiasm ata a t  the stage  in  which the c e l l  has been f ix e d  (S lizy n sk i 1955).

Ford and Hamerton (1956) used 23 c e l l s  from 3 m iddle-aged to  e ld e r ly  

men and found the average chiasma frequency to  be 55.9 chiasm ata per c e l l  

w ith a range o f 50 to  63. Sasaki and Makino (1965) observed b iv a le n ts  

w ith  1 to  6 chiasm ata in  m a te ria l from 16 Japanese men in  h o s p ita l  fo r  

v a rio u s  reasons. B6Sk and K je ss le r  (1964) gave means o f 52.7 , 50 .9 , 52 .9 , 

51 .0 , 53.3 and 47.0 f o r  6 cases. M cllree, T ulloch, Newsman and B arclay 

(1966) w ith 14. su b jec ts  found the mean c e l l  chiasma count to  range between

49 .8  and 58 .3 . K je ss le r  (1966) using a popu la tion  of 135 i n f e r t i l e  males 

e s ta b lis h e d  the mean chiasma frequency to  be between 47 .0  and 54*9, average

52.7 per c e l l ,  no autosom al u n iv a len ts  being found. Eberle (1966) found 

the  range 35 to  50 w ith  a mean of 44* Luciani (1968) found the mean 

chiasma count ranging from 4.1 to  58 w ith  the mean around 4-8 .

Falek and C h ia re l l i  (1968) using a 4-2 y ear o ld  male w ith  a hydrocoele 

and studying  in  d e ta i l  8 c e l l s ,  suggested c la s s i f ic a t io n  o f b iv a le n ts  

according to  dim ensions, general c h a r a c te r is t ic s  and chiasma frequency.

They found the  chiasma number p e r b iv a le n t ranged from 3 .6  to  1 .0 , the  

f i r s t  3 chromosomes having a mean g re a te r  than  3 . 0 , chromosomes 4- to  16 ,

2 .1  to  2 .9  and chromosomes 17 to  20, 2 o r le s s .

H ulten, E liasso n  and T i l l in g e r  (1970) found a low chiasma count and 

o th e r m eio tic  " i r r e g u la r i t i e s 11 in  2 i n f e r t i l e  4-6 , XI men w ith  sperma to  genic 

a r r e s t .  Chiasmata were te rm in a lised  and v a ried  from 18 to  29 p er c e l l  

w ith  a mode of 24 and mean 23.6 (SD 1 .3 ) .

Pearson, E l l i s  and Evans (1970) in  a man w ith  v i r t u a l  azoospermia 

and w ith  an average number of chiasm ata of only 32 to  4-3 p e r c e l l ,  showed 

th a t  o cca s io n a lly  homologues, apparen tly  w ithout chiasm ata, la y  ad jacen t. 

Pearson (1970) using " co n tro ls"  undergoing s c r o ta l  surgery  o th e r than 

f o r  i n f e r t i l i t y  t r i e d  to r e la te  population  age s tru c tu re  w ith  chiasma 

frequency and lo c a t io n , and attem pted to  id e n t i fy  the b iv a le n ts  a t  d ia k in e s is . 

He concluded th e re  were c e r ta in  s im i la r i t ie s  between i n f e r t i l e  males and
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aged normal in d iv id u a ls .

Caspersson e t  a l .  (1971) attem pted id e n t i f ic a t io n  of b iv a le n ts  

a t  d ia k in e s is  using flu o rescen ce  microscopy. They analysed 500 prim ary 

sperm atocytes, 50 o f them being karyotyped, and claim ed to  id e n t i f y

chromosomes 1 , 2, 3 , 9, 19 , 20, 21, 22, X and Y, p lac in g  the  r e s t  in

groups.

Sex Chromosomes a t D ia k in e s is .

Haldane (1936) d iscussed  the p o s s ib i l i ty  of p a r t i a l  sex lin k ag e  

in  man. This would re q u ire  homologous segments on the X and Y chromosomes, 

w ith  chiasma form ation between these  chromosomes a t  m eiosis . Huskins (1937) 

f i r s t  in troduced  the term  "homeologous" to  denote p a r t i a l  homology, but 

th e re  i s  l i t t l e  g en e tic  evidence fo r  the ex is ten ce  of p a r t i a l  sex lin k ag e  

in  man (S tem  1957,and F rase r Roberts 1963).

K o lle r (1937) no ting  end to  end p a ir in g  of the  X and Y chromosomes 

b e liev ed  th a t  chiasm ata between the p a ir in g  segments d id occur. Sachs

(1954-) f in d in g  no in d ic a tio n  o f the ex isten ce  of p a ir in g  segments, considered

the  te rm in a l connection observed a t  d ia k in e s is  and metaphase I  as a remnant 

of the s tru c tu re  of the  sex v e s ic le  ra th e r  than  a re a l  chiasma. Ford 

and Harnerton (1956) observed one c e l l  w ith  a p o ss ib le  sub term ina l chiasma 

and considered  th a t  the te rm in a l a sso c ia tio n  could be c o n s is te n t w ith  

p a r t i a l  lin k ag e . Bddk and K jess le r (196k) found no evidence fo r  a chiasma 

between the X and Y in  10 normal men aged 20 to  82 w ith hydrocoele or 

in g u in a l h e rn ia , or in  6 i n f e r t i l e s .  Sasaki and Kakino (1965) ,

K je ss le r  (1966) and E berle  (1966) a lso  d id  not support the  ex is ten ce  of 

a tru e  chiasma.

Sasaki and Makino (1965) suggested the sh o rt arms of the  X and Y 

were involved in  the a sso c ia tio n , but Hulten, L indsten , Pen-Ming and 

Fraccaro (1966) be liev ed  the sh o rt arm of the X p a ired  w ith  the long o f 

the  Y, agreeing  w ith  Ford (1963). C h ia re l l i  and Falek (1967) thought



i t  was the  long arm of the Y, but Ghen and Falek (1969) observing the  

re sp e c tiv e  centrom eres, dem onstrated th a t  i t  was indeed the sh o rt arms. 

Pearson and Bobrow (1970a) from a fluo rescence  study, confirm ed the 

sh o rt arm o f the Y a sso c ia tin g  w ith  the X. R e ita lu  (1970) u sing  an 

unusually  complex method, be lieved  the medium p a r t  of the  long arm of the 

Y to  be a sso c ia ted  w ith  the  d i s t a l  p a r t  o f th e  sh o rt arm o f the X suggesting  

homology between th ese  two reg ions.

There are many d i f f e r e n t  rep o rted  v a lues fo r  the  percen tage of 

sep ara te  X/Y’s, fo r  example: K oller (1937) 3 to  4%> Sachs (1954-) 50$ -  

th e  h ig h e s t f ig u re , Ford and Hamerton (1956) 14%, Kodani (1958) 40%,

Sasaki and Makino (1965) 27%, Mikkelsen (1966) 7.78%, E berle  (1966) 11.6%, 

K je ss le r  (1966) 4%> Luciani (1968) 6% and H ultln  and L indsten  (1970)

16, 32, 18 and 24% f o r  co n tro ls  aged 23, 46, 52 and 72 years  re s p e c tiv e ly ,

4% fo r  a t(D,G) mongol and 0% fo r  a t(D,G) heterozygo te .

In te rlo c k e d  B iva len ts  .

Mather (1933) suggested th a t  an in te r lo c k in g  o f b iv a le n ts  a t  

d ia k in e s is  dem onstrated the occurrence of g e n e tic a l c ro ssin g  over during  

chiasma fo rm ation . McDermott (1966) found in te r lo c k e d  b iv a le n ts  rep ea ted ly  

in  a normal male.

- Metaphase I

Chromosomes c o -o r ie n ta te  on the metaphase p la te .

Anaphase I

T erm in alisa tio n  i s  completed and homologous centrom eres move to  

opposite  po les.



Telophase I  and In terohase

Whether th e re  i s  a te lophase  and in te rp h ase , a t  t h i s  s tag e , in  ' 

human i s  n o t c e r ta in  (Hamerton 1971).

SECOND MEIOTIC DIVISION,

Prophase I I

C ontraction  o f the chromosomes occurs in  a l l  organisms in  which 

an in te rp h ase  in te rv e n e s .

Metaofaase I I

Chromatid rep u ls io n  occurs. B8dk and K je ss le r  (1964.) n0^

dem onstrate p o s it iv e  heteropycnosis o f the X and Y a t  metaphase I I .

Hulten and L indsten (1970) found d i f f i c u l ty  in  studying metaphase I I  

spreads due to  the a t te n tu a tio n  of c o n s tr ic t io n s  and Hulten and Pearson 

(1971) found d i f f ic u l ty ,u s in g  fluo rescence  microscopy, because they were 

too ufuzzyn. Sasaki and Makino (1965) d id  n o t f in d  any abnormal 

metaphase I I  spreads in  those few they analysed.

Anaphase I I

Centromeres sep ara te  and the chromosomes move to  opposite  p o le s .

SPERMIOGENESIS

Spermiogenesis c o n s is ts  o f the m aturation  of the p roducts o f m eiosis 

to  give spermatozoa. Sperm chromatin i s  L3% DNA and 57$ a p ro te in  r ic h  

in  a rg in in e  (L euchtenberger, Schrader, Weir and G entile  1953). As, fo r  

example, r a t  hepatocyte  n u c le i have values o f 20% DNA and 80$ p ro te in  

(Chauveau 1952), th e re  must be a considerab le  lo s s  of m a te r ia l o th e r than  

DNA in  m atu ra tion . The d i f f e r e n t ia t io n  process i s  l i t t l e  understood.

The s tru c tu re  o f the mammalian spermatozoon has been reviewed by Faw cett 

(1958) and B ea tty (1970).
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S h e ttle s  (i960) observed a d iffe ren c e  between the human X-and X -bearing 

sperm. They were rounded and elongated re sp e c tiv e ly . R othsch ild  (i960 , 1962) 

reviewed the s i tu a t io n  w ith  re sp ec t to  the size  and su rface  p ro p e r tie s  

of th e  two c la s s e s . M ostly, i t  i s  rep o rted  th a t  no s t r u c tu r a l
o

d i f f e r e n t ia t io n  of th e  X can be dem onstrated w ith in  the sperm head (Anberg 

1957, Bedford 1967, and Pedersen 1969). However, flu o rescen ce  microscopy 

now enables the  X-bearing sperm to  be d i f f e r e n t ia te d  since  the  d i s t a l  

p a r t  of the long arm of the X shows as a "X body1' in  the sperm head 

(Pearson and Bobrow 1970b).

Sex Chromosome D isjunction

At f i r s t  m eio tic  anaphase homologous centrom eres o f the autosomes 

d is jo in  to  opposite  p o le s . The sex chromosomes are la rg e ly  non-homologous. 

Chromosomes have doubled and so th e re  are two a l te rn a t iv e s  a v a ila b le  to  

th e  sex chromosomes.

a) P re -red u c tio n .

The double X and X sep a ra te  to  opposite  p o les a t  1 s t  anaphase 

p re sen tin g  a metaphase I I  con tain ing  e i th e r  an X o r  a X. The two 

chrom atids then move to  opposite  poles a t  2nd anaphase.

b) P o s t-re d u c tio n .

At 1 s t  anaphase one chromatid of the X and one of the  X move 

to g e th e r  to  opposite  p o le s , p re sen tin g  an X and X c o n s is tin g  of s in g le  

chrom atids a t  metaphase I I .  At 2nd anaphase th e  X and X move to  opposite  

p o le s .

With a) o r b) the  f i n a l  r e s u l t  i s  the same -  fo u r sperm atids, two 

con ta in in g  an X and two a X.

R o lle r  (1937) suggested 90/o p re -red u c tio n  and 10% p o s t-re d u c tio n  

o f the  XX b iv a le n t in  man. Sachs (1954) noted 1C0£ p re -re d u c tio n  and 

th e  l a t t e r  has been favoured s in ce .



1 .6  POLYPLOIDY

Polyplo idy  can be defined  as m u ltip le s  of the  b asic  hap lo id  (n) 

chromosome number h igher than  the  d ip lo id  (2n): t r i p lo id  (3n), t e t r a p lo id  (Rn) 

e tc .  (Levan and Mflntzing 1963).

M ille r , Mittwoch and Penrose (i960) considered p o ly p lo id  c e l l s  in  

mongol sperm atogenesis in  r e la t io n  to  the co n d itio n , and D arling ton  and 

Haque (1962) w ith  3 b io p s ie s  and Feulgen squashes described  po lyp lo idy  

w ith  chromosome breakage, one s lid e  from one biopsy having 17 ou t o f 29 

p o ly p lo id  f i r s t  m etaphases.

Sasaki (1964) presented notes on polyploidy in  the human male, and 

Sasaki and Makino (1965) found mean percentage polyploidy in  spermatogonia 

and primary and secondary spermatocytes to be 6 .8 , 2 .6  and 6.4- r esp ec tiv e ly  

in  a younger group o f males, and 7 .1 , 2 .5 , and 6 .9  in  an older group.

M cllree , Tulloch e t  a l .  (1966) noted p o ly p lo id  c e l l s  in  m eio tic  

chromosomes and Pearson (1970) t r i e d  to  r e la te  the  frequency o f po lyp lo idy  

to  the po p u la tio n  age s t ru c tu re .

I t  i s  d i f f i c u l t  in  most p rep a ra tio n s  to  d is t in g u is h  po lyp lo idy  from 

a sso c ia tio n s  between c e l l s  a t  the same stage of the c e l l  cycle . A d d itio n a l 

evidence i s  req u ired , fo r  example, as to  whether m u ltiv a le n ts  r e a l ly  

e x i s t  a t  d ia k in e s is . This would prove po lyp lo idy  a t  an e a r l i e r  stage  

(Ford and Lvans 1971). D u trillau x  and Gueguen (1971) d id  re p o r t  m u lti­

v a le n ts  a t  d ia k in e s is  in  a s t e r i l e  male w ith in c reased  "po lyp lo idy".

1 .7  POLYMORPHISMS

Chromosome polymorphism in  human popu la tions appears as a n a tu ra l  

v a r ia t io n ,  seg reg a tin g  norm ally. Routine m ito tic  in v e s t ig a t io n  has shown 

a wide v a r ia t io n  in  chromosome morphology (Lubs and Ruddle 1970).

Some chromosomes have secondary c o n s tr ic t io n s  ad jacen t to  the 

centrom ere, fo r  example: 1 , 9 and 16 (Moorhead and Defendi 1958).

E longation  of th i s  reg ion  in  chromosome 16 has been desc rib ed  by Jennings
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and Turner (1961), Hungerford (1964) , Jacobs, Brunton and Court Brown (1964) 

and T herkelsen, Lamm and Henningsen (1967). Crawford, Punnet and 

C arpenter (1 9 6 7 ).explained  heteromorphism of m ito tic  16’s by a d e le t io n  

in  one o f them, while Crippa,Schwartz and German (1969) rep o rted  no in c rease  

o f DNA co n ten t in  the v a r ia n t  16 chromosome. Heteromorphism in  chromosome 

9 was rep o rted  by Ferguson-Sm ith, Ferguson-Sm ith, E l l i s  and Dickson (1962).

A most v a r ia b le  human chromosome i s  the Y. Court Brown, Jacobs and 

Brunton (1965) estim ated  th a t  3% of the normal p opu la tion  ca rry  unusual 

Y! s . I t  can vary  from a sm all m etacen tric  chromosome to one the s ize  

of a D w ithou t producing any known e f f e c t .  For a review o f th i s  see 

Gripenberg (1964).

There a re  no re p o rts  on polymorphism in  human chromosomes a t  m eiosis .

1 .8  NONDISJUNCTION

Bridges (1913) in troduced  the term no n d is ju n c tio n  fo r  a p rocess 

occu rrin g  during  the m atu ra tion  of oocytes in  D rosophila rnelanogaster Meigen 

where both X chromosomes were re ta in ed  in  the d e f in i t iv e  egg nucleus 

( in fe r re d  from g en e tic  ev idence). I t  may be defin ed  as the  f a i lu r e  of 

two chromosomes or s i s t e r  chrom atids a t m ito s is  o r m eiosis to  pass to  

opposite  po les of the sp in d le . N ondisjunction a t  va rio u s  s tag es  i s  d iscu ssed  

by Hamerton (1971).

Evidence from a v a r ie ty  of sources suggests th a t  m istakes do occur 

a t  sperm atogenesis. Most evidence in  human comes from the sex chromosome 

a b e rra tio n  m a te r ia l, but the evidence i s  in d ir e c t .  For example, from Xg 

blood grouping (Mann, Cahan, Gelb, F ish e r, Hamper, T ip p e tt , Sanger and 

Race 1962) i t  i s  shown g en era lly  th a t  both Xs in  47,XXY K l in e f e l te r 1s 

syndrome come from the mother, presumably in  oogenesis, although e r ro r  

a t  the f i r s t  cleavage d iv is io n  cannot be ru led  out (Ferguson-an ith ,

Mack, E l l i s ,  Dickson, Sanger and Race 1964, and Race and Sanger 1969).
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There i s  an in c rease  o f mean m aternal age a t  b i r th  fo r  K l in e f e l te r 1s 

(Ferguson-Sm ith e t  a l .  1964.). From colour v is io n  s tu d ie s  i t  may be 

shown th a t  e i th e r  the m aternal o r p a te rn a l X chromosome can be lo s t  in  

T urner’s syndrome and th a t  m aternal nond isjunc tion  can account fo r  

K l in e f e l te r 's  syndrome (P olani 196l,and P ickford 1964). De l a  C hapelle, 

H o rtlin g , Sanger and Race (1964.) claimed evidence in  an XXYY fo r  successive  

n o n d is ju n c tio n  a t  the f i r s t  and second m eio tic  d iv is io n  o f sperm atogenesis 

u sing  chromosomes and Xg. I t  involved an XYY sperm f e r t i l i s i n g  a normal 

ovum.

O ther evidence f o r  nond isjunc tion  has come from flu o rescen ce  m icroscopy. 

Pearson and Bobrow (1970b) rep o rted  a YI b iv a le n t in  a poor p re p a ra tio n  

a t  d ia k in e s is , p o ss ib le  double Y 's a t metaphase I I  and 1.4-$ double 

f lu o re s c e n t bodies in  spermatozoa in  a "normal" sem inal specimen.

E stim ates of chromosome abnorm alities  in  spontaneous human ab o rtio n s  

v a r ie s  between 15 and 27% (Sumner 1971) and up to  50% has been repo rted  

(Boue and Bcue 1969). The p ropo rtion  o f the chromosomally abnormal a t  

b i r t h  i s  a lso  h igh . Turner and Wald (1970) in  a newborn survey of 1,000 

found 13 a b e rra tio n s  in v o lv in g  the autosomes and 20 a b e rra tio n s  invo lv ing  

sex chromosomes, g iv ing  a t o t a l  of 3.3%.

H ulten, Karlman, L indsten  and Tiepolo (1970) found 15 apparen tly  

aneuploid  second metaphases out o f 392 in  the Chinese hajnster. Fourteen 

were hypohaploid and the  technique was suggested as re sp o n sib le  fo r  

t h i s .  One spread had 12 chromosomes in s te a d  of 11 and inc luded  a 

h e teropycno tic  X and a le s s  he teropycno tic  Y. This i s  the only firm  

evidence fo r  n o n d is ju n c tio n  of the sex chromosomes in  a mammalian germ 

c e l l .
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1 .9  INFERTILITY

MALE INFERTILITY SURVEYS,

Of the  15% of m arried  couples who are s t e r i l e ,  d e fe c ts  o f the 

rep ro d u c tiv e  system o f  the male are responsib le  in  4-0- 50% of the  cases 

(Goldman and Padeh 1969). Ferguson-Sm ith, Lennox, Mack and S tew art (1957) 

found 1 to  3% of s u b f e r t i le  males to  be sex chrom atin p o s i t iv e ,  the  frequency 

in c re a s in g  to  11% in  those w ith a sperm count of le s s  than  a m illio n  per ml. 

K je s s le r  (1966) gave a f ig u re  of 16% fo r  the l a t t e r .

Nowskowski and Lenz (1961) reviewed the g en e tic  asp ec ts  o f male 

hypogonadism showing th a t  a p a rt from major chromosomal d e fe c ts , some types 

of hypogonadism have a g en e tic  o r ig in , s ince behaviour ty p ic a l  o f a re c e ss iv e  

f a c to r  i s  shown.

Van Wijk, T ijd in k  and S to lte  (1962) among 20 chrom atin negative  

oligosperm ic and azoospermic males found 3 p a tie n ts  w ith unusual s ized  

Y‘s: one had a la rg e r ,  one a sm aller, and one a m ixture of la rg e  and sm all 

Y’ s . Tabuch, K adotani, Ohama and Nakayama (1968) in  a m ito tic  survey of 

80 couples w ith  prim ary s t e r i l i t y  found chromosomallynabnormalu cases, one 

female w ith  an a ssy m etrica l chromosome 1, ano ther w ith  an a ssy m etrica l 3 , 

two males w ith  long Y‘ s and two 4-7,XXY males.

K je ss le r  (1966) performed a survey on 135 males a tten d in g  an 

i n f e r t i l i t y  c l in ic ,  u sing  m ito tic , m eio tic  and sem inal a n a ly s is . He found 

12 o f th e  135 had num erical or s t ru c tu ra l  v a r ia t io n s  in  m ito tic  chromosomes. 

M cllree , P r ic e , Court Brown, Selby, Tulloch, Newsarn and MacLean (1966) 

s tu d ied  a s e r ie s  o f 50 s u b fe r t i le  men w ith  a sperm count of l e s s  than 20 

m illio n  per ml on two occasions. A bnorm alities included  a rin g  21/22 

a 45,X0/46,X d ic e n tr ic  Y, a 45,X0/46,X p e r ic e n tr ic  Y and two p a t ie n ts  w ith  

m u ltiv a le n ts  a t  d ia k in e s is . S im ila rly , Luciani (1968) s tu d ied  buccal sm ears, 

semen, t is s u e  s e c tio n s , m ito s is  ana m eiosis in  20 p a t ie n ts  between 21 and 

54 y ears  and w ith  wide i n f e r t i l i t y  problems. Szarvas, S c u lte ty  and Kovacs
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(1968) surveyed m a te ria l from 107 b io p s ie s , bu t had a 60% te c h n ic a l f a i lu r e  

r a te .  Goldman and Padeh (1969) in v e s tig a te d  120 males and examined 38 

t e s t i c u l a r  b io p s ie s  from azoospermics or severe o ligosperm ics. They found 

an agreement between th e  number of d iv id in g  c e l l s  seen in  c e l l  d isp e rs io n  

p re p a ra tio n s  and those  in  t is s u e  se c tio n s , bu t found no chromosomal reason 

fo r  s t e r i l i t y ,  in  the c e l l s  examined. Chsndley (1970) surveyed 45 i n f e r t i l e s  

who were sex chrom atin n eg a tiv e , had a sperm count of le s s  than  20 m illio n  

per ml and had no p h y s ica l deform ity. Cases w ith a sperm count h ig h er 

than  20 m illio n  p e r ml were a lso  taken i f  more than  30% were abnormal.

More s p e c if ic  d e ta i l s  from the v a rio u s  surveys w il l  be d iscussed  

l a t e r  w ith  r e s u l t s  from the p re sen t I n f e r t i l i t y  Survey.

SPERMATOZOA AND INFERTILITY.

W illiam s (1950) found a m itochondria l d e fe c t a f fe c t in g  the  e n t i r e  

sperm p o pu la tion  in  a man causing abso lu te  s t e r i l i t y .  There was p ro lo n g a tio n ' 

o f th e  m idpiece, the t a i l  o ccas io n a lly  doubling back on i t s e l f  and p ro tru d in g  

from the neck reg ion . This a ffe c te d  le s s  than  0.3% of h is  i n f e r t i l i t y  

cases.

Ross, C h ris tie  and Kerr (1971) using electron-m icroscopy  found a ’ . 

t a i l  abnorm ality  in  spermatozoa from a 38 year old  s u b fe r t i le  man w ith  

a sperm count of 4-6 to  30 m illio n  per ml, w ith only 1 to  -2% sperm m o ti l i ty .  

M ito tic  and m eio tic  chromosomes were ap p aren tly  normal. N inety-seven % 

of sperm were s t r u c tu r a l ly  abnormal w ith an e lo n g atio n  o f th e  m id-piece 

and an absence o f the o u te r  sheath  on the main p iece  and e x tr a  a x ia l f ib r e s .  

The o v e ra ll  le n g th , however, was the normal 30ju. A la rg e  elongated  

cytoplasm ic d ro p le t was p re sen t in  4-0 to  45% and 10% had amorphous heads.

G led h ill (1970) rep o rted  d iffe re n c e s  in  amount of DNA in  e ja c u la te d  

sperm from f e r t i l e  and i n f e r t i l e  males.



maturation arrest.

The term  "m aturation a r re s t"  i s  a h is to lo g ic a l  d e sc r ip tio n  re fe r r in g  

to  the  g ross morphology of the  germ inal ep ithelium . M eiosis breaks down 

a t  c e r ta in  s tag e s , and the re s u lt in g  cond itions can be d esc rib ed  as 

"sperm atogonial", "sperm atocyte" o r "sperm atid" m atu ra tion  a r r e s t s .

M eiotic chromosome abnorm alities as a general fe a tu re  of sperm atogenic 

a r r e s t  were suggested by e a r l i e r  h is to lo g ic a l  re p o r ts  (Nelson 1950,

Chamey, Conston and Meranze 1953, T i l l in g e r  1957, G irg is , E tr ib y ,

Ibrahim  and K ah il, 1969).

Sasaki (1963) described a male with Down‘ s syndrome as having small 

te s te s  and a severe maturation arrest with no sperm in  the tubules.

M ille r  e t  a l .  (i960) found spermatogenic a r r e s t  in  fo u r mongols; Hulten 

and L indsten  (1970) found i t  in  one. M aturation a r r e s t ,  sometimes severe , 

i s  o ccas io n a lly  rep o rted  in  47,XYY cases (Skakkebaek, P h il ip ,  M ikkelsen, 

Hammen, N ielsen  and de P e rb / l l  1970* and Tettenborn, Gropp, Murken, T innefe ld , 

Fuhrmann and Schwinger 1970).

M cllree , P rice  e t  a l .  (1966) repo rted  degenera tive  changes in  a case 

w ith  a r in g  21/22, another case w ith  a reduced sh o rt arm 13/13 and a case 

w ith  a d ic e n tr ic  Y. Chandley (1970) observed m atu ra tion  a r r e s t  in  an 

in d iv id u a l w ith  a r in g  Y and a lso  in  two b ro th e rs  ( a t  l e a s t  one of whom 

was oligosperm ic -  7 and 3 m illio n ) w ith  an e x tra ,sm a ll m e tacen tric .

A rre s t was between the 1 s t  and 2nd m eio tic  d iv is io n s . K je ss le r  (1966) 

rep o rte d  a r r e s t  a t  the sperm atid le v e l in  an oligosperm ic t(D,D) heterozygo te . 

Chandley (1970) in  a t(D,D) heterozygo te , w ith  a sperm count of 17 m illio n  

per ml, found, a t  a l l  s tag es , reduced a c t iv i ty  and in  t(C ,S  or F) and 

t(C,G) h e te rozygo tes, a r r e s t  a f te r  d ia k in e s is , both having no mature sperm.

M aturation a r r e s t  has a lso  been described  in  males w ith  low chiasma 

counts (E ulten , E liasson  and T i l l in g e r  1970, and Pearson e t  a l .  1970).
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muscular dystrophy *

Hypogonadism i s  a sso c ia ted  w ith muscular dystrophy in  the human 

(C larke, Shapiro and Monroe 1956), the myotonic d y stro p h ic  le s io n s  being 

s im ila r  to  germ inal a p la s ia  a f t e r  o r c h i t i s  caused by mumps, o r in  ad u lts  

of cryp torch id ism  (N adler, S te ig e r, T ro n c e lle ti and Durant 1950). There 

are  many g en e tica lly -d e te rm in ed  muscular d iseases  in  anim als in c lu d in g  

mouse, chicken, ham ster and lamb (B lax te r 1969).

Muldal and Ockey (1961) rep o rted  muscular dystrophy and a mild degree 

of hypospadias and a sso c ia te d  i t  w ith a d e le ted  X. E berle and Becker (1964) 

perform ed m ito tic  an a ly s is  on 10 p a tie n ts  w ith  m uscular dystrophy and found 

any a d d itio n a l chromosomes were random. Mutton and Gross (1965) a lso  found 

aneuploidy invo lv ing  d i f f e r e n t  chromosomes and a t t r ib u te d  i t  to  techn ique. 

With 4- males and U fem ales, they  found one female w ith  a Gp- ano ther w ith  

a Dp-, both considered  n a tu ra l  v a r ia t io n s , one p o ss ib le  XO/XY mosaic 

fem ale and two males w ith  a h igher frequency o f breaks and gaps than 

expected.

i * ! 0 TRANSLOCATION HETEROZYGOTES

"Tran s lo ea tio n "  was in troduced  in to  g en e tic s  by Bridges (1923) to  

connote the  tra n s fe ren c e  of a chromosome segment from i t s  normal p o s it io n  

to  a p o s it io n  in  a d i f f e r e n t  chromosome. However, i t  i s  u su a lly  a 

re c ip ro c a l exchange th a t  i s  involved (see d iscu ss io n  by Ford and Clegg 1969).

T ran slo ca tio n s  may be overlooked in  an exam ination o f the m ito tic  

karyotype, i f  the amount of m a te ria l exchanged i s  equal, o r i f  sm all 

exchanges occur between la rg e  chromosomes. I t  i s  common fo r  the  involvement 

of one o f the chromosomes n o t to  be obvious.

Court Brown (1967) estim ated  th a t  5 cases p e r thousand ca rry  a 

d e te c ta b le  balanced tra n s lo c a tio n , and f o r  newborn popu la tion  surveys. 3.68 

(Smith and Jacobs 1970) and 1 .7  (R a tc l i f f e ,  S tew art, M elv ille , Jacobs and



Keay 1970). Hamerton (1971) gave an o v e ra ll  estim ate  of I . 64. p er thousand.

T ran slo ca tio n  heterozygotes are u su a lly  d e tec ted  by th e  production  

of abnormal o ffsp rin g  w ith  c h a r a c te r is t ic s  ty p ic a l of cases w ith  d e fe c tiv e  

chromosomes. The presence of a tra n s lo c a tio n  may be confirmed by m eio tic  

s tu d ie s . Homologous reg ions p a ir  a t  pachytene re g a rd le ss  o f which 

chromosomes are involved . This produces a cross-shaped co n fig u ra tio n  

and has been shown a t  pachytene in  p la n ts  (McClintock 1930, Rhoades 1950) 

and mouse (Ford and Evans 1971), but not in  man.

Crossing over w ith in  homologous m a te ria l i s  l ik e ly  to  produce odd 

d ia k in e s is  co n fig u ra tio n s . With re c ip ro c a l t ra n s lo c a tio n s , 22 elem ents 

in s te a d  of 23 are u su a lly  shown a t  d ia k in e s is , one of which i s  a q u ad riv a len t.

M eiotic s tu d ie s  have only been performed on male tra n s lo c a tio n  

h e te rozygo tes. The f i r s t  case s tud ied  was not a simple tra n s lo c a tio n  

he terozygo te ; i t  was a c h ild  w ith  Down’s syndrome and a t(GqGq) w ith  a 

minute c e n tr ic  fragm ent th a t  was assumed to  be a product of the re c ip ro c a l 

exchange (M ille r e t  a l .  I 960) . At d ia k in e s is , a q u ad riv a len t was formed 

in  some c e l l s ,  bu t m ostly a t r i v a le n t  p lu s  minute u n iv a le n t.

Hamerton, Cowie, G ian n e lli, Briggs and Polani (1961) rep o rted  93% 

t r i v a le n t s  a t d ia k in e s is  in  a t(DqGq) tra n s lo c a tio n  he terozygo te , while 

one c e l l  had an unequal b iv a le n t and u n iv a le n t7 and one w ith  3 u n iv a le n ts .

The X/Y value was 23.81%. L indsten , F raccaro , K linger, and Z e tte rq v is t  

(1965) showed a m u ltiv a le n t of varying s t ru c tu re , (chains more freq u e n tly  

than  r in g s )  a t  d ia k in e s is  from a t(Cq-Cp+) heterozygote  a sc e rta in e d  through 

a sev e re ly  a ffe c te d  daughter. Polani (196X) mentioned a ring -shaped  m u lti­

v a le n t in  a t(Cp-Eq+), w ith a very few c e l l s  w ith a chain q u ad riv a len t.

Two o ligosperm ic cases from a s e r ie s  of 50 i n f e r t i l e  males dem onstrated 

m u ltiv a le n ts  a t  d ia k in e s is  (M cllree, P rice  e t  a l .  1966). K je ss le r  (1964.) 

s tu d ied  an i n f e r t i l e  male w ith a t(DqDq) w ith  a l l  prim ary sperm atocytes 

showing a t r i v a le n t  and a reduced number of chromosome bodies.

H ulten, L indsten , Pen-Ming, F raccaro , Mannini, T iepolo, Robson,
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Heiken and T i l l in g e r  (1966) showed a q u ad riv a len t a t  d ia k in e s is  in  a 

t(2p-?C?+) heterozygote  a sce rta in ed  through re c u rre n t ab o rtio n s  and an 

abnormal c h ild ,an d  a q u ad riv a len t a t  d ia k in e s is  from a t(2 ,C ) heterozygote  

was shown by Bender, Reinwein, Gorman and Wolf (1969). De l a  C hapelle, 

K je ss le r , Johansson, S aari and Kauste (1967) performed m ito tic  and 

m eio tic  s tu d ie s  in  a fam ily  w ith  repeated  m iscarriages and two c h ild re n  

w ith  trisom y G. A t(E f C) tra n s lo c a tio n  heterozygote was s tu d ied  by F raccaro , 

Hulten and L indsten (1968) and another by Ferguson-Smith, Boyd and Ferguson- 

Smith (1968), f u r th e r  a n a ly s is  of m eio tic  p rep a ra tio n s  from th i s  p a t ie n t  

being performed in  the p re sen t study. Hulten and L indsten (1970) rep o rted  

two t(D,G) tra n s lo c a tio n  heterozygo tes, two oligosperm ic t(D,G) t r a n s ­

lo c a tio n  mongols and two t(D,D) tran slo ca .tio n  he terozygo tes5g iv ing  d ia k in e s is  

c o n fig u ra tio n s . Chandley (1970) repo rted  severa l t ra n s lo c a tio n  c a r r ie r s ,  

a t(D ,D ), t(C ,E  o r F) and t(C,G) mostly w ith  m atura tion  a r r e s t s  a t  the 

v a rio u s  le v e l s ,  the  t(C ,G ) dem onstrating, as w ell as q u ad riv a len t f ig u re s , 

a t r i v a l e n t  and u n iv a le n t a t  d ia k in e s is .

The f i r s t  d i r e c t  cy to lo g ic a l proof o f a chromosome rearrangem ent as 

a cause o f Down's syndrome was performed by Hecht, Delay, Seely and 

S toddart (1970). M eiotic evidence ru led  out a t(2 1 ,2 2 ) and so a t (2 1 ,2 l )  

or isochromosome was p re se n t.

1.11 RADIATION DAMAGE AID HUMAN SPERMATOGENESIS

There i s  l i t t l e  in form ation  on the  e f fe c ts  of ra d ia t io n  on human 

m eiosis. M ito tic  chromosome damage, in c lu d in g  d ic e n t r ic s ,  fragm ents, r in g  

chromosomes and b reaks, p e r s i s t  f o r  a long time a f t e r  i r r a d ia t io n  (Dolphin, 

B olton, Humphreys, Speight and S trad lin g  1970, and Okladnikova 1970).

Hulten and L indsten  (1970) rep o rted  no m eio tic  d is tu rbance  in  a 

man who had received  an X-ray dose because of ankylosing s p o n d y lit is , 

bu t the dose was com paratively  low.



Lyon, P h i l l ip s  and G le n is te r  (1970) found a l in e a r  dose response 

fo r  the y ie ld  o f tra n s lo c a tio n s  in  mouse sperm atogonia. A fter repeated  

sm all ra d ia tio n  doses th e re  was a reduced e f f e c t ,  a l in e a r  response was 

s t i l l  o b ta ined , b u t the sca le  moved. I^onard and Deknudt (1970) showed 

p e rs is te n c e  of chromosome rearrangem ents induced in  male mice by 600r 

X - ir ra d ia tio n  (300 kV) of p re -m eio tic  germ c e l l s .  There were 8.4-$ m u lti-  

v a le n t s a t  60 days, up to  12.6$ a t 100 -  200 days and then  a decrease to  

450 days. At 300 -  600 days a sm all in c rease  occurred  again .

T ranslo catio n s  o fte n  r e s u l t  in  s t e r i l i t y  o r s e m i - s t e r i l i ty ,  which 

can be measured in  o ffsp rin g  of i r r a d ia te d  animals (S n e ll 1935). G riffen  

and Bunker (1967) showed th a t  two s tag e s  can be dem onstrated a f t e r  

350 -  700 rads (90 kV) X -ir ra d ia tio n . There i s  a p o s t - i r r a d ia t io n  f e r t i l e  

p e rio d  (from the sperm atocytes, sperm atids and spermatozoa p re sen t a t 

i r r a d ia t io n )  g iv ing  20$ s e m i-s te r i le s . An i n f e r t i l e  p e riod  fo llow s and 

a f te r  6 weeks 5$ s e m i-s te r i le s  are produced from products o f repopu la tion  

of the  gonad from type A sperm atogonia. The ra d ia tio n  e lim in a te s  the 

type B sperm atogonia and some of the type A. Lyon and M eredith (1966) 

found i r r a d ia te d  male mice gave r i s e ,  in  the p r e - s t e r i l e  p e rio d , to  4-6 

s e m i-s te r i le  daughters ou t of 14.8 .

Leonard and Deknudt (1968) X -ir ra d ia te d  70 a d u lt male mice w ith  

300 rads (300 kV) then mated them to  v irg in  fem ales over 9 weeks. The 

te s t e s  and sperm atocytes of the FI male mice were examined. The average 

number o f l iv in g  embryos was low est in  the 2nd and 3rd week and the average 

l i t t e r  s iz e  low est in  the 7 th  week. Chromosome rearrangem ents were 

shown in  4.1 o f the males and 6 showed h is to lo g ic a l  ab n o rm a litie s , but no 

chromosomal rearrangem ents. A berrations were 51.0$ in  the 1 s t week,

10.4.$ in  the 2nd, 21.7$ in  the 3rd, 2.2$ in  the 4.th, 6.3$ in  the 5th 

and none at 6-9 weeks. Controls were normal.

Schrtfder (1969) showed th a t lOOr doses of X-rays in  the  guppy, L eb is te s , 

in c reased  the exchange frequency between the X and Y chromosomes, in
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o ffsp rin g , compared w ith  th a t  from u n irrad ia te d  c o n tro ls , i f  they were 

born 161 -  283 days a f t e r  i r r a d ia t io n .  O ffspring produced 59 -  14-5 days 

a f te r  i r r a d ia t io n  showed no s ig n if ic a n t  in c rease  in  chiasma frequency.

1.12 THE PROBLEM IN PERSPECTIVE

A re c e n t e stim ate  fo r  the number of genes in  the human complement 

was 3: x 10^ o r le s s  i f  the "m aster/slave" hypothesis (C allan  1967) i s  

accepted (Edwards p .c .  1971).

In  an a n a ly s is  of the kind p resen ted  here , only gross fe a tu re s  are 

d e te c ta b le , those in v o lv in g  whole chromosomes or la rg e  chromosome segments, 

and re p re se n tin g  v a s t  amounts of gen etic  m a te ria l. At the le v e l o f the 

s t r u c tu r a l  gene, repeated  or s in g le , the l ig h t  microscope alone can show 

no th ing .

However, study o f m eio tic  chromosomes, a t  p re se n t, o f fe r s  r ic h e r  

re tu rn s  by comparison w ith  m ito tic  a n a ly s is , e sp e c ia lly  when su p erio r modern 

techn iques are employed. Not only are the  chromosomes b igger a t  c e r ta in  

s tag es  su ita b le  fo r  a n a ly s is  (Dupraw 1970) but the behaviour of each 

chromosome can be compared a t  each s tag e . Owing to  homologous p a ir in g , 

t ra n s lo c a tio n s  n o t d e tec ta b le  a t  m ito sis ,because  of involvem ent of sm all 

or equal amounts o f m a te r ia l ,a re  shorn a t  m eiosis, and the  chromomeric 

c h a r a c te r is t ic s  of pachytene chromosomes o f f e r  a whole f i e ld  of study.

Studying m eiosis may th e re fo re  enable the c l in ic ia n  to  id e n t i fy  

h ith e r to  unrecognised g en e tic  d isea ses , the  c y to lo g is t to  le a rn  many 

new f a c t s  about the p rocess of c e l l  d iv is io n , and the g e n e t ic is t  to  le a rn  

more about the way in  which g en e tic  inform ation  i s  arranged in  th a t  

h ig h est of organism s, man.



1. To id e n ti fy  the in d iv id u a l chromosomes. C onsisten t c h a r a c te r is t ic s  

shown by chromosomes a t  sperm atogonial metaphase and throughout m eiosis 

are sought.

2. To in v e s t ig a te  the appearance and behaviour o f polymorphisms throughout 

m e io s is . That the chromosomes d i f f e r  v a s t ly  in  le n g th , could pose

problems in  the mechanics of p a ir in g  and c e l l  d iv is io n . An enquiry  

i s  made to  see whether m eiosis i s  d is tu rb ed  in  any way.

3. To o b ta in  in fo rm ation  on the v a r ia tio n  in  to ta l  c e l l  chiasma count 

a t  d ia k in e s is . A comparison i s  made between d i f f e r e n t  c e l l s  in  the

same in d iv id u a l, between in d iv id u a ls  and between co n tro ls  and i n f e r t i l e s .

An in v e s t ig a tio n  i s  made to  determ ine whether chiasma count v a r ie s  w ith 

age o r  o th e r param eters, fo r  example, the stage of d ia k in e s is  used. I t  

i s  in tended  to  estim ate  th e  genetic  map len g th  in  the human male.

4. To study the  p a ir in g  re la tio n s h ip s  and behaviour o f the  XI b iv a le n t 

throughout m eiosis . A survey i s  made to  f in d  the v a r ia t io n  between

in d iv id u a ls  o f the  percentage of c e l l s  w ith  the  X and I  p re sen t as u n iv a le n ts , 

to  see i f  th e re  i s  any c o rre la tio n  of va lues w ith  age, chiasma count, s tage 

of d ia k in e s is  o r any o th e r param eter and to  e s ta b l is h  whether c ro ssin g  over 

occurs between th e  X and Y and what chromosome arms a re  involved in  the 

a sso c ia tio n .

5. To study the  behaviour o f m eio tic  chromosomes from tra n s lo c a tio n  

he te ro zy g o tes . Four known heterozygotes (a sce rta in e d  through abnormal

o ffsp rin g ) and "c o n tro ls " , are compared w ith re sp ec t to  homologous chromosome 

p a ir in g  and chiasma count, in  estim ate  of the p ro p o rtio n  o f unbalanced 

complements a t  metaphase I I  i s  sought. A lso, inform ation  from somatic 

m ito tic  m etaphase, pachytene and d ia k in e s is  an a ly s is  i s  sought an the inc idence



of tra n s lo c a tio n  heterozygo tes in  sn i n f e r t i l e  popu la tion  end the frequency 

of random tra n s lo c a tio n  in  genii c e l l s  o f normal persons.

6. To determ ine the  frequency of chromosomal ab e rra tio n s  in  the ae tio lo g y  

o f male i n f e r t i l i t y .

7. M iscellaneous

(a) To acqu ire  comparative s k i l l  in  o b se rv a tio n . Before the exam ination 

of the human male m eio tic  m a te r ia l, m eiosis i s  s tu d ied  in  Locust, Syrian 

Hamster and Mouse to  a sse ss  the l ik e ly  co n fig u ra tio n s  of chromosomes through 

m eio tic  d iv is io n , e s ta b l is h  c r i t e r i a  and le a rn  about m eiosis in  g en era l, 

in  o rd e r to  t r e a t  the human male m a te ria l in  as uniform a manner and w ith  as 

l i t t l e  su b jec tiv e  e r ro r  as p o ss ib le .

(b) To p e r fe c t  modern cy to lo g ica l techn iques. A lte rn a tiv e s  to  ace to - 

o rce in  are sought to  give g re a te r  s p e c i f ic i ty  and f o r  d i f f e r e n t i a l  s ta in in g  

of the  centromere reg ions and o th e r p a r ts  of chromosomes, to  f a c i l i t a t e  

chromosome id e n t i f ic a t io n .

(c ) To improve the  d e sc r ip tio n  of the human m eio tic  c y c le . P a r t ic u la r  

a t te n t io n  i s  p a id  to  the e a r ly  propha.se s tag e s , to  e lu c id a te  the  c o rre c t 

sequence of m eiosis and the mechanism of homologous p a ir in g . The frequency 

of v a rio u s  s tag es  between normal in d iv id u a ls  i s  compared to  in v e s t ig a te  the 

d u ra tio n  of the d i f f e r e n t  s tag es  o f m eiosis.

(d) To as s ess the frequency of nondis.iunction . C y to log ical evidence 

of n o n d is ju n c tio n  i s  sought by counting and karyotyping v a rio u s  s tag es  of 

m eiosis.

(e) To compare soerm atogonial metaohase w ith somatic m ito tic  m etaohase.

U ) To d i f f e r e n t ia te  between vario u s  types of sperm atogonia. 

Id e n t i f ic a to ry  c h a r a c te r is t ic s  between stem c e l l  sperm atogonia and those 

about to  e n te r  m eiosis are sought.



(g) To a sc e r ta in  whether sperm atogonial chromosorties show any evidence 

of homologous p a ir in g .

(b) To study., the  appearance of centromere reg ions throughout m e io s is . 

Inform ation i s  sought on whether centromere reg ions are more heteropycno tic  

a t  any p a r t ic u la r  stage o f m eiosis.

( i )  To in v e s t ig a te  non-random arrangement of chromosomes in  the 

v arious s tag es  of m eiosis . A ssociations and the behaviour of 

chromosomes w ith re sp e c t to n u c le o li  are examined.

(j ) To in v e s t ig a te  the p a ir in g  behaviour of homologous chromosomes 

a t pachytene. O bservations are made on whether abnormal p a ir in g  

or f a i lu r e  to p a ir  i s  common.

(k) To ob ta in  inform ation  on the chiasma count per b iv a le n t a t

d ia k in e s is . An assessm ent i s  made of the v a r ia t io n  in  chiasm ata 

per b iv a le n t, in  what chromosomes a change occurs when th e re  i s  a change in  

t o t a l  c e l l  chiasma count, and whether u n iv a len ts  are ever p re sen t.

(1) To_ assess  the occurrence of in te rlo c k e d  b iv a le n ts  as dem onstrated

a t  d ia k in e s is . The question  of whether a l l  b iv a le n ts  are equ ally  

prone to  in te r lo c k in g  i s  in v e s tig a te d .

(m) To. compare metaohase I I  spreads w ith somatic m ito tic  m etaohase.

(n) To ob ta in  inform ation  on the mechanism o f sperm iogenesis and to

see i f  th e re  i s  any morphological d iffe ren ce  between X-bearing 

and Y-bearing sperm atids.

(o) To assess  " r e a l11 polyploidy as opposed to  "apparen t 11 polyplo idy  

in  c e l l s  throughout m eiosis.



(p) To in v e s t ig a te  th e  e f f e c t  on sperm atogenesis of a massive dose

of ra d ia t io n  (given 10 months p rev io u s ly ). The chromosome damage 

i s  a ssessed  a t  a l l  s tag es  of m eiosis, to g e th e r w ith  th e  e f f e c t  on chiasma 

count. A prognosis i s  made of the chances o f abnormal o ffsp rin g  as a r e s u l t  

of any chromosome damage.

(q) To o b ta in  inform ation  on soermatogenic m aturation  a r r e s t . The 

mechanism of degenera tion  i s  s tu d ied , to g e th e r w ith th e  s tag es  a t  which 

i t  can occur and i t s  p o ss ib le  a sso c ia tio n  w ith any sp e c if ic  chromosomal d e fe c t .

( r )  To in v e s t ig a te  the  e f f e c t  of m uscular dystrophy on m eio sis . The 

e f f e c t  i s  examined in  the  mouse (Hus musculus L ., S tra in  129 He).



3. MATERIALS

3.1  HUMAN MALE

Blood, t e s t i s  t is s u e  and, in  a d d itio n , some sk in  b io p s ie s  and 

buccal smears were taken . M ateria l was obtained  from 88 cases which co u ld  

be c la s s i f ie d  in to  sev e ra l groups:

(a) I n f e r t i l e s . 66 cases.

These were azoospermic o r o ligosperm ic p a tie n ts  w ith  a sperm count of 

le s s  than  20 m illio n  p e r ml. They o ften  showed the a sso c ia te d  co n d itio n s  

of a v a ric o co e le , a hydrocoele, a c u rre n t or previous h is to ry  of undescended 

or e c to p ic  gonads, or an inflam m ation o r re p a ir  o f h e rn ia . Much of th e  

m a te ria l was abnormal, b u t 22 of the i n f e r t i l e s  had normal h is to lo g y  and 

of th e se  13 were taken as "co n tro ls"  since they were found, a t  o p e ra tio n , 

to  have co n g en ita l b i l a t e r a l  absence of the vas d e fe ren s , o r  a blockage 

a t the  epididymus.

(b) C ontrols

These were a mixed c o lle c tio n , some more su ita b le  as c o n tro ls  than  

o th e rs  and included:

( i )  A case ,w ith  a la rg e  fa m il ia l  v a r ia n t  of chromosome 16, who v o lun teered  

a biopsy fo r  the  p re sen t in v e s t ig a tio n .

( i i )  One p a t ie n t  having an orchidectomy owing to p e r s is te n t  crem aster spasm,

( i i i )  Two fa th e r s  (of co n g en ita lly  abnormal o ffsp rin g ) suspected , bu t no t

found to  be tra n s lo c a tio n  heterozygo tes. One ex h ib ited  heterom orphic 

number s ix teen  chromosomes and the o th e r a sm all Y.

( iv )  One p a t ie n t  of normal f e r t i l i t y  undergoing re p a ir  o f a hydrocoele.

(v) Two p a t ie n ts ,  having orchidectom ies in  trea tm en t of cancer of 

the p ro s ta te ,  who had had no previous hormone therapy.
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(v i)  Two p a t ie n ts  having orchidectom ies fo r  severe o r c h i t i s  and 

ep id id y m itis .

(v i i )  "C o n tro lsM from (a) th e  i n f e r t i l e  population .

(c) M iscellaneous

( i )  Four balanced tra n s lo c a tio n  heterozygotes (a sce rta in e d  through 

abnormal o ffsp rin g ) who had a t  l e a s t  one of the  tra n s lo c a tio n

chromosomes apparent in  leucocyte a n a ly s is . Case H.............  was

f a th e r  o f case 8 in  L e is t i  (1971) and RW680009 a case rep o rted  by 

Ferguson-Sm ith, Boyd and Ferguson-Smith (1968).

( i i )  One o ligosperm ic (0 ,6  and 0 .5  m illio n  sperm p e r ml ) ra d ia t io n -  

damaged p a t ie n t  (70-2,000 rads from ra d io a c tiv e  Irid ium  10 months 

p re v io u s ly ) , who was concerned about h is  f e r t i l i t y .

( i i i )  One 15$ sex chromatin p o s itiv e  tra n s -se x u a l having a sex change 

o p e ra tio n .

( iv )  Six young people w ith  ectop ic  or undescended gonads (as d e fined  by 

Mack, S c o tt, Ferguson-Sm ith and Lennox 1961) undergoing o p e ra tio n  

to  p lace the t e s t e s  in  the scrotum.

(v) A p a t ie n t  having an orchidectomy fo r  cancer o f the p ro s ta te  and 

w ith  a p rev ious h is to ry  o f s t i lb o e s t r o l  trea tm en t.

3 .2  MATERIAL OTHER THAN HUMAN MALE

(A) LOCUST S ch is to cerca  g reg a ria  Forsk. (A crididae, O rth o p te ra ).

T estes from two specimens (a) and (b) k i l le d  by d e c a p ita tio n .

(B) SYRIAN HAMSTER M esocricetus au ra tu s Waterh. (C ric e tid a e , R odentia).

h e a r t blood, bone marrow and one t e s t i s  from a specimen (12 weeks o ld) 

k i l l e d  w ith e th e r .

(C) MOUSE Mus muscuius L. (Muridae, Rodentia)

T estes from 7 specimens a l l  k i l le d  by c e rv ica l d is lo c a tio n . Eyes were 

sometimes taken f o r  corneal m ito tic  p re p a ra tio n s . The mice were:



(a) a C57 Black/A ($ weeks), (b) an A 2G/Tb (6 weeks), (c) an A 2G/Tb 

(6 weeks), (d) an A 2G/Tb (5 weeks), (e) a homozygous a ffe c te d  mouse 

(5 m onths), from s t r a in  129 Re, in  which the re cess iv e  form of m uscular 

dystrophy seg reg a tes  (a s ic k ly  specimen), (f )  As in  ( e ) ,  bu t younger 

(6g- weeks, and le s s  s ic k ly ) . I t  c le a r ly  showed some phenotypic 

c h a r a c te r i s t ic s  of the a ffe c ted  homozygote such as abnormal p o s it io n  

o f the  lim bs and behav ioural anom alies, (g) Control l i t t e r  mate of

( f ) ,  no t showing the  c h a r a c te r is t ic s  and th e re fo re  e i th e r  a heterozygo te  

o r a homozygous normal (which a re , as y e t , in d is tin g u is h a b le ) .



METHODS

4 .1  MITOTIC ANALYSIS 

HUMAN.

Twenty ml of blood were withdrawn from each p a tie n t  by venepuncture, 

u su a lly  before  the  an ae s th e tic  was given, bu t in  about 20% of cases up to  

30 m inutes a f te r  a n a e s th e tic . Ten ml were p laced in  a s t e r i l e  P u la rin  

brand Heparin B.P. tube (Evans Medical L td .) con tain ing  100 I.U . heparin  

in  a d r ie d  film . This was ro l le d  in  the hand to p reven t c lo t t in g .  Five ml 

were p laced  in  a b ijo u  b o t t le  con tain ing  1 mlo ac id  c i t r a t e  dex trose  w ith  

th iom ersa l (s tandard  B.P. from the Regional T ransfusion Service -  3% d ex tro se  

2% sodium acid c i t r a t e )  and the r e s t  p laced  in  a dry b ijo u . Both 3 ml. 

samples were “sep a ra te d 11 and s to red  to be used fo r  blood grouping, i f  necessa

Standard Procedures fo r  Cleaning Glassware

A ll glassw are was steeped in  Haemo-sol so lu tio n  ( l  oz p e r g a llo n  

of w ater) a t  12°C, fo r  one hour, r in se d  s ix  tim es in  tap  w a ter, tw ice in  

d i s t i l l e d  w ater, d ra ined  and d ried  in  an oven. S ilico n e  rubber l in e r s  

and m etal caps were r in se d  w e ll, b o iled  fo r  approxim ately 30 m inutes, 

cooled, r in se d  in  d i s t i l l e d  w ater and d rie d . U n iversa ls , s i l ic o n e  l i n e r s ,  

e tc . were s t e r i l i s e d  by dry  h ea t (l60°C fo r  60 m inutes) or by au toclav ing  

a t  13 lb  f o r  30 m inutes.

P rep ara tio n  of Microscope S lides

Microscope s l id e s  (3" x  1”, 0 .6  -  0 .8  mm th ick ) were p laced  in  chromic 

ac id , made by d is so lv in g  100 g ground potassium  dichrom ate in  900 ml w ater, 

slowly adding 100 ml, conc. su lp h u ric  ac id , keeping the f la s k  cool. S lid es  

were taken from th is  when needed, washed in d iv id u a lly  and l e f t  in  running 

tap  w ater fo r  about 3 hours. A lte rn a tiv e ly , they were washed, s to red  in
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70$ a lcoho l and washed again fo r  one hour p r io r  to  use.

Culture Medium

Medium co n ta in in g  10$ c a lf  serum was made as fo llow s:

To 73 ml of Hank’ s Balanced S a lt S o lu tion , 13 ml of Waymouth’s stock 

so lu tio n  (Paul 1961) was added, then 10 ml in a c tiv a te d  c a lf  serum, 2 .5  ml 

of a 1 ,4 $  stock  so lu tio n  of glutamine in  Hank’s B. S. S. and 0 .4  ml of a 

stock so lu tio n  co n ta in in g  500,000 u n its  of so d iu m -p en ic illin  and 0.5 g 

of streptom ycin  in  10 ml, of Hank’s B.S.S. The f i n a l  m ixture was brought 

to  pH 7 .1  w ith  Sodium b icarbonate , as shown by the co lour o f th e  phenol red  

in  the medium.

C ulture Technique

A "whole blood" c u ltu re  technique, a f te r  the method o f Moorhead e t  a l .  

(i960) was used. The tube con tain ing  the h ep arin ised  blood was ro l le d

in  the hand and, using s t e r i l e  technique, a 0 .5  ml a liq u o t was p laced  in

4*5 ml of t is s u e  c u ltu re  medium con tain ing  0 .1  ml o f a te s te d  stock  

so lu tio n  of phytohaem agglutinin, made by adding 5 ml of s t e r i l e  d i s t i l l e d  

w ater to  a f re e z e -d r ie d  e x tra c t  of Phaseolus v u lg a ris  L. (Borroughs Wellcome 

Co. L td .) .  Four c u ltu re s  were made. The tubes were g en tly  mixed and

e i th e r  incubated  im m ediately or p laced in  a 4°0 r e f r ig e r a to r  overn igh t

before in cu b atio n  fo r  72 hours a t  37°C. The next day 0.20 o r 0.25 ml of 

an 80 jig/ml: s o lu tio n  o f Colcemid (Ciba) in  Hank’s Balanced S a lt S o lu tion  

was added. The c u ltu re s  were ro l le d  and incubation  was continued fo r  a 

f u r th e r  2-g- hours. C ultu res were then poured in to  pre-warmed c en tr ifu g e  

tubes and cen tr ifu g ed  a t  500 -  700 r.p .m . fo r  10 m inutes. A Mark I I I ,  

Super-hultex  C entrifuge (rad iu s  16.25 cm ) was used throughout.

The sup ern atan t was d iscarded , the p e l l e t  d isp ersed  and the  c e l l s  

resuspended in  10 ml. of pre-warmed 0.075 M potassium  ch lo rid e  so lu tio n  

(Hungerford 1965). The tubes were p laced in  a 37°C w ater b a th  fo r  4§- m inutes,



w ith occasional p ip e c tin g . Harshaw p ip e tte s  were used as they had a uniform  

bore and consequently gave c o n tro l over p ip e tt in g  and a lso  drop size* The 

tubes were cen trifu g ed  f o r  7 minutes a t 600 r.p.rn. end as much su p ernatan t 

as p o ss ib le  d isca rd ed . The p e l le t  was d ispersed  and the c e l l s  f ix e d  in  about 

1 ml, o f f r e s h ly  made cold  3*! in d u s t r ia l  e th a n o l:g la c ia l  a c e tic  acid  using  

gen tle  p ip e t t in g .  More f ix a t iv e  was added to  a to t a l  of 10 ml , and mixed 

thoroughly. The tubes were covered and placed in  a 4°C r e f r ig e r a to r  fo r  

a minimum of 15 m inutes, and a maximum of 2 hours.

The c e l l s  were then  cen trifu g ed  fo r  10 minutes a t  600 r.p .rn . and 5 ml 

f re sh  f ix a t iv e  added to  the  p e l le t ,  spun down again and fo u r drops of f r e s h  

f ix a t iv e  added to  the  d isp ersed  p e l le t  and p ip e tte d  g en tly  to  give a milky 

suspension. Three drops of th i s  suspension were then dropped from a h e ig h t 

of 12" onto co ld , wet (bu t d rained) microscope s l id e s  which were then d ra ined  

again . A ir-d ry in g  of the p rep a ra tio n s  was completed by p lac in g  the s l id e s  

• on a 60°C h o tp la te . The s l id e s  were examined under a phase 2 (X16) n e o flu a r  

len s  on a Standard WL Zeiss Microscope using  a 54-6 mp green f i l t e r .  S lid es  

with the b e s t q u a li ty  p rep a ra tio n s  were chosen fo r  s ta in in g , number depending 

on the  d e n s ity  o f m itoses. Any s lid e s  no t needed were s to red , u n sta in ed , 

fo r  flu o rescen ce  and o th e r  s tu d ie s .

S ta in ing

S lid e s  were s ta in ed  in  2% o rce in  in  60$ a c e tic  acid  f o r  1 to  !§• hours 

depending on the q u a l i ty  of the n a tu ra l orcein  (R. A. Lamb) av a ilab le  a t  

the tim e.

S lid e s  were then passed through 50$ a c e tic  ac id  fo r  30 seconds, two 

changes o f 95$ e th y l a lco h o l fo r  a to t a l  o f 3 m inutes, abso lu te  e th y l a lcoho l 

fo r  30 seconds and in to  x y lo l fo r  a t  l e a s t  15 m inutes. The s l id e s  were 

perm anently mounted in  DePeX mounting medium (G. T. Gurr L td .) ,  which was 

s l ig h t ly  d ilu te d  w ith  x y lo l, to  achieve the th in  depth  o f mountant e s s e n t ia l  

w ith high powered o b je c tiv e s . C overslips, Chance Ho. I  22 x 6<4 mm



were po lish ed  from 70$ a lcoho l before use.

M ito tic  .Analysis

When the mountant was dry , a t  l e a s t  24 hours a f te r  s ta in in g , m ito tic  

an a ly s is  was perform ed. M ito tic  metaphase p rep a ra tio n s  were lo c a ted  using  

b rig h t f i e l d  low power X 10 o b jec tiv e  and o cu lars , and optovar 1 .25. Well 

spread c e l l s  were examined in  more d e ta i l  using high power X100 pianapochrom atic 

o i l  immersion le n s . When the s ta in  was weak X16 phase 2 and X100 o i l  immersion 

phase 3 was used f o r  lo c a tio n  and an a ly s is  re sp e c tiv e ly .

Twenty c e l l s  were chosen w ith  w ell spread, extended, chromosomes.

The 'to ta l  number of chromosomes was counted tw ice, s ta r t in g  from d i f f e r e n t  

s id es  of the spread . The D group chromosomes were then counted, G grcup,

F, E, A, B and C, in  th a t  o rder. A ll those chromosomes la rg e r  than Bs and 

a l l  those  sm aller were then  counted, as a cross check, and th en  chromosomes 

1, 2, 3, 6, 9, 16, 17, 18 and the Y were in d iv id u a lly  d is tin g u ish ed .

Any i r r e g u l a r i t i e s ,  e i th e r  num erical or s t r u c tu r a l ,  f o r  example: 

b reaks, q u a d r ira d ia ls  d ic e n tr ic s ,  ad d itio n s  o r d e le tio n s  and a lso  

polymorphisms, f o r  example: odd s a t e l l i t e s ,  unusual s ize  o f the Y and 

pronounced secondary c o n s tr ic t io n s , were a lso  noted.

At l e a s t  5 c e l l s  were photographed inc lud ing  a t  l e a s t  one " ty p ic a ln 

fo r  th a t  p a t ie n t  but e sp e c ia lly  any c e l ls  th a t  were abnormal.

P r in ts  were made X 4,000 and karyotyped according to  the Chicago 

Conference, S tan d a rd isa tio n  in  Human C ytogenetics (1966) in c o rp o ra tin g  

the Denver re p o r t (i960) and according to  Ferguson-Smith, Ferguson-Sm ith,

E l l i s  and Dickson (1962). See Figure 1.

Photographic Technique,

Photography was performed using an Exacta camera p laced  on the 

microscope column, and loaded w ith  Recordak 35 ram M icro-F ile  f ilm .

Before tak ing  a photograph, d u s t was removed from a l l  exposed su rfaces .
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Figure 1 . Diagram showing the  secondary c o n s tr ic t io n  p o s itio n s  and o th e r 

c r i t e r i a  used in  the  id e n t i f ic a t io n  o f both m ito tic  and m eiotic 
chromosomes in  th is  study (according to : Ferguson-Smith e t  a l .  1962).



The image was focussed  w ith  the o i l  immersion le n s , i r i s  c losed  and condenser 

focussed, ap ertu re  s e t  to  5 and f i e ld  stop to  10 fo r  b r ig h t f i e ld  microscopy. 

The r e f le c t in g  image was switched to  the microscope column and was focussed  

on the  s ilv e re d  m irro r o f the camera. L ight in te n s i ty  was measured using 

a Brinkman lig h tm e te r  and ad justed  to  a value determ ined by a t e s t  s t r i p  

to  give the c o rre c t exposure. The image was a ccu ra te ly  refocussed  and 

the photograph taken  by means of an autom atic re le a se  w ith a 12 second

tim e-lap se . The exposure was fo r  s ix  seconds. A long exposure was

necessary  when using  phase c o n tra s t, w ith  the  green f i l t e r  in  p lace  and 

using the 6v 15w lamp (compared w ith  the 12v 60w of the  Zeiss photomicrosCope). 

Longer exposure a lso  minimised e f f e c t  of v ib ra tio n s . An a n tiv ib ra t io n  

rubber mat was a lso  used.

Developing Film *

The film  was wound onto a r e e l  in  complete darkness; th i s  was p laced  

in  a c lean , dry , developing tank  and the l i g h t - t i g h t  l i d  f i t t e d .  Kodak 

D163 developer, 1 p a r t  : 3 p a r ts  o f tap  w ater a t  20UC was poured through 

the l i d .  The tank  was a g ita te d  fo r  the f i r s t  and every o th e r 30 seconds 

fo r  a t o t a l  of m inutes. Developer was then rep laced  by a 3% a c e tic  

acid  s top  ba th  a t  20°C, w ith  a g ita tio n  fo r  30 seconds. This was 

rep laced  by Amfix f ix a t iv e  (May and Baker L td .) ,  1 p a r t  : 3 p a r ts  

tap  w ater a t  20°C, w ith a g ita t io n  fo r  the f i r s t  few seconds and 

th e re a f te r ,  in te rm it te n t ly ,  fo r  5 - 8  m inutes. The l i d  was removed, 

the f ix a t iv e  poured away, and the f ilm  rin sed  w ith  f a s t  flow ing tap  w ater

fo r  a t  l e a s t  30 m inutes. One drop of Photoflo  (Kodak) was added to th e

tank and, a f t e r  a few m inutes, the film  was removed from the  r e e l ,  su rp lus 

w ater shaken o ff  and the film  hung to  dry.
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P r in t in g ,

A Simmon Omega V ariable Condenser E nlarger was used. Length o f 

exposure, l i g h t  in te n s i ty  and paper were v a ried . Kodak amber yellow 

S a fe lig h t F i l t e r s  W ratten S eries  OB, were used. Most neg ativ es  req u ired  

p r in t in g  on Kodak Bromide paper WSG 2S using 5 seconds exposure. Exposed 

p r in ts  were immersed in  Kodak U niversal Developer 1 p a r t :7 p a r ts  tap  w ater 

a t  20°C f o r  1-g- -  2 m inutes. P r in ts  were rin sed  in  running tap  w ater a t  

20°C and p laced , face  down, in  Amfix f ix a t iv e  1 p a r t : 5 p a r ts  tap  w ater 

a t  20°C f o r  2 -  5 m inutes. They were then washed in  running tap  w ater 

fo r  30 m inutes. A drop o f Photoflo  was added to  a f i n a l  r in s e  before 

the p r in t s  were d rained  and d ried  on a ro ta ry  g laze r.

RODENT.

Syrian Hamster Blood

A method s im ila r  to  th a t  described  f o r  human blood c u ltu re  was 

t r i e d .  0 .1  to  0 .2  ml of blood was taken from the  h e a r t in to  a sy ringe  

w etted w ith  5,000 I.U ./m l heparin  end incubated w ith  A .5 ml Waymouth’s 

tis s u e  c u ltu re  medium + 10% c a lf  serum + 0 .2  ml heparin . The c u ltu re s  

were incubated  fo r  51 hours (Buckton and N ettesheim  1968) and p re p a ra tio n s  

made as p rev io u s ly  described .

Syrian Hamster and Mouse Bone Marrow

The technique of Lee (1969) was m odified. The m ito tic  in h ib i to r  

v in ca leu k o b las tin e  so lu tio n  was not used fo r  f e a r  of damage to  m eiosis. 

Immediately a f te r  d eath , the  long bones were removed, s tr ip p e d  of muscle 

and chopped w ith th ic k  s t e r i l e  s c is so rs  in  a s t e r i l e  p e t r i  d ish  in  10 ml 

Waymouth's t is s u e  c u ltu re  medium con tain ing  0 .2 ml of 5,000 I .U ./m l 

heparin  and 1 ml 80 /ig/m l co lch ic in e  (C iba). Tissue and medium were 

mixed by p ip e ttin g ., then incubated a t  37°C fo r  3 hours. The la r g e s t  lumps
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were removed and the r e s t  cen trifu g ed  a t  700 r.p .m . fo r  10 m inutes.

10 ml* pre-warmed 1.12$ sodium c i t r a t e  were added to  the  d isp ersed  p e l l e t  

and l e f t  f o r  10 m inutes. C en trifuga tion  was repeated  and the  p e l l e t  f ix e d  

in  3»1 abso lu te  e th a n o l :g la c ia l  a c e tic  acid . Larger clumps were allowed 

to  s e t t l e  o u t, the su p ern atan t was p ip e tte d  o ff . A fter Id m inutes the 

f ix a t iv e  was changed tw ice, the tube spun again and the p e l l e t  suspended 

in  a few drops of f r e s h  f ix a t iv e .  A ir-d ried  p rep a ra tio n s  were made and 

s ta in ed  w ith  ace to -o rce in  fo r  ij-  hours.

Mouse Cornea

F red g a 's  (1964) method was used. The mice were k i l le d  by c e rv ic a l 

d is lo c a tio n  and an eye d is se c te d  ou t, leav ing  the o p tic  nerve as a s ta lk  

fo r  m anipu lation . The whole eye was placed in  warmed 0.0/f$ co lch ic in e  

in  d i s t i l l e d  w ater and incubated  a t  37°C fo r  35 m inutes. I t  was then 

f ix ed  in  a m ixture of 9 p a r ts  50$ a c e tic  a c id i l  p a r t  IN HC1 fo r  5 m inutes 

and s ta in e d  in  2$ o rce in  in  60$ a c e tic  acid  fo r  2 - 6  m inutes. The eye 

was then  wiped over a s l id e  in  a drop of s ta in ,  a co v e rs lip  app lied  and 

the p re p a ra tio n  squashed w ith p ressu re  from the f in g e rs .  O bservations 

were e i th e r  made d i r e c t ly  o r on permanent p re p a ra tio n s .

4 .2  MEIOTIC ANALYSIS 

HUMAN MALE %

Light genera l a n a e s th e tic  was given to  a l l  p a t ie n ts  except KC690323 

and JL690329 where a lo c a l  a n aes th e tic  was used.

At o p e ra tio n , vario u s  c h a r a c te r is t ic s  o f each p a t ie n t  were noted. 

These included  rough h e ig h t, body p ro p o rtio n s , h a ir  d is t r ib u t io n ,  f a t  

d is t r ib u t io n ,  p en is  s ize  and p o s itio n  of u re th ra l  opening.

I f  a sex chromosome anomaly was suspected, derm atoglyphics were 

analysed. E ith e r a rough assessm ent of f in g e r  w horls, loops and arches
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was made o r a d e ta i le d  assessm ent (d ir e c t ly  or using hand p r in ts )  of to t a l  

ridge count, T.R,C. (Penrose 1963, 1967) and a/b d is tan ce  w ith a /b  ridge 

count. The mean rid g e  b read th  (Penrose 1969) could then be c a lc u la te d .

T e s tic u la r  Biopsy

This was ob tained  by the  method of Charney (1940) and N ordlander 0948). 

Usually the gonad was com pletely exposed to  enable more accurate  measurements 

to  be ob ta ined  (to  the  n e a re s t  mm ) of len g th , b read th  and w idth . With 

these measurements th e  t e s t i s  volume could be c a lcu la ted  and used, w ith 

h is to lo g y , to  a sse ss  Leydig c e l l  volume (Ahmad, Lennox and Mack 1969).

D e ta ils  in c lu d in g  presence or absence of the vas, whether a va rico co e le  

and the s ta t e  of epididymus were a lso  noted a t  th is  s tag e . An in c is io n  

was made in  the t e s t i s ,  about 0.3 cm, long and w ith s l ig h t  p re ssu re  on 

the gonad, a bulge of t e s t i s  m a te ria l protruded and was cut away w ith  

sharp s c is s o rs .  Size of biopsy obtained v a ried  from 3 mm, to  8 mm 

diam eter. Immediately a f t e r  removal from the  p a t ie n t ,  the biopsy was 

halved. One p iece  was p laced  in  Davidson’s f ix a t iv e  (Moore, Graham and 

Barr 1953). This c o n s is ts  of 4 p a r ts  95% a lco h o l, 2 p a r ts  4°% form aldehyde,

1 p a r t  g la c ia l  a c e tic  ac id  and 3 p a r ts  d i s t i l l e d  w ater, and was found to  

be e x c e lle n t fo r  t e s t i s  h is topa tho logy  as w ell as fo r  the o r ig in a l  use 

winch was fo r  n u c lea r sexing. H is to lo g ic a l sec tio n s  were made fo r  ro u tin e  

assessm ent of sperm atogenesis. The remainder of the biopsy was halved 

and one h a lf  p laced  in  hypotonic 1.12% sodium c i t r a t e  so lu tion  in  a sm all 

p e t r i  d ish  fo r  technique “Cn; ■§ of the  r e s t  was p laced  in  Waymouth’s Tissue 

C ulture Medium + 10% c a lf  serum fo r  technique "M", and -g- was p laced  in  

10 ml, of cold 3 :1  abso lu te  e th a n o l:g la c ia l  a c e tic  w ith  1 drop of chloroform , 

fo r  technique ”F”.

The whole t e s t i s  was a v a ilab le  in  those p a t ie n ts  from c a teg o rie s

(b) ( i i )  (v) (v i) and (c) ( i i i )  and (v ), bu t since i t  was te c h n ic a lly  

only p o ss ib le  fo r  one person to  deal with a lim ite d  amount of m a te r ia l,
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only s l ig h t ly  more was taken , fo r  the  standard  techn iques, although e x tra  

m a te ria l was used fo r  experim ental purposes.

Main Techniques Used

Technique "C". This was s im ila r  to th a t  of Ferguson-Smith (1964a) and 

Evans, Breckon and Ford (1964) but m odified fo r b e t te r  p re se rv a tio n  of 

a l l  s tag es  of m eiosis. The method was p rim arily  used fo r  c e l l s  a t  

d ia k in e s is , and was attem pted on every specimen.

The biopsy was teased  thoroughly in  about 5 ml of 1 .12^ sodium 

c i t r a t e  so lu tio n , volume depending on the s ize  of the specimen. The 

sodium c i t r a t e  was id e a l ly  3 - 4  days old. Younger and o ld e r so lu tio n s  

y ie ld ed  reasonable r e s u l t s ,  but the b est p rep a ra tio n s  were obtained  

w ith  those 3 - 4  days o ld . (This was confirmed by co n tro lle d  mouse 

t r i a l s ,  Chandley p .c .  1970). Using f in e , sharp, curved s c is s o rs ,  th e  

tubu les  were chopped. The re s u lt in g  c e l l  suspension was removed to  a 

c en tr ifu g e  tube. A few more ml of sodium c i t r a t e  were added and the 

process repeated  tw ice. This re su lte d  in  about 10 ml o f c e l l  suspension.

The tu b u la r  fragm ents were l e f t  in  the p e t r i  d ish . The c e l l s  were l e f t  

in  the so lu tio n  fo r  40 m inutes. Longer than th is  gave fewer bu t b e t te r  

spread d ia k in e s is  f ig u re s ,  but lo s s  in  number and d e ta i l  of o th e r s tag es .

Less than  40 m inutes gave poorer spreading a t  d ia k in e s is , a lthough p re se rv a tio n  

of o th e r s tag es  was b e t te r .  Forty minutes was th e re fo re  considered  a 

convenient compromise. The suspension was cen trifu g ed  fo r  10 rnins. a t  

800 r .p .m . and to  the d ispersed  p e l l e t  was g en tly  added 3 ml o f f r e s h ly  

made cold 3 :1  in d u s t r ia l  e th a n o l:g la c ia l  a c e tic  ac id , w ith  a drop o f 

chloroform . The suspension was p ip e tte d  slowly. About 7 ml of f ix a t iv e  

was then added according to  the  s ize  of the p e l le t .  A fte r p ip e t t in g ,  th e  

tube was pla.ced a t  4°C fo r  a t l e a s t  15 m inutes. A fte r th is  tim e, th e  

tube was spun and the d isp ersed  p e l le t  suspended in  about 10 drops of 

f r e s h ly  made, co ld  f ix a t iv e ,  and the  suspension p ip e tte d .



Technique "FM. This was based on th a t  of Ferguson-Smith (1964a) and used 

p rim arily  fo r  p re se rv a tio n  of c e l ls  a t  pachytene since chromomeres and 

n u c leo li are w ell p reserved . I t  was a lso  found s a t i s fa c to ry  fo r  some 

early  prophase s tag es  and was attem pted w ith  most p a t ie n ts ,  using  a 

small p iece  of t i s s u e .

The specimen was teased  in  a few ml o f the same f ix a t iv e  used in  

technique !lGu. The tu b u les  in  the  f ix a t iv e  were then placed in  a u n iv e rsa l 

co n ta in e r. L ater they  were removed from the co n ta in er and f in e ly  chopped 

in  a few ml of f r e s h  f ix a t iv e .  The re s u lt in g  suspension was cen trifu g ed  

and the  p e l l e t  resuspended in  a few drops o f f re s h  f ix a t iv e .

Technique ,,Mn. This was based on th a t  of Hungerford (1971) and used 

p rim arily  fo r  d e ta i le d  an a ly s is  of pachytene. I t  was only used on the 

f in a l  30 p a t ie n ts .

The specimen was teased  in  a few ml. from 10 ml of t is s u e  c u ltu re  

medium in  a u n iv e rsa l c o n ta in e r, to  which 0 .2  ml. o f Heparin (1,000 I .U ./m l 

P u la rin  B .P ., Evans Medical L td .) had been added. The medium was p re fe ra b ly , 

but n o t n e c e s sa r i ly , warmed to 37°C. A fte r te a s in g  w ith  f in e  needles 

the co n ten ts  of the p e t r i  d ish  were rep laced  in  the u n iv e rsa l co n ta in e r.

L ater the tu b u les  were removed to  a p e t r i  d ish  to g e th e r w ith a few ml 

o f the medium and chopped f in e ly . The c e l l  suspension was p laced  in  a 

c en tr ifu g e  tube and the p rocess was repeated  using more medium. The tube 

was then  cen trifu g ed  fo r 10 minutes a t 800 r.p .rn . and the d isp ersed  p e l le t  

suspended in  1 ml of 0.125 M KG1 a t  37°C from 10 ml to which 200 I.U . 

of Heparin had been added. A fter p ip e t t in g , more KC1 was added to  a f i n a l  

volume depending on the s iz e  of the p e l le t .  The cen tr ifu g e  tube was 

covered and incubated  in  a 37°C w ater bath  fo r  1 -  l-j? hours w ith  occasional 

p ip e t t in g . The suspension was then  cen trifu g ed  fo r  10 rnin . a t  800 r .p .rn ., 

and the  d isp ersed  p e l le t  f ix e d  in  3*1 m eth an o l:g lac ia l a c e tic  ac id , f i r s t  

w ith a few drops, then  to  a t o t a l  volume of 10 m l, w ith  p ip e tt in g .



F ixation  was fo r  10 -  15 m inutes. The tube was spun again end the d isp ersed  

p e l le t  resuspended in  about 10 drops of f re sh  f ix a t iv e .

Chromosome P rep ara tio n s  from UCU, MFn end UMH Techniques.

Three drops of each of the  suspensions were dropped from a he igh t 

of about 12 inches onto co ld , wet (but drained) microscope s l id e s .  The 

s lid e s  were d ra ined  and a ir -d r ie d  high above a bunsen flam e, o r on a 

60°C ho t p la te .  Q uality  o f f ix a tio n  and d en sity  of c e l ls  were observed 

using low power phase c o n tra s t  and i f  necessary  suspensions d i lu te d  w ith  

f ix a t iv e .

A ceto-Orcein S ta in in g .

This was l i g h t  (from 3 to  5 minutes depending on the q u a l i ty  of the  

s ta in ) .  Permanent p re p a ra tio n s  were made as described  fo r  m ito tic  

p re p a ra tio n s  but the s l id e s  were passed ra p id ly  through the dehydration  

s tages to  avoid unnecessary leach ing  of the l ig h t ly  s ta in ed  p re p a ra tio n s . 

About h a lf  the s l id e s  were s ta in ed , the r e s t  v/ere s to red  fo r  flu o rescen ce  

and o th e r  s tu d ie s .

M eidtic p re p a ra tio n s  were lo ca ted  using a phase c o n tra s t  2 (X16) 

lens and analysed using  X 100 o i l  immersion phase c o n tra s t p lsnapochrom atic 

le n s . Optovar 1.25 was used fo r  most of the  photography. P r in ts  were 

m agnified X 2,500.

Other Techniques Used.

M eredith*s Method. This technique (M eredith 1969) was te s te d  on case 

JT700346, in  a m odified form, w ith view to  use w ith sm all biopsy specimens.

A few tu b u les  were teased  in  1.12# sodium c i t r a t e  and l e f t  f o r  30 m inutes. 

They were then f ix e d  in  3 :1  e th a n o l :g la c ia l  a c e tic  acid  fo r  15 minutes 

and removed to a watch g la s s  con tain ing  a small q u a n tity  of 45/» a c e tic  

acid . The tu b u les  co n trac ted  and the con ten ts were ex p elled . The c e l l
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suspension was then  tra n s fe r re d  to  a s lid e  on a 60°C h o tp la te  a n d 'p ip e tte d  

u n t i l  evaporation  had occurred.

Other s ta in in g  Techniques Tested on A ir-D ried P repara tions,

Other techniques o r ig in a lly  used on sec tio n s  or squashes were attem pted , 

o ften  w ith  m od ifica tio n , f o r  a ir -d r ie d  p rep a ra tio n s. Of in te r e s t  inc luded : 

Carbol Fuchsin. Two techn iques, both  e s s e n tia l ly  from K linger and Ludwig 

(1957), th a t  of Carr and Walker (1961) and Robinson and Puck (1967) we re 

m odified to  produce the technique here . The s ta in in g  so lu tio n  was made 

as fo llow s: Stock so lu tio n  A was 3 .0  g of basic  fuchsin  in  100 ml of 

10% e th y l a lcoho l. Stock so lu tio n  B was 10 ml of A in  90 ml of 5% phenol 

in  d i s t i l l e d  w ater. Cerbol Puchsin so lu tio n  was 45 ml o f B, 6 ml g la c ia l  

a ce tic  a c id  and 6 ml formaldehyde.

The schedule was as fo llow s: ( i )  Absolute e thano l 3 min. ( i i )  Equal 

p a r ts  e th an o l and e th e r  10 sec . ( i i i )  A ir-d ry ing , ( iv )  70% e th an o l 3 min.

(v) D is t i l le d  w ater 3 min. (tw ice). (v i) Carbol Fuchsin so lu tio n  4- min .

(v i i )  Absolute e th y l-a lc o h o l 1 min. (tw ice). (v iii) .X y le n e  13 min .

(ix ) Mount DePeX.

Toluidine Blue. The schedule, from Ford p .c .  (1971) was as fo llo w s:

( i )  3 N HC1 2 min . ( i i )  30^ e th an o l, r in s e , ( i i i )  93% e th an o l,

r in se . ( iv )  3 :1  abso lu te  e th a n o l:g la c ia l  a c e tic  ac id , r in s e . (v) Dry 

over lamp. (v i) P lace fo u r sm all drops of Toluidine Blue s ta in  (G. T. Gurr) 

along s l id e ,  apply c o v e rs lip .

Feulgen. The Feulgen procedure from Gurr (1962) was used. Stages 1, 2 

and 11 were om itted and th e  periods o f hyd ro lysis  and s ta in in g  were v a ried  

from 30 sec .. to  10 min . and from 30 min .. to  1 h r. re s p e c tiv e ly . S o lu tion  A 

was ob ta ined  in  th re e  ways:



X, Using the  method of Gurr (1962).

2, Using the fo llow ing  method:

3g of b a s ic  fu ch s in  were d isso lved  in  600 ml of d i s t i l l e d  w ater 

a t  100°C. The f la s k  was cooled to  50°C and the so lu tio n  f i l t e r e d .  Sulphur 

dioxide was bubbled through, slowly, a t room tem perature, u n t i l  the  so lu tio n  

turned  red d ish . The f la s k  was stoppered and l e f t  overn igh t. The nex t 

day, Ig  o f a c tiv a te d  charcoal was added, the mixture a g ita te d  fo r  10 m in ., 

the so lu tio n  f i l t e r e d  end s to red , stoppered a t  4°C.

3. Feulgen S ta in  ob tained  from m anufacturers, G. T. Gurr Ltd.

Giemsa. Two methods were used:

1. The method of Yunis (1965). The s ta in in g  so lu tio n  was 10 ml of

Giemsa (G. T. Gurr) in  90 ml of d i s t i l l e d  w ater w ith  3 .5  ml 0.15 N HH OH4
(pH 7 .2 ) . The schedule was: S ta in  5 - 6  m in., dehydrate in  2 d ishes

of acetone , 1 d ish  of acetone : ■-§- x y lo l, and 1 d ish  of x y lo l. Mount

in  DePeX.

2. The schedule was as fo llow s. Rinse in  methanol and allow  to  dry. S ta in  

8 min. in  Giemsa, 1 p a r t  s ta in  : 4 p a r ts  phosphate b u ffe r  pH 6.8 ( f re s h ly  

made). Rinse in  tap  w ater. D iffe re n tia te  in  phosphate b u ffe r  -g- -  1 min. 

Dry, then  p lace  in  acetone, then -g- acetone : -g- x y lo l, r in se  in  x y lo l and 

mount in  DePeX.

M eiotic A nalysis

In  those p a t ie n ts  w ith m eiosis, c e l l s  a t eJ.1 s tages were examined 

in  g re a t d e ta i l .  R elative  frequency of c e l l s  a t  sperm atogonia! m etaphase, 

d ia k in e s is  and metaphase I I  and numbers of c e l ls  in  a s ta te  of degeneration  

(measured as a percentage in  re la t io n  to  t o t a l  metaphase c e l l s )  were 

scored, fo r  evidence of "m aturation a r re s t"  of m eiosis.



31

D iakinesis  A nalysis.

Only the ve ry  b est c e l l s  in  m id-di shine s is  and w ith  chromosomes w ell 

spread were chosen fo r  d e ta i le d  a n a ly s is . The t o t a l  number of chromosome 

bodies was noted and a lso  the s ta te  of the X and Y, ad jacen t (XI) o r 

separa te  as u n iv a len ts  (X /l) . Using a t  l e a s t  8 c e l l s ,  f ig u re s  fo r  the mean 

chiasma count p e r c e l l  in  the autosomes and also  p ropo rtion  o f c e l l s  w ith  

the X and I  se p a ra te , were obtained . This was also  done in  " c o n tro l11 

m a te ria l fo r  60 c e l l s  a t a stage s l ig h t ly  e a r l i e r  than the one used fo r  

d e ta i le d  a n a ly s is  and fo r  60 c e l l s  a t  a l a t e r ,  more co n trac ted  s tag e . This 

inform ation  was used to a sse ss  the e f fe c t  of stage of d ia k in e s is  on chiasma

count and con junction  of the X and Y chromosomes. Each b iv a le n t co n fig u ra tio n

w as'assessed  as having the minimum number of chiasm ata necessary  fo r  

form ation o f such a co n fig u ra tio n  (Huskins and Hearne 1936). Any asymmetry, .. 

abnormal p a ir in g  o r in te r lo c k in g , e tc . were a lso  no ted . Chiasma counts 

were p lo t te d  in  a histogram  fo r  each in d iv id u a l, to  show the c e l l  po p u la tio n  

s tru c tu re . Graphs were p lo tte d  using mean f ig u re s  from those cases w ith  

a s u f f ic ie n t  number of d ia k in e s is  c e l l s  of su ita b le  q u a li ty . Graphs were:

1. Mean chiasma count p e r c e l l  p lo tte d  w ith age.

2. Percentage o f c e l l s  w ith  separated  X /l p lo t te d  w ith age.

3. Percentage of c e l l s  w ith  separa ted  X /l p lo tte d  w ith  mean chiasma count

p er c e l l .

In  /+0 in d iv id u a ls  th a t  showed a t l e a s t  one X/Y sep ara te  c e l l ,  the 

mean chiasma count p e r c e l l  was ca lcu la ted  fo r  those spreads where the 

X and Y were sep ara te  and compared w ith the mean f o r  those where they 

were a ttach ed . I t  was noted whether the mean was h igher o r lower in  the 

form er compared w ith  the l a t t e r .

Chiasrnata per B iva len t.

At l e a s t  3 d ia k in e s is  c e l l s  from each case were photographed and karyo­

typed. F igures f o r  mean chiasma count in  each b iv a le n t were ob tained . In those 

p a t ie n ts  w ith major absence of germ c e l l s  or severe  m aturation  a r r e s t ,  5 c e l l s



of su ita b le  q u a li ty  were fre q u e n tly  no t av a ilab le . F igures from these  

cases were n o t used in  an a ly s is  fo r  f e a r  of even more b ias  w ith few 

numbers.

F igures ob tained  were meaningful only i f  id e n tity  o f each b iv a le n t 

was a ccu ra te . Karyotyping was performed using e s s e n t ia l ly  the  same c r i t e r i a  

as fo r  m ito tic  a n a ly s is : r e la t iv e  s iz e , p o s itio n  of centromere and 

secondary c o n s tr ic t io n s . Centromere reg ions were shown as double 

heteropycno tic  bodies in  each homologue and secondary c o n s tr ic t io n s  as 

d is c o n t in u i t ie s ,  u su a lly  more exaggerated than a t  m ito tic  metaphase. 

Centromere p o s it io n s  were not obvious in  every d ia k in e s is  spread. Only 

those in fo rm ative  in  th i s  way were used. S im ila rly , every b iv a le n t d id  

not -always show them, but by e lim in a tio n  and use of c r i t e r i a  such as 

asymmetry caused by polymorphism and v a r ia tio n  in  depth of h e te ropycnosis , 

id e n t i f ic a t io n  was p o ss ib le . Number and p o s itio n  of chiasm ata were no t 

used in  karyotyping . A part from allowing fo r  apparent in c rease  in  b iv a le n t 

len g th  w ith in c rease  in  number and allow ing fo r  i l lu s io n  a f fe c t in g  s ize  

according to  p o s it io n , chiasm ata were la rg e ly  ignored in  karyotyping .

T ran slo ca tio n  cases received  sp ec ia l a t te n tio n  w ith  re sp e c t to  

d ia k in e s is . The q u ad riv a len t was id e n t i f ie d  by karyotyping th e  b iv a le n ts . 

Close sc ru tin y  o f the  q u ad riv a len t was needed in  o rd er to  a s c e r ta in  from 

which chromosome,m aterial was dem onstrating chiasm ata. This could u su a lly  

be perform ed by examining the asymmetry. Mean chiasm ata f ig u re s  fo r  both  

tra n s lo c a tio n  chromosomes could then be given.

O ccasionally , p o ss ib le  q u ad riv a len t co n fig u ra tio n s  were observed 

in  p a t ie n ts  not suspected  of carry ing  tra n s lo c a tio n s . These c e l l s  were 

karyotyped and the  chromosomes involved id e n t i f ie d  and compared w ith  o th e r  

c e l l s  from the p a t ie n t .  I f  no more were seen invo lv ing  those p a r t ic u la r  

chromosomes, a b u ttin g  was assumed. For those p a tie n ts  where adequate 

f ig u re s  fo r  number of chiasm ata p e r b iv a le n t were ob ta ined , graphs were 

p lo tte d  o f chiasm ata per b iv a le n t w ith  s iz e  of chromosome, taken from
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m ito tic  chromosome len g th  estim ated  by Ferguson-Smith e t  a l .  (1962).

For p a t ie n t  HK710139 the f ig u re s  fo r  chromosome leng th  from G ilb e rt and 

Muldal (1971) were a lso  used to compare values.

A nalysis a t  O ther S tages.

Counts were a lso  made fo r  chromosome number on good q u a lity  

sperm atogonia! metaphase, pachytene and second metaphase spreads.

Karyotyping was performed on a t  l e a s t  two c e l ls  a t  each s tag e .

In the case of p a tie n ts  w ith heteromorphism of secondary c o n s tr ic t io n  

reg io n s , metaphase I I  co n fig u ra tio n s  were scored fo r  evidence of c ro ss in g - 

over between the. secondary c o n s tr ic tio n  reg ion  and the centrom ere, i . e .

LL LS and SS, lo n g /lo n g , lo n g /sh o rt and sh o r t/sh o r t long arms re sp e c tiv e ly .

S t a t i s t i c a l  T ests  Used. (P ro b a b ility  f ig u re s  were obtained from F ish er and 

Yates 1948).

Chi-Square Method: n

Two-sample t  -  t e s t :

O bservations xm

t x -  y

Test again t  w ith  m + n -  2 degrees of freedom, 

One-sample t  -  t e s t :

where

Test again t  w ith n -  1 degrees of freedom
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Sign T est:

I f  r  negative  out o f n

then r  -  n/2  should be standard  normal.

) d  -  f )n

i . e .  i f  > 1 .9 6  o r < -1 .9 6 , s ig n if ic a n t  a t  5%» 

Standard D eviation:

O bservations X-.. . . . . .  x 1* ’ n
£ x±Mean x  = n

£  (x±2) -  n x
V ariance = n -  1 (n fo r  n over 30)

S.D. = v/Variance

C o rre la tio n  C o effic ien t:

The product-moment c o rre la tio n  c o e f f ic ie n t of a s e t of b iv a r ia te  

da ta  I  (X±Y±) 1 = !> )  c a lcu la ted  as

£  xy -  n x y 

J i t  x2 -  n x2 ) { f  y2 -  n y2)

For th ree  v a r ia b le s  x , y and % the p a r t i a l  c o r re la tio n  c o e f f ic ie n t  

of x and y (fo r  co n stan t $  c a lc u la te d  as:

W  » =  ^  ~ Y *  ^

Jd-y^ni  -Yy\ )
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MEIOSIS OTHER THAN IN THE HUMAN MALE.

A nalysis was as a lready  described  fo r  the human male and included 

the karyotyping  o f sperm atogonial metaphase, d ia k in e s is  and metaphase I I .

Mai ft Locust

Techniques "C" and "Fu were used. P reparations were s ta in ed  in  

2% o rce in  in  60$ a c e tic  ac id  f o r  4- min • Chromosome le n g th  was estim ated  

from (a) a photograph o f a c e l l  a t  d ia k in e s is  end (b) from one a t 

metaphase I I .

Male Syrian Hamster

Tw o-thirds o f a t e s t i s  were used fo r  technique "C" and th e  rem ainder 

fo r  techn ique ”F". P rep ara tio n s  were made as fo r  the human male. Chromosome 

le n g th  was estim ated  from a photograph of a c e l l  a t  d ia k in e s is .

Male Mouse

One t e s t i s  was used fo r  technique "C" and the o th e r fo r  technique "F" 

in  mice (a) to  (e ) . In (a) chromosome len g th  was estim ated  from a photograph 

of a c e l l  a t  d ia k in e s is .

In  mice (f)  and (g) a ffe c ted  and unaffected  w ith  muscular dystrophy, 

technique "C" p re p a ra tio n s  only were made, using one gonad from each 

anim al, a t  the same time and under the same co n d itio n s . Carcasses (w ithout 

eyes o r gonads) were weighed. S lides were analysed "b lin d ”. A ll s tag es  

of m eio tic  d iv is io n  were analysed. At d ia k in e s is , a l l  s tag es  from e a r ly  

to  l a t e  were examined to  e lim inate  some su b jec tiv e  e r ro r .  Number of 

chromosome bodies and to t a l  chiasm ata were counted.

The sex chromosomes were scored "XI"- pa ired  norm ally; "X/l" -  

separa ted  as u n iv a le n ts ; "X I "  -  separa ted  but connected by a th read  

(or th re a d s) over a d is ta n ce , or sometimes appearing a lig n ed , p o in tin g  

towards one ano ther; and UXY gap" -  the le s s  severe cond ition  of the p revious 

s ta te .



5. RESULTS

5.1 HUMAN MALE

LEUCOCYTE MITOTIC METAPHASE.

M ito tic  a n a ly s is  was p o ssib le  in  every one of 79 cases where leucocy te  

cu ltu re  was a ttem pted . However, fo r  p a t ie n t  IT690271, only 10 c e l l s  

su ita b le  fo r  a n a ly s is  were found. This might th e re fo re  be considered 

a f a i lu r e  fo r  th e  2 0 -c e ll  survey. R esults are shown in  Tables 1 and 2 

and, in  d e t a i l ,  in  the Appendix.

C erta in  im pressions were ob tained  during the course of the study.

These inc luded : th a t  th e re  was no d e tec tab le  e f fe c t  of a n ae s th e tic  on 

q u a lity  o r q u a n tity  of metaphases obtained; metaphases were improved in  

number by stand ing  the c u ltu re s  overn igh t a t  4°C; and le s s  c o n trac tio n  

of chromosome arms occurred a f te r  using 0.20ml of 80ug/ml Colcemid compared 

w ith 0 .25 ml, as in  Moorhead e t  a l .  (i960).

Hyoodroloidv

Ignoring  counts from ’’confirmed" mosaic cases (those w ith  more than 

one c e l l  w ith  the same chromosomes "ex tra" o r "m issing") and a lso  th o se  

with abnormal complements, random lo s s  of chromosomes was found to be 

0.28% (202 chromosomes l o s t  from 1,571 c e lls  of which 393 were karyotyped). 

Table 3 and F igure 2 show th a t  lo s s  was according to  chromosome s iz e .

H.vnerdiploidv

Only 1 c e l l  ou t of 1,571 showed evidence of hyperd ip lo idy  which 

could n o t be a t t r ib u te d  to  mosaicism or fragm entation . The c e l l  c a r r ie d  

an e x tra  B grouo chromosome co n trac ted  to the same degree as the rem ainder 

of the  karyotype.

Some d is t in c t iv e  examples from 79 cases are shown in  Table J-he



Table 1. M ito tic  r e s u l t s  from the  I n f e r t i l e  Survey.
Of 66 cases 10 had abnormal while 56 had normal 
chromosome complements.

TOTAL
NUMBER ABNORMALITY GAoiii

3 47,XXY K l in e f e l te r 1s syndrome AM680160
MF6S0208
KMK710321

1 46,XY/47,-XXY mosaic "confirmed11 BC690104

1 46 , XX male AP690095

1 46,XYq-
(The sm all m etacen tric  was thought to  be a Y 
since i t  did no t ta le  p a r t  in  " s a te l l i t e  
a sso c ia tio n "  and was u su a lly  p o sitioned  a t 
the periphery  of the spread. The Y of a 
b ro th e r was norm al).

WC680183 

(P la te  9a and b)

4 45^ 0/ 4.6 , XY mosaics "confirmed" PIC690328
DG690405
SML700425
LC710097

"Unconfirmed" mosaicism

4 4 5 ,2 0 /4 6 ,XX GS690074
JF69016S
TB700653
JW700429
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Table 2. M ito tic  r e s u l t s  from m a te ria l o th e r than i n f e r t i l e  cases.
Of 13 cases , 1 had abnormal, while 12 had normal chromosome 
complements.

TOTAL
NUMBER ABNORMALITY CASE

1 4.7,XXY K lin e f e l te r 1 s syndrome DK70Q082 
(P la te  6a)

"Unconfirmed" Mosaicism

1 4 6 ,XY/47,XXY CONTROL CMC 7C0362

1 46 , XY w ith  p o ssib ly  3 populations of Y,
6 sm all, 8 medium and 6 la rg e  CONTROL

JT7-Q0346

1 45,X0/46,XY CONTROL WMD700011

Table 3. M ito tic  H ypodiploidy,

CHROMOSOME
GROUP

NO. OF 
CHROMOSOMES 
IN GROUP (x)

NO. OF "MISSING" 
CHROMOSOMES 

IN EACH GROUP (y)

LOSS
RATIO
(y/x)

A 6 8 1.33
B U 5 1.25
C 15 53 3.53
D 6 25 4.17
E 6 30 5.00

F U 25 6.25

G 5 56 11.20
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length for each, group (calculated f r a  figures given fegr 
Fergus©a-Sadth a t a l. 1962),



Table 4. Polymorphisms (79 individuals).

TOTAL
NUMBER

POLYMORPHISM GENERAL INFORMATION

1 5 Dp+ Proximal sho rt arms, s a t e l l i t e s ,  o r tandem 

s a t e l l i t e s ,  caused, e longation  in  d if f e r e n t  
in s tan ces .

1 2 Gp+ ' Elongation was due to  sh o rt arms or 

s a t e l l i t e s .

4 S a te l l i t e d  1 7 * s

7 Yq+ V arian ts  only reaching to  the  s iz e  of the 
E group chromosomes were recorded

2 Yq-

1 3 Prominent
p a ra c e n tr ic

c o n s tr ic t io n

reg ions

1  involved chromosome 1  

1 0  " 11 9  

1  « » 1 1  

1  » » 1 6



most extreme polymorphisms were drawn from the co n tro l p o p u la tio n ,fo r  

example, c o n tro l case CMC700362 had heteromorphic chromosomes 9 (P la te  10a)

Anomalies

Some anom alies found during  a 2 0 -c e ll  survey are shown in  Table 5 .

TESTIS CELL PREPARATIONS.

A ir-d rie d  p re p a ra tio n s  included germ c e l l s  in  the v a rio u s  stages 

of m eio sis , c e l l s  undergoing the p re -m eio tic  “m ito t ic 1* d iv is io n s , and 

somatic c e l l s ,  in c lu d in g  S e r to l i  c e l l s ,  Leydig c e l l s ,  f ib r o b la s ts  and 

white blood c e l l s .

The g e n e ra lly  accepted ru le  th a t  the le n g th  of time spen t a t  a 

p a r t ic u la r  stage  i s  r e f le c te d  in  r e la t iv e  frequency in  a i r  d r ie d  p re p a ra t ic  

needs re a sse s s in g  in  the l i g h t  of the p a r t ic u la r  technique used. For 

example, technique UM‘* (page 47) h a rv ests  many c e l l s  in  pachytene and 

prophase s tag e s  bu t only perhaps th re e  c e l l s  in  d ia k in e s is , p e r s l id e . 

C erta in  s tag es  a re  more s e n s it iv e  to technique than o th e rs  and are 

presumably ly sed  and l o s t  to  the supernatan t.

M ateria l

H is to lo g ic a l s e c tio n s , from each of the b io p sie s  a lso  used to  make 

a i r - d r ie d  p re p a ra tio n s , dem onstrated an enormous v a r ia t io n  in  the q u a li ty  

of m a te r ia l av a ilab le  fo r  study. Table 7 shows the c la s s i f i c a t io n  o f  th i s  

m a te r ia l. Most of the  b e s t  a i r -d r ie d  m eio tic  p re p a ra tio n s  were ob ta ined  

from gonads found to  have normal m eiosis. A lew d ev ia tio n s  from th is  

ru le  were found:

!•  Gonads w ith  normal sperm atogenesis, which a lso  had the tubu les 

occluded by c e l l s  in  d iv is io n  ( fo r  example P la te  4b ), gave fewer s u ita b le  

metaphase p re o a ra tio n s  than  gonads w ith  normal sperm atogenesis and tu b u les  

w ith an open lumen ( fo r  example P la te  la ) .



Table 5. M ito tic  anom alies found in  a 2 0 -c e ll survey (79 cases),

No. o f 
CiiiLLS A N O M A L Y

3 Q u ad rirad ia ls  (P la te  11a)

5 MEndom itotic R eduplication11 f ig u re s

3 C olchicine Anaphases

2 C ell T ran slo ca tio n s  -  a t (17,17) and a t(Dq-4q+)

1 D eleted D

2 D ic en tr ic s  (P la te  l ib )

2 Ring G 's

5 C ells  w ith  c h a r a c te r is t ic s  of v i r a l  sh a tte r in g

10 C ells  w ith fragm ents (P la te  l ib )

23 Breaks, both chromatid and isochrom atid.

11 Small, a ttach ed  bodies, p a ired  o r s in g le

3 A crocen tric  s a t e l l i t e  anom alies, fo r  example: 
s a t e l l i t e  p re sen t but sh o rt arm m a te ria l 

absen t
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Table 7. H isto log ica l c la ss if ic a t io n  of m ateria l,

NUMBER CATEGORY DESCRIPTION

31

.

"Normals” This category  inc lu d es  d e fe c ts  th a t  

may be found in  any gonad of 

proved f e r t i l i t y ,  and allow s fo r  

. up to  10/& " in f e r t i l e "  tu b u le s . 

(P la te s  1 and 4b)

16 Absence o f 

germ c e l l s

Germ c e l l s  are com oletelv absen t. 

(P la te s  2, 6b and 8 )
—  --------

10 Major absence 

o f germ c e l l s

Over 90fo o f tu b u les  have no germ c e l l s .  

(P la te  7)

7 . P a r t i a l  absence 
of germ c e l l s

Between 10% and80$ of tu b u le s  have 

a c tiv e  sperm atogenesis.

13 "M aturation

A rre s ts"

Stem c e l l s  are p re sen t and a breakdown 
of sperm atogenesis occu rs, ap p aren tly  

a t  c e r ta in  le v e ls  (P la te  3)

8 M aturation  

A rre s t w ith  
p a r t i a l  absence 

o f germ c e l l s .

(P la te  4a)



2 . O lder gonads ( fo r  example P la te  da) gave fewer s tag es  a t  d ia k in e s is  

and metaphase I I ,  and more s tag es  a t  sperm atogonisl metaphase and a t . th e  

ea r ly  prophase s ta g e s  of f i r s t  m e io sis , by comparison w ith  gonads from 

younger men.

3 . There appears to  be an optimum size  of sample used in  each techn ique. 

Taking in to  account the  f a c t  th a t  sm aller b io p s ie s  tended to  be taken

from sm a lle r  gonads (which are a lso  l ik e ly  to  have abnormal sperm atogenesis) 

the f ix a t io n  of th e  c e l l s  tended to  be poor. Yet where the whole gonad 

was a v a ila b le ,  the  use of e x tra  m a te ria l f o r  each technique f re q u e n tly  

r e s u lte d  in  a s im ila r  lo s s  of q u a li ty . C ell d en sity  in  the l a t e r  s tag es  

of p ro cess in g  was n o t c r i t i c a l  because d i lu t io n  or co n cen tra tio n  p r io r  to  

s l id e  p re p a ra t io n  a l te r e d  c e l l  d e n s ity , bu t not the q u a li ty  of f ix a t io n .

Technique HGn (page 46) was found r e l ia b le  and s a t i s f a c to ry  as a g en era l 

techn ique f o r  a l l  s tag es  of m eiosis. I t  was the  b e s t technique fo r  

p re se rv a tio n  of c e l l s  in  d ia k in e s is .

Technique (page 47) was no t so r e l ia b le .  When f ix a t io n  was good, 

f in e  chromosome d e t a i l  could  be observed, although w ithou t the  hypotonic 

p re tre a tm en t, sp read ing  was poor.

Technique ”M,! (page 47 ) was p a r t ic u la r ly  convenient since i t  needed l i t t l e  

immediate a t te n t io n .  E x ce llen t r e s u l t s  were achieved w ith c e l l s  in  the 

e a r ly  proohase s tag es  of f i r s t  m eiosis. Chromosomes were w e ll enough 

spread f o r  pachytene karyotyping  to  be perform ed.

S ta in in g .

P rep a ra tio n s  s ta in e d  and perm anently mounted im m ediately, were 

su p e rio r  to  those  made using  s l id e s  th a t  had been s to re d .



A ceto-C rcein was found s a t i s ia c to r y  e sp e c ia lly  when s ta in in g  was b r ie f  

and p h a se -c o n tra s t employed in  observation . The s lid e s  d id  no t fade during 

a period, of 3 y e a rs . The q u a lity  o f s ta in  obtained from the m anufacturer 

was u n re lia b le ;  c a re fu l  te s t in g  before use was e s s e n t ia l .  Carbol Fuchsin 

was good f o r  a l l  s tag es  of m eiosis, although s ta in in g  was not in ten se  

and p h a se -c o n tra s t was o ccas io n a lly  needed. Centromere reg ions were no 

more d i s t i n c t  than when l i g h t  orcein  s ta in in g  and p h ase -co n tra s t were 

employed. Carbol Fuchsin had the  se rio u s  disadvantage th a t  fad ing  occurred 

a f te r  3 to  4 days.

T olu id ine Blue was adequate fo r  both m ito tic  and m eio tic  p re p a ra tio n s , 

but the  h y d ro ly s is  s tep  tended to  detach the c e l l s  from the s l id e ,

Feulgen p rocessing  a lso  tended to  detach  the c e l l s .  The techn ique, 

using the d i f f e r e n t  methods o f ob ta in ing  so lu tio n  "A", was n o t su ccessfu l 

in  s ta in in g  a i r - d r ie d  chromosome p rep a ra tio n s . C ontrol s l id e s , buccal 

smears from a female w ith  normal chromosomes, showed good s ta in in g  o f  the  

sex chrom atin in  each case . E ight minutes hyd ro lysis  and one hour in  

so lu tio n  MAn was s a t is fa c to ry  fo r  sex chromatin.

Giemsa s ta in in g  was su ccessfu l fo r  m ito tic  and m eio tic  p re p a ra tio n s , 

but centrom ere reg io n s  a t  d ia k in e s is  were again not shown any more d i s t i n c t ly  

than when l i g h t  o rc e in  s ta in in g  and p h ase -co n tra s t were employed.

I n te rp r e ta t io n  o f the  Stages of M eiosis

The c e l l s  a t  sperm atogonial metaphase d ia k in e s is  and metaphase I I  

were d i s t in c t iv e .  The prophase s tages o f a l l  d iv is io n s  were le s s  so.

The only  c lues to  id e n t i f ic a t io n  were c e l l  s ize  and th e  number of 

h e teropycno tic  elem ents.

Allowing fo r  some e r ro r  in  in te r p r e ta t io n ,  the sequence of spermato­

genesis  i s  i l l u s t r a t e d  by P la te s  13 to  60. Stages th a t  could be m utually  

confused are not in c lu d ed .



In  each c e l l ,  only chromosome m a te ria l was s ta in ed  to any degree. 

N ucleoli were v e ry  l i g h t ly  s ta in ed  but most o f these were destroyed by 

the hypotonic p re - tre a tm e n t.

Spermatogonial C ell D iv ision

In te rp h ase  sperm atogonia could not be subclassed. They were round, 

had g ra n u la r  chrom atin, no prominent n u c le o li and were la rg e r  than Leydig 

and S e r to l i  c e l l s .  At prophase, the d ip lo id  number of chromosomes condense

At m etaphase, c o il in g  of the chromosomes was u su a lly  ev id en t (P la te  1 

This can be observed, although ra re ly ,  a t  m ito tic  metaphase and cannot 

be considered  c h a r a c te r i s t ic  fo r  somatic c e l l s .  O ccasionally , m eio tic  

metaphases which resem bled those of somatic c e l ls  were observed. There 

was no c o il in g  and chrom atids were d i s t in c t  (P la te  12b). These metaphases 

could have been e i th e r  sperm atogonial or som atic. The f a c t  th a t  they  were 

found in  t e s t i s  c e l l  p rep a ra tio n s  (P la te  12a) w ith  a complete absence of 

germ c e l l s  (shown by h is to lo g ic a l  sec tio n ) s tro n g ly  suggests they a re  

a c tu a lly  som atic. No m ito tic  in h ib i to r  was used to  "harvest"  the meta­

phases and so th e  r a r i t y  of th is  stage i s  explained .

C o iling  fre q u e n tly  obscured the centromere p o s itio n , so karyotyping 

was more d i f f i c u l t  than when using leucocyte  metaphases (P la te  14). 

P a ra c e n tr ic  c o n s tr ic t io n  reg ions were, however, more prom inent. They 

did n o t c o n tra c t as much as the r e s t  of the  chromosome and were the most 

exaggerated in  c e l l s  showing maximal chromosome c o n tra c tio n . The len g th  

of th e  secondary c o n s tr ic t io n  re f le c te d  the degree of polymorphism shown 

by m ito t ic  karyotypes (P la te s  15 and 16). Very co n trac ted  sperm atogonial 

m etaphases were n o t used when chromosomes were counted fo r  evidence of 

n o n d is ju n c tio n . This was because the c o n s tr ic t io n  reg ions tended to  s ta in  

poorly . There was no f e a r  of erroneously  counting c e l l s  as hyperd ip lo id  

in  the l e s s  co n trac ted  sp reads, e sp e c ia lly  wnen using phase con tra .st.

There was no evidence of nond isjunc tion  in  any o f the spermamogonial



metaphase counoed o r karyotyped, lhe exact number of c e l l s  analysed 

a t sperm atogonial m etaphase i s  no t a v a ila b le , but i t  was a t  l e a s t  450.

A few spreads were hypod ip lo ia , but the c e l l s  were "broken". I t  was 

d i f f i c u l t  to  e s ta b l is h  whether any rearrangem ents were p re sen t because 

of the c o il in g  which obscured the centromere p o s itio n . None was suggested.

The sex chromosomes could be id e n t i f ie d  by th e i r  len g th s  and arm 

ra t io s  and a lso  by the f a c t  th a t  they were more compactly co iled  than 

autosomes. This o fte n  gave the i l lu s io n  of th e i r  being s l ig h t ly  more 

h e te ropycno tic .

P re-m eio tic  P a ir in g  of Homologous Chromosomes.

Evidence o f p re -m e io tic  p a ir in g  in  the prophase or metaphase s tag es  

of sperm atogonial c e l l  d iv is io n  was ra re . There were only f iv e  sp reads, 

where homologous " a f f in i ty "  was in  any way convincing (fo r  example P la te  17) 

S t a t i s t i c a l  t e s t s  were no t performed. Spermatogonial anaphase was never see

Proohase of F i r s t  h e io s is  

Leptotene and Zygotene.

The d ip lo id  number o f elem ents appeared in  le p to te n e . This prophase 

could be d is tin g u ish e d  from th a t  a t  the e a r ly  prophase 01 sperm atogonial 

d iv is io n  because the homologues, as they condensed, p a ired  from telom eres 

s i tu a te d  to  one s ide  g iv ing  a ty p ic a l bouquet co n fig u ra tio n  (P la te s  18 

and 19). P a ir in g  in  p ro g ress  was observed in  only 32 spreads in  the  whole 

in v e s t ig a t io n , bu t i t  was c le a r ly  shown to commence from bo th  telom eres 

(P la te  19a ) .  Centromere reg ions were only s l ig h t ly  more he teropycno tic  

so chromosome id e n t i f ic a t io n  was d i f f i c u l t  a t th is  s tag e . Centromeres 

were no t involved in  the i n i t i a t i o n  of p a ir in g . The sex chromosomes 

could n o t be id e n t i f ie d  end th e re  was nothing which resem bled the sex 

v e s ic le  as seen a t  pachytene. Towards the end of p a ir in g  the  chromosomes 

were condensed and th e i r  chromomeric na tu re  m anifest.



Pachytene.

By th i s  s ta g e , the bouquet co n fig u ra tio n s  had la rg e ly  d isappeared.

A r e l ic  o c c a s io n a lly  remained in  in d iv id u a l b iv a len ts  (P la te  22a). 

Chromomeres were p re se n t along each chromosome. Homologous chromomeres 

u su ally  (b u t n o t always) matched (P la te  20a).

In  e a r ly  pachytene i t  was d i f f i c u l t  to  id e n tify  the centromere 

region as i t  had the appearance of another la rg e  chromomere. N ucleoli 

were prom inent and a c ro c e n tr ic  chromosomes were freq u e n tly  a sso c ia ted  

with them (P la te  28).

Centrom eric chromomeres of a l l  f iv e  ac ro cen tric  chromosomes (13, 14, 

15, 21 and 22) were o ccas io n a lly  in  a sso c ia tio n  (P la te  27). These a lso  

a sso c ia te d  f i r s t l y  w ith  the  sex v e s ic le  (P la te  22a) and secondly w ith 

p a r ts  of chromosomes thought to  correspond to  secondary c o n s tr ic t io n s  

(Table 8) .  The behaviour of the a c ro c e n tric s  made them easy to id e n tify .

Table 8 . Pachytene a sso c ia tio n s  observed in  4-6 c e l l s  from JMA7O0635,

ACROCENTRICS 
WITH SEX 
VESICLE

PARACENTRIC 
REGION OF 9 WITH 
ACROCENTRICS

PARACENTRIC 
REGION OF 9 
WITH SEX 
VESICLE

OTHER
ASSOCIATIONS

NUKBERS OF 
ASSOCIATIONS 32 5 6 15

PERCENTAGES 55 9 10 26

The sex v e s ic le  was u su a lly  pear-shaped and any a sso c ia tio n  was by the  

" th in n e r end" (P la te  26b). W ithin the v e s ic le  the sex chromosomes could 

sometimes be seen loooed back on them selves (P la te s  32a and 37). This 

im p lies  th a t  the a sso c ia tio n  occurred where one telom ere from each sex 

chromosome abu tted  a t  the v e s ic u la r  envelope. O ccasionally , m a te ria l which 

s ta in ed  l ik e  the n u c le o l i  was seen around the sex v e s ic le ,  even when o th e r



chromosomes were n o t ap p aren tly  v e s ic le -a sso c ia te d .

Tiny n u c le o l i  (P la te  28 a and c) as w ell as la rg e r  ones (P la te  31) 

were sometimes p re se n t a t  te lom eres. Telomeric p a r t ic ip a t io n  in  pachytene 

a sso c ia tio n s  i s  freq u e n t e sp e c ia lly  in  r e la t io n  to  the  sex v e s ic le  (P la te  

22a, 26a and 28b). The long-arm  telom ere of an a c ro c e n tr ic , a lread y  

a sso c ia ted  cen tro m erica lly  w ith a n u c leo lu s, may bend round to  give 

a second a s s o c ia tio n  w ith  the same nuc leo lu s. H eteropycnotic bodies 

ap p aren tly  a tta ch e d  to  b iv a le n ts  were sometimes seen w ith in  n u c le o li 

(P late  30 ).

At every  s tag e  of m eiosis, c e l l s  could be observed c lo se r  to g e th e r 

than would be expected considering  the  method of p re p a ra tio n . Pachytene 

was no ex cep tio n . Telomeres of pachytene b iv a le n ts  were fre q u e n tly  

o r ie n ta te d  towards a sm aller nucleus w ith g ran u la r chrom atin (P la te  33).

Very few anom alies of pachytene p a ir in g  were observed. There was 

no "loop ing  ou t"  in  one homologue to  in d ic a te  a d e fic ien cy , d u p lic a tio n  

o r in v e rs io n . O ccasionally  th e re  was f a i lu r e  of p a ir in g  (P la te s  34- and 

35) ,  as when a f u l l y  p a ire d  b iv a le n t separa ted  two otherw ise p a ired  

homologous chromosomes (P la te s  23b and 36).

By l a t e r  pachytene, the chromosomes were more d if fu s e , leav in g  the 

centrom ere-reg ion  h e tero p y cn o tic . At th is  stage id e n t i f ic a t io n  and karyo­

typ ing  of b iv a le n ts  became p o ssib le  (P la te s  22a, 24- and 25) • H eteropycnotic 

bodies a t  centrom ere reg ions of d i f f e r e n t  chromosomes were n o t a l l  cf the 

same s iz e  (F igure 3 ) ,  but appeared c h a r a c te r is t ic  w ith in  any one person 

as th e  v a r ia t io n  between c e l l s  from the same in d iv id u a l was sm all.

Chromosome Nine .

One very  d is t in c t iv e  co n fig u ra tio n  became even more apparen t a s  tne 

chromosomes re lax ed . This was a c lu s te r  of he teropycno tic  cliromomeres 

each about 0 .5  urn in  d iam eter (P la te  21b), p a ra c e n tr ic  to  a b iv a le n t
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(P late  21a) which karyotyping  has shown to  be a C and probably a 9 

(P la tes  22a and 25). The c lu s te r ,  freq u e n tly  "showered" to  one side,, 

was observed in  every  in d iv id u a l w ith  m eiosis. The degree of showering 

depended la rg e ly  on the  p re -tre a tm e n t, f ix a t io n  and the stage of pachytene.

In JB690075 and CMC700362 th e re  was an a d d itio n a l c o r re la tio n  between 

an extreme heteromorphism of m ito tic  n ines and the s ize  of a bulge below 

the centrom ere reg ion  of th is  b iv a le n t a t pachytene (P la te  21a). Such 

chromomeres were o f te n  in  p a ir s  and packets of fo u r snd o ccas io n a lly  

in te rv en ed  in  reg io n s  o f d is lo c a tio n  where the b iv a le n t was s tre tc h e d  

across the c e l l ,  w ith  the  long arms separated  from the sh o rt arms and 

the centrom ere (P la te  21a). Four tenuous s tran d s from the chromomeres 

appeared to  b ridge the gap.

The centrom ere and ad jacen t reg ion  behaved l ik e  th a t  o f the a c ro c e n tr ic , 

chromosomes: i t  a sso c ia te d  (a) w ith  the sex v e s ic le  (P la te  29b) as 

f re q u e n tly  as d id  any one a c ro ce n tric  (Table 8 ) , (b) w ith  secondary 

c o n s tr ic t io n  reg ions of o th e r  chromosomes, such as the p a ra c e n tr ic  con­

s t r i c t i o n  reg ion  of chromosome 16 (P la te  23); and (c) w ith (P la te  27b), 

or showered through (P la te  29a), n u c le o li.

Chromosome 16.

HK710139 had extrem ely heterom orphic chromosomes 16 in  m ito tic  

metaphases (P la te  106). In  m eiosis, pachytene p a ir in g  was norm al. Karyo­

typ ing  dem onstrated an unusually  la rg e  centrom eric heterocnrom atin  mass 

in  b iv a le n t 16 (P la te s  22 and 23). I t s  s ize  in  o th e r in d iv id u a ls  v a rie d  

and was c o rre la te d  w ith  the degree of heteromorphism of m ito tic  16*s (compare 

P la te s  22, 21 and 25). The p a ra c e n tr ic  reg ion  never "showered" as d id  

th a t  o f  chromosome 9.



D iffuse Stage.

B iv a len ts  became even more d if fu se , excepting the centromere reg ions, 

the p a ra c e n tr ic  chromomeres of number nine and the sex v e s ic le . These 

remained deeply  h e te ropycno tic  through most of the d iffu se  stage (P la te  38).

In autosomal b iv a le n ts  the centromere regions became c le a r ly  double (P la te  39)* 

then moved a p a r t by v a rio u s  sm all d is tan ces .

The X and Y chromosomes p a ired  a t a s ing le  term inal reg ion . The 

b iv a le n t a t  d i f f e r e n t  s tag es  showed a t r a n s i t io n  from being t ig h t ly  looped 

w ith in  the sex v e s ic le  to  being f u l ly  extended, oex chromosome centromere 

reg ions were r e la t iv e ly  more heteropycnotic  and the sh o rt arms appeared 

to l i e  ad jacen t.
✓

N ucleo li had la rg e ly  disappeared by th is  stage.

D ip lo tene .

Chromosomes recondensed (P la te  40b). The centromere reg ions of 

each homologue were observed as double heteropycnotic  bodies while secondary 

c o n s tr ic t io n  reg ions were pale (R a te  41b). In the d if fu se  s tag e , homologues 

had moved a p a r t, except a t  chiasm ata.

The d ip lo ten e  stage  was le s s  freq u en tly  observed in  man (hence was 

of sh o r te r  d u ra tio n ) than in  the lo c u s t o r the Syrian ham ster. This was 

u n fo rtu n a te  because a maximum number of chiasm ata becomes v is ib le  a t  th i s  

s tag e . For example, in  P la te  41b, the b iv a le n t to  the r ig h t  i s  probably 

number 2 and i t  appears th a t s ix  chiasm ata are p re sen t. The mean number 

fo r  th is  b iv a le n t a t  d ia k in e s is  was 3.90 (Table 18). However some o f the 

“cro sso v er D oints" are p o ss ib ly  tw is ts  and not r e a l  chia.smata and a t o t a l  

an a ly s is  i s  no t p o ss ib le  since b iv a le n ts  are in v a ria b ly  in te rtw in e d .

P la te  41b also  shows c rossing  over in  the secondary c o n s tr ic t io n  region 

of th e  sh o rt am  of an a c ro ce n tric  D. This was probably no t a tw is t  s ince 

arm ro ta t io n  should have been complete in  a te rm ina l reg ion  by th is  s tag e .

At d ip lo ten e  and e a r ly  d ia k in e s is , homologous centromere reg ions



were o cca s io n a lly  in te rco n n ec ted  by fin e  threads seemingly under ten sio n  

(P late  41b)»

D iak inesis .

The chromosomes co n trac ted  fu r th e r ,  re su ltin g  in  an in creased  depth  

of he tero p y cn o sis : the centromere reg ions became le s s  d i s t in c t ,  bu t they  

remained v is ib le  in  some b iv a le n ts  of many spreads as double he teropycnotic  

bodies in  each homologue (P la te  42a, 46 and 48) . Secondary c o n s tr ic t io n  

reg ions appeared as d is c o n t in u i t ie s ,  sometimes extended, and were more 

exaggerated than was g e n e ra lly  seen in  m ito tic  metaphases (P la te  46a and 

47a).

Most b iv a le n ts  a t  d ia k in e s is  could be id e n tif ie d  by th e i r  r e la t iv e  

s iz e , centrom ere p o s it io n  and the behaviour of secondary c o n s tr ic t io n  

reg io n s . I t  was unusual fo r  the f u l l  range of c h a r a c te r is t ic s  to  be 

m an ifest by a l l  b iv a le n ts  of any one spread. E lim inating  f i r s t  those 

b iv a le n ts  th a t  could be p o s i t iv e ly  id e n t i f ie d  the rem ainder could be 

assigned  la rg e ly  by s iz e .

C h a ra c te r is t ic s  o f Ind iv id u a l D iakinesis B ivalen ts.

Number 1 had in  the d i s t a l  p o rtio n  of the long arms a dark ly  s ta in in g  

reg ion  (P la te  48 ) .

Number 2 o f te n  appeared the la rg e s t  b iv a le n t (P la te  48 ).

Number 3 . although m e tacen tric , was always sm aller than 1 and sometimes 

appeared sm aller than 4 and 5.

Numbers 4 and 5 were very  a l ik e , but could oe d is tin g u ish ed  on the b a s i s  

of centrom ere p o s it io n  and by s iz e . The d i s ta l  reg ion  of the  long  arm 

of 5 was more heterooycno tic  than th a t  01 4 (P la te  48 ) .

Number 6 showed the secondary c o n s tr ic t io n  in  the sh o rt arm more 

d i s t i n c t ly  than th a t  in  the long arm. I t  was c le a r ly  la rg e r  ohan 7 and 

8, but centromere reg ions were sometimes in d is t in c t .



Numbers 7. —8 were d i i f i c u l t  to  d is tin g u ish . Centromere reg ions had 

to be obvious in  Doth fo r  arm len g th  to serve as a r e l ia b le  id e n b if ic a to ry  

c r i te r io n .  B iv a len t 7 was g en e ra lly  le s s  heteropycnotic  than was 8.

Number 9 was tne e a s ie s t  autosomal b iv a le n t to id e n tify :  the Ds.raceiitric 

c o n s tr ic t io n  reg ion  appeared as a pale extended region (P la te  47a). This 

could cause the b iv a le n t to appear as la rg e  as a 6.

Most in d iv id u a ls  have heteromorphic m ito tic  9 's  (P la te  10a). The 

v e r t i c a l  columns in  P la te  47a are arranged in  o rder of increasing , 

heteromorphism o f m ito tic  9*s. There i s  a good c o rre la tio n  between the 

asymmetry of th e  m eio tic  b iv a le n t and the degree of m ito tic  heteromorphism. 

On th re e  occasions a co n fig u ra tio n , resembling the p a ra ce n tric  chromomeres 

of 9 a t  pachytene, was observed u n i la te r a l ly  in  a d ia k in e s is  b iv a le n t, 

shown, by karyo typ ing , to  be a 9 (P la te  48). In  each case, the marked 

m ito tic  heterornorphisrn was rep resen ted  in  the d ia k in e s is  b iv a le n t by 

the chromomeric mass a t  one s id e .

Centromere reg io n s  were u su a lly  apparent but were no t e s s e n t ia l  f o r  

the id e n t i f ic a t io n  of th is  b iv a le n t.

Number 10 was uniform ly condensed w ith centromere regions consequently  

l e s s  o fte n  apparen t. I t  could be d is tin g u ish ed  from 12 by centromere 

p o s it io n , and the  f a c t  th a t  the l a t t e r  had a sm aller he teropycno tic  

centrom ere-reg ion .

Number 11 . a lthough i t  has a p a ra ce n tr ic  c o n s tr ic t io n  reg io n , did  not 

resemble 9 s-t d ia k in e s is . The centromere region was in  a more m etacen tric  

p o s it io n  than in  any of the o th er C group b iv a le n ts  (P lato  4 8 ).

Number 12 had a more heteropycno tic  reg ion  in  the d i s t a l  p a r t  of the 

long arm.

Numbers 13. 14 and 15 were d is t in c t iv e  as a group owing to  their s iz e , 

he tero p y cn o tic  centromere reg ions and s a t e l l i t e s ,  in iroeen  was la rg e r  

than 14 and 15 (P la te  48) which were more a lik e . In a d d itio n , 13 had



a d is c o n t in u ity  in  th e  long arm and f i f te e n  tended to  be more 

heteropycno tic  by comparison with 14 .

Number 16 was the l e a s t  he teropycnotic  of the E group, had in d is t in c t  

centromere reg io n s  and re f le c te d  the  heteromorphism shown by m ito tic  l b 's  

(H a te  49 ) .

Number 17 was the most heteropycnotic  of i t s  group (P la te  43a) and tended 

to become compressed when th e re  were only two chiasm ata.

Number 18 was the most symmetrical of the E group (P la te  48 ) .

Numbers 19 and 20 were d is tin g u ish ed  from the E and G groups by s ize  and 

centromere p o s i t io n , and from each o th e r by the d is c o n tin u ity  in  the 

long arm of 19 .

Numbers 21 and 22 were the sm alles t b iv a len ts  and had heteropycno tic  c en tro ­

mere reg io n s  and s a t e l l i t e s ,  as d id  the D 's. A d is c o n tin u ity  in  the long 

arm of 21 d is tin g u ish e d  the two.

The Sex B ivalen t was d is t in c t iv e .  I t  u su a lly  s tre tc h e d  across the c e l l ,  

the X and Y chromosomes p a ired  end to  end (P la te  48). The centromere reg ions 

were dem onstrated le s s  freq u e n tly  than in  the autosomes, but i t  was c le a r ly  

shown th a t  the sh o rt arms were u su a lly  involved in  p a ir in g . The Y tended 

to  c u r l ,  b u t, in  about 1% of the c e l ls  la y  s t r a ig h t  and had a he tero p y cn o tic  

reg ion  a t  the unpaired  end (P late  45a). This might re p re se n t long arm 

p a ir in g . In  only th i r te e n  spreads were X and Y chromosomes separa ted  by 

an "apparen t gap" (P la te  44^0•

A G -b ivalen t f re q u e n tly  abutted  onto one sex-chromosome telom ere 

(P la te  45b). This was in te rp re te d  as a sign  of a non-random arrangem ent 

of b iv a le n ts  a t  t h i s  s tag e .

U nivalent sex chromosomes (X/Y) were c h a r a c te r is t ic  and u n lik e ly  

to be confused w ith autosomal b iv a len ts  (P la te  43b). The Y tended to  

l i e  s t r a ig h t  and the  X tended to  c u r l .

O ccasionally , sex chromosomes showed a c o n fig u ra tio n , a t  t h e i r  

ju n c tio n , th a t  might be in te rp re te d  as a chiasma. I t  was u su a lly  in  the



form of double d o ts  bu t P la te  H a  shows i t  as a tin y  cross. This can 

be observed in  autosom al b iv a le n ts  w ith a single subterm inal chiasma. 

Arms d i s t a l  to  th e  chiasma ro ta te  forming a c ross. A region of deeper 

heteropycnosis la y  on each side  of the cross in  the sex b iv a len t in  

P late  H a *

D e ta ils  of chiasma a n a ly s is  and conjunction o f the sex chromosomes 

are given elsew here (pages 85 to  103).

Anomalies found a t  d ia k in e s is  and l ik e ly  to le ad  to  unbalanced 

gametes are shown in  Table 9 snd P la te  51.

Table 9. Anomalies found in  1,182 d iak in es is  c e l l s ,

ANOMALY CELLS AT DIAKINESIS

NO. PERCENTAGE

X0 prim ary sperm atocytes u • 0.34
Y0 » » . (P la te  51b) 1 0.09

G*s as u n iv a le n ts  (P la te  51a) 3 0.25
Extra elem ent (Not Or G 's as univalen ts) 1 0.09

1 elem ent m issing -  apparent random lo ss H 1.19
D etectab le  tra n s lo c a tio n l 0.09

2 elem ents m issing  -  apparent random lo ss 7 0.59
Lore than  2 elem ents m issing 2 0.17

TOTAL 33 2.81



In te rlo c k e d  Autosomal B iva len ts , and the Bex 

B iv a len t Looped Through an Autosomal B ivalen t,

With c lose  exam ination and ca re fu l focussing  many cases of susoected 

''in te rlo ck in g "  and "looping through " (P la te  50a) were found to  be caused 

by simple overlapp ing . However, apparen tly  genuine in s tan ces  of 21 of the 

former and 20 cases o f the l a t t e r  were found.

Karyotyping rev ealed  the b iv a len ts  l ik e ly  to  be involved (Tables 

10 and 11).

Table 10. Autosomal b iv a le n ts  involved in  " in te rlo ck in g "o  »

BIVALENTS A B. C D E F G

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18'19 20'21 22

AS LARGER 
AS SMALLER

2 1 2 1 2 1 1 2  3 . 2  1 

1 1 1  2 1 1 3

1 1

1 1  3 1 1

1

1 3

TOTAL 2 1 2 2 3 2 1 4 4 3 4  
(= 42 B iva len ts ,

1 2  1 3  1 1
21 in s tan ces)

2 3

Table 11. Autosomal b iv a le n ts  looped through by the sex b iv a len t.

eld nearest to the
AUTOSOiiAL BIVALENT

AUTOSOMAL BIVALENT

A B C D E F G

X I  ? T lT 3 '4 1 T 1 T  7 8 9 10 11 1 ^ 1 3  14 l i n e  17 18" 19 20 21 22'

5 12 3 1 . 1 1 1 1 1 2  1 2  1 1 4 1 2  
(= 20 autosomal b iv a len ts)

Almost a l l  b iv a le n ts  seemed capable o f p a r t ic ip a t in g  and th e re  was 

no c o r re la t io n  between these  phenomena and chromosome s ize  o r o th e r c h a ra c te r is ­

t i c s .  No conclusions can be drawn from the non-involvement of any chromosome,
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since sm all numbers of c e l l s  were analysed. In sex-chromosome looping, 

the autosomal b iv a le n t was more freq u en tly  nearer the "I end'1.

Metaphase I

B iv a len ts  were never seen aligned  in  a metaphase p la te .  In th is  

study metaphase I  was u su a lly  taken to be the most con tracted  form of 

d ia k in e s is , a stage  th a t  cannot be used fo r  chiasma an a ly s is .

P la te  53a shows homologues (and indeed chromatids) separa ted .

This was p o ss ib ly  in  a n tic ip a tio n  of f i r s t  m eiotic anaphase, but th is  

was an ex cep tio n a l spread and in te rp re ta t io n  was d i f f i c u l t .

Metaphase I I

Chromosomes c o n tra c t in to  metaphase I I  (P la te  53b) so some kind 

of in te rp h a se  must have occurred.

No evidence of nond isjunc tion  was obtained  from an a n a ly s is  of 

a t l e a s t  450 sp reads. Any "abnorm alities" found could be explained 

by anomalous c o il in g .

I t  was p o ss ib le  to  karyotype some metaphase I I  spreads using 

the u sual c r i t e r i a ,  s iz e  and p o s itio n  of the centromere and extended 

secondary c o n s tr ic t io n  reg ions (P la te s  54a * 57 and 58) but i t  was d i f f i c u l t  

to  d e te c t  sm all chromosomal rearrangem ents because of lo n g itu d in a l con­

t r a c t io n  and c o il in g . Centromere regions sometimes moved a p a r t, bu t in  

th a t  case the chromosome arms remained a ligned  ( r la te  54b). The long 

and sh o r t arms f re q u e n tly  ro ta te d  (P late  54a) bu t th is  proved no problem 

with re sp e c t to  id e n t i f ic a t io n .

Chromosome 9 could again be id e n tif ie d  by the  behaviour of i t s  

p a ra c e n tr ic  c o n s tr ic t io n  region (P la te  56). Chromosome 9 tended to  l i e  

towards the  p e rip h ery  of the sprea.d w ith i t s  arms conspicuously condensed. 

I t  was easy to  id e n t i fy ,  even when the r e s t  c f  the complement was obscure



(P late  56d). As fo r  sperm atogonisl metaphase and d ia k in e s is , the configura­

tion  c lo se ly  follow ed the type of polymorphism of m ito tic  chromosomes 9 . 

Their behaviour a t  metaphase I I  was b e s t i l lu s t r a te d  in  CMC700362 and 

JB690075 although th e re  were fewer metaphase I I  spreads in  these p a t ie n ts ,  

since CMC had severe o r c h i t i s  p o ssib ly  caused by b ru c e llo s is  and JB a 

mild m atu ra tion  a r r e s t .

Three d i f f e r e n t  popu la tions of metaphase I I  could be dem onstrated 

in  each p a t ie n t  (Table 12). One population  had the anomalous chromosome 

9 showing both long-arm s long (LL -  P late  56a), one w ith both long-arm s 

sh o rt (SS -  P la te  56c) and a th ird  with one long and one sh o rt long-arm 

(LS -  P la te  56b). The th ree  populations were q u ite  d i s t in c t .  JB had 

more LS c e l l s ,  6 ou t of 2J+, then CMC with one out of 20.

Table 12. Crossing over in  chromosome 9 as demonstrated by an a n a ly s is

of metaphase I I  in  2 in d iv id u a ls  w ith heterom orphic m ito tic  9 's .

SUBJECT

LL LS SS

TOTAL

CM C700362

J B 6 9 0 0 7 5

11
10

20

24

R eferring  to  th e i r  d ia k in e s is  an a ly s is  (Tables 14 and 15) CMC had 

a s ig n i f ic a n t ly  low er mean total*chiasm a*count, 5A»S2 , compared w ith tn a t  

of JB, 5 7 .S6 ( t - t e s t ,  P * 0 .0 0 1 ). A la rg e  d iffe ren ce  in  mean count i s  

shown fo r  t h e i r  n ines (Tables 18 and 19 and fig u re  10), 2.21 and 2.79



re sp e c tiv e ly . The d iffe re n c e  in  means was much la rg e r  than th a t  fo r  the 

C group as a whole, v a lues being 2.67 and 2.63 re sp ec tiv e ly . JB must 

have had more c e l l s  w ith  a th i r d  chiasma in  b iv a len t 9 (P la te  47a).

A p o s it iv e  c o r re la t io n  i s  th e re fo re  shown between chiasma a n a ly s is  a t  

d ia k in e s is  and c ro ss in g  over as demonstrated by an an a ly s is  of metaphase I I .

Hh.710139 had s l ig h t ly  heteromorphic 9 *s as w ell as extrem ely h e te ro - 

morphic 1 6 's  (P la te  10b). A s im ila r  an a ly s is  was attem pted fo r  60 meta­

phase I I  sp reads, from th i s  case. Of the  22 spreads, in form ative fo r  both 

9 and 16 (P la te s  37 and $8 ) one lo n g /sh o rt 16 and two lo n g /sh o r t 9*s 

were found (Table 13). Scoring fo r  number 9 was le s s  accurate  because 

the degree of heteromorphism was sm all.

In  a l l  sco rin g s , SS and LL chromosomes segregated in  a 1 : 1 manner.

Table 13. C rossing over in  chromosomes 9 and 16 as dem onstrated by an 

a n a ly s is  o f metaphase I I  from HK710139.

NINES SIXTEENS

SS LS 1 LL SS LS LL

8 2 12 11 1 10

Sex Chromosomes and Metaphase II*

Spreads could be scored as "E -bearing11 o r "Y-bearing" (ELate 34). 

As fo r  sperm atogonial metaphase, the sex chromsomes (e sp e c ia lly  the X) 

sometimes appeared s l ig h t ly  more heteropycnotic  (P la te  35).

Of those spreads photographed fo r  metaphase I I  karyo typ ing , 59 

c e l l s  (645o) c a r r ie d  a Y and only 33 (36£) c a rr ie d  an X, This i s
2 rs ig n if ic a n t ly  d i f f e r e n t  from the expected (5Cf>o). , P ^ O .O l^ ), I t

i s  n o t suggested th a t  d i f f e r e n t  numbers are produced. An a l te rn a t iv e
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expluucd^lon, sucn as th a t Y—bearing metaphase I I  c s l l s  are preserved 

w ell-sp read  and w ith more d i s t in c t  chromosomes than the X-bearing ones, 

seems more l ik e ly .

Spermiogenesis

In  the  sperm atid , condensation of the  chromatin began a t  what 

was to be the acrosomal head then extended back uniform ly (P la te  59).

The t a i l  was formed and the cytoplasm passed down the t a i l  as a d ro p le t 

(P la te  60). The presence of sex chromosomes in  sperm atids could no t be 

co n c lu siv e ly  dem onstrated and th e re  d id  not appear to  be any m orphological 

d iffe ren c e  between th e  X and Y-bearing sperm although re f ra c tio n  d o ts  

could be m istaken fo r  sex chromosomes (P la te  60c).

Sex Chromosome Reduction

The seg reg a tio n  o f the sex chromosomes was 1005S p re -re d u c tio n a l, 

i . e .  before the sep a ra tio n  of the s i s t e r  chrom atids. Evidence inc luded :

1. The X and Y appeared to  have 2 chrom atids p re sen t in  u n iv a len ts  

a t  d ia k in e s is  (P la te  4.3b), never as two s in g le  p a ired  XY elem ents 

o r 4- separa te  elem ents.

2. Some d ia k in e s is  sex-chromosomes were separated  by a gap (P la te  4-4-b) 

and had t ig h t ly  p a ire d  chrom atids.

3* Karyotyping always showed metaphase I I  spreads w ith e i th e r  an X 

o r  a Y. Two chrom atids v/ere always p re sen t (P la te  54-)•

Polyploidy

No c e l l s ,  a t any s tag e , were convincingly po ly p lo id . Karyotyping 

nap p aren tly  p o ly o lo id 11 c e l l s ,  from two s id e s , revealed  f u l l  s e ts  o f 

chromosomes. .Adjacent c e l l s  in  synchrony were th e re fo re  re sp o n sib le .

No m u ltiv a le n ts  (which n ig h t be in d ic a tiv e  o f po lyp lo idy  a t  an 

e a r l i e r  stage) were found a t  d ia k in e s is .
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Summary of O bservations on the Human 

P re-H e io tic  and M eiotic Cycles

Much of th e  m a te r ia l used was se lec ted  from an i n f e r t i l e  population  

but th e re  i s  no reason to  believe  th a t the behaviour o f chromosomes was 

abnormal, s ince  an id e n t ic a l  p ic tu re  was presented  in  a s e r ie s  of c o n tro ls .

The m eio tic  sequence was e s tab lish ed  by the examination of a la rg e  

number o f in te rm ed ia te  s tag es .

I t  was observed th a t :

1. C e lls  a t  sperm atogonial metaphase could be id e n t i f ie d  by the presence 

of a d ip lo id  number of chromosomes and by a c o ilin g  c h a r a c te r is t ic

o f th is  s tag e . Chromosomes could be id e n t i f ie d  using th e i r  r e la t iv e  

s iz e s  and p o s itio n s  o f extended p a ra ce n tric  c o n s tr ic t io n  reg io n s . 

Centromere p o s it io n s  were o ften  obscured by the c o ilin g  and by the 

f a c t  th a t  chrom atids were not u su ally  d i s t in c t .

No evidence of nondisjunction  was obtained in  over 150 c e l l s .  

There was s l ig h t  evidence fo r  p re -m eio tic  p a ir in g  of 

homologous chromosomes.

2. In  th e  e a r ly  proohass of f i r s t  m e io sis , chromosomes condensed and 

p a ire d  from the telom eres which a l l  lay  to one side in  a "bouquet”.

Not even the sex chromosomes could be id e n t i f ie d  a t  th i s  s tag e .

3. At pachytene most chromosomes could be p o s i t iv e ly  id e n t i f ie d  f i r s t l y  

by th e i r  r e la t iv e  s iz e  and secondly by the p o s itio n  of he teropycno tic  

centrom ere reg io n s , which also  v a ried  in  size  between chromosomes 

and between the same chromosomes in  d if f e r e n t  in d iv id u a ls . In  

chromosome 16, fo r  example, th e i r  s ize  re f le c te d  the degree of m ito tic  

heteromorphism. Chromosome 9 could be id e n t i f ie d  by i t s  p a ra c e n tr ic  

c o n s tr ic t io n  reg ion  which ex h ib ited  a shower of chromomeres about

0 .5  ĴJn in  d iam eter. Behaviour in  non—random a sso c ia tio n  was a lso  

u se fu l fo r  chromosome id e n t i f ic a t io n  a t  th is  s tag e .
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4» A d if fu se  stage was p resen t a f te r  pachytene and before d io lo ten e .

Only the centrom ere reg ions, the sex v e s ic le  and the p a ra c e n tr ic  

chromomeres oi number 9 re ta in ed  th e i r  previous morphology and 

s ta in in g  c h a r a c te r is t ic s .

Homologous centromere regions moved ap art and the sex v e s ic le  

u n rav e lled  to  leave  an extended sex b iv a len t. The chromosomes 

then  recondensed in to  the stage c a lle d  d ip lo ten e .

5. D iplotene was in freq u e n tly  observed. When i t  was, b iv a le n ts  could 

r a re ly  be id e n t i f ie d  as they were in v a riab ly  in te rtw in ed .

6 . D ia k in e s is . reached a f te r  fu r th e r  chromosome condensation, was the 

s tage  a t  which chiasma an a ly sis  could be performed. B iva len ts  could 

be id e n t i f ie d  by th e i r  re la t iv e  s iz e , the p o s itio n  of he teropycno tic  

centrom ere reg ions (showing as double bodies in  each homologue), 

and by the p o s it io n  of secondary c o n s tr ic t io n  regions (e i th e r  

appearing extended or as d is c o n t in u i t ie s ) . M ito tic  heteromorphism 

in  chromosomes 9 and 16 was u su a lly  re f le c te d  by the asymmetry of 

corresponding b iv a le n ts  a t d ia k in e s is .

When the sex chromosomes p a ired , they g en era lly  did so by th e i r  

sh o rt arms, where th e re  was some cy to lo g ica l evidence of a chiasma.

Most autosomes seemed capable of p a r t ic ip a t in g  in  apparen t 

in te r lo c k in g  and looping w ith  the sex b iv a le n t.

Of 1,182 c e l l s ,  2.8/o showed anomalies th a t  could have le d  to  

unbalanced gametes.

7. A form o f in te ro h ase  i s  l ik e ly  to  e x is t  between metaphase I  and 

metaphase I I .

8 . C e lls  a t metaohase I I  could be id e n t i f ie d  by the presence of the 

hap lo id  number of chromosomes. These d isp layed  a c o il in g  c h a r a c te r i s t ic  

o f th is  s tag e . Chromosomes could be d is tin g u ish ed  by th e i r  r e la t iv e  

s iz e ,  th e  p o s itio n  of the centromere (v is ib le  as a c o n s tr ic t io n )

and some by extended p a ra ce n tric  reg ions. The p a ra c e n tr ic  c o n s tr ic t io n
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reg io n s  in  chromosomes 9 and 16 re f le c te d  m ito tic  polymorphism.

Grossing over in  these  two p a irs  of chromosomes, a t  a po in t between 

th e  seco n d a ry -co n str ic tio n  reg ion  and the centrom ere, could be 

dem onstrated by an an a ly s is  a t metaphase I I .

No evidence o f nondisjunction  was obtained in  over 450 c e l l s .

Sex chromosomes could be id e n t i f ie d  by th e ir  s iz e , s l ig h t ly  deeper 

s ta in in g  and the f a c t  th a t  th e ir  arms tended to  a lig n  more c lo se ly , 

than in  th e  auto some s. Segregation of the sex chromosomes was 

always p re -re d u c tio n a l.

9. The id e n t i ty  o f sex chromosomes in  sperm atids or sperm was not 

e s ta b lis h e d  by the methods employed.

A nalysis of Chiasmata and Con.iunction 

of the Sex Chromosomes a t D iak inesis

T o tal Chiasma Count per C ell,

A p o pu la tion  of 1,152 c e l l s  was analysed a t mid d ia k in e s is  (P la te  42b). 

Chiasmata in  the autosomes were scored. I t  was no t assumed th a t  a chiasma 

e x is te d  between the X and I  chromosomes when they were ad jacen t, bu t the 

percentage of c e l l s  in  which they were p re sen t as u n iv a len ts  (P la te  43b) 

was c a lc u la te d .

P lo tt in g  the t o t a l  c e l l  chiasma counts fo r  each in d iv id u a l showed 

a normal d is t r ib u t io n  about a mean (fo r  example F igure 4) • Means in  

45 in d iv id u a ls  v a ried  from 44*82 to  63.80 (Tables 14 and 15). Standard 

d e v ia tio n s  (SD = a f ig u re  includ ing  about tw o -th ird s  of the o b serv atio n s) 

a lso  v a rie d  between 2.06 and 6 . 46; w ith  a mean of 4*28.

No case was found w ith  c e l l s  a l l  showing a c o n s is te n tly  low cniasma 

count. There were indeed only 11 c e l l s  throughout the e n t i r e  study which 

showed a chiasma count of under 30 (P la te  52), and th ese  probably 

rep resen ted  extremes of the normal d is t r ib u t io n .
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Table 14* Mean to ta l-ch ia sm a-co u n t and conjunction of the  sex chromosomes 

in  23 " c o n tro ls11.

CASE AGE MEAN TOTAL- 
CHIASMA- COUNT

STAGDaRD 
DEVIATION

NO• Oi CEnLS 
(T otal 849)

or
x/ y

AS68GG45 31 51.23 4.34 22 18.18
PMC68G170 39 55.25 4.99 8 20.00
WC680180 33 48.47 3.37 118 1.60

WT690067 28 53.09 4.77 11 9.09

RC69G124 27 45.28 2.82 25 8.00

JG69C141 27 55.12 3.22 26 15.38

JP69016S 30 50.08 3.63 12 41.67

DD690194. 34 53.97 3.92 63 13.85

JB690219 31 49.22 6.46 14 33.33

AB690334 32 51.44 3.85 16 25.00

TS690371 49 51.50 5.00 12 16.67

JT700003 71 47.42 3.58 12 50.00

WMD700011 67 44.62 2.66 13 45.15

WF700071 25 50.50 5.39 16.67

AG700098 49 53.23 6.17 13 15.38

JS700110 63 49.15 4-68 20 45.00

JT700346 29 52.61 4.03 36 13.89

CMC700362 33 54.82 3.57 57 29.82

PML700552 30 49.00 4.98 36 25.00

HMC700596 34 53.50 4.26 48 4.17

JMA700635 39 54.53 5.77 15 0.00

HK710139 30 50.18 5.33 44 25.71

RW710174 37 51.28 4.57 18 27.78

MEANS 39.37 51.11 SD 2.97 4.41 36.91 21.84 SD 14.16



Table 15. Mean to tal'*chiasm a-count and conjunction of the sex 

chromosomes in  22 i n f e r t i l e s .

CASE AGE MEAN TOTAL- 
CHIASMA- COUNT

STANDARD
DEVIATION

NO. OF CELLS 
(T otal 303)

%
X/Y

RMA680117 28 54.44 5.90 41 12.20
KMI680120 30 52.55 4.69 11 9.09
JC690026 37 55.92 5.14 12 16.67
JD690068 32 55.29 4.61 8 0.00
GS690074- 31 55.13 4.21 15 6.67
JB690075 23 57.86 2.87 22 4.35
BC69OIO4. 37 59.50 4.93 14 14.29
JMG69014.2 37 50.64 5.16 14 0.00

RC690167 28 55.13 4.41 14 0.00

RME690178 28 46.57 3.55 8 57.14
DMC690184. 24 53.82 6.42 11 0.00

RW690226 42 56.00 3.92 11 18.18

TJ700101 37 51.09 3.42 11 9.09

DW700153 24 51.00 2.20 14 0.00

WG700237 25 54.13 4.60 16 6.25

JW700A29 23 53.45 6.70 20 25.00

AC700506 33 63.80 5.22 8 0.00

JG700577 30 52.40 4.39 8 0.00

TB700653 31 56.00 5.66 8 0.00

AB710009 35 50.50 2.06 8 0.00

GM710110 28 53.88 3.12 17 29.41
DH710125 28 53.92 4.75 12 50.00

MEANS 30.59 54.23 bD 3.50 4.45 13.77 11.74 OD 16.11



There was no c o rre la tio n  between mean to tal-ch iasm a*count and age 

(c o rre la tio n  c o e f f ic ie n t  -  0 .29, which i s  no t s ig n if ic a n t) (F ig u re  5 ).

One fe a tu re ,  however, was th a t the "con tro l"  population  ( a lb e i t  a mixed 

c o lle c tio n  and w ith  an age mean s ig n if ic a n t ly  h igher, 39.57 compared 

with th e  i n f e r t i l e s 1 30.59) had a s ig n if ic a n tly  low er mean t o t a l - ’ . 

chiasm a-count 51.11 SD 2.97 compared w ith i n f e r t i l e s  54.23 SD 3.50 

( t - t e s t ,  P = 0.01 -  0 .001). This i s  a lso  in d ic a ted  by the clumping of 

p o in ts  in  F igure 5.

The percentage o f c e l l s  with the X and Y as u n iv a len ts  (X/Y) a lso  

v a ried  enormously from case to  case (Tables 14 and 15) from 0%, o r a 

f ig u re  too sm all to  be d e tec ted  w ith few counts, to  57. 14%.

The "co n tro ls"  had a h igher mean X/Y%, 21.84 SD 14.16 by comparison 

w ith " in f e r t i l e s " ,  11.74 SD 16.11. There was a p o s itiv e  c o r re la t io n  of 

d is ju n c tio n  and advancing age in  co n tro ls  (c o rre la tio n  c o e f f ic ie n t  0.63 

P < G .0 l) (Table 14 and Figure 6 ) , and a negative  c o rre la tio n  of p e rcen t 

sep a ra te  X/Y with mean to ta l-ch iasm a-coun t (c o rre la tio n  c o e f f ic ie n t  

-0 .4 5 , P < 0 .05 ) (F igure 7 ).

For each in d iv id u a l, the mean chiasma count per c e l l  was ca lc u la te d  

independently  fo r  c e l l s  w ith the X and Y to g e th e r (XY) and those where 

they were separa ted  (X/Y) (Table 16). In  12 out of 40 cases the  mean 

chiasma count per c e l l  was h igher ( + ) f o r  XY as compared w ith  X/Y and 

in  28, lower ( - ) ,  a s ig n if ic a n t  d iffe ren ce  (J^*, P = 0.02 to  0 .01; sign 

t e s t ,  P<  0 .01; and t - t e s t ,  Ps&sO.Ol). The d iffe ren c e  was a t  l e a s t  one 

chiasma, since adding one to  each X/Y mean changed the minus value to  p lus 

in  those  c e l l s  marked w ith  an a s te r is k  in  Table 16 g iv ing  17+ and 2 3 -, 

f ig u re s  which were n o t s ig n if ic a n t ly  d i f f e r e n t  (P = 0 .5  to  0 .3 ) . Scoring 

d ia k in e s is  c e l l s  from c o n tro ls , 60 a t  a stage s l ig h t ly  e a r l i e r  and 60 

a t  a stage  s l ig h t ly  l a t e r ,  than th a t used fo r  the a n a ly s is , and record ing  

the s ta te  of the X and Y (Table 17) showed th a t ,  in  the form er, 9 c e l l s  

(15.00%), and in  the l a t t e r ,  11 c e l l s  (22.45%), were X/Y se p a ra te , no t
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Table 16. Mean to ta l-ch ia sm a-co u n t o f c e l l s ,  w ith the  X and Y 

to g e th e r , and sep a ra te , f o r  each in d iv id u a l w ith a t  
l e a s t  one X/Y separa te  c e l l .

MEAN TOTAL- CHIASMA.-COUNT
T"\ 1 rpT7l'“ I 7*57??\T."’*1 —* T7* A r  T T V  /  > \

XY
CELLS

X/Y
CELLS

Dlx'iiPuiidCn A/x HIGHER ( + ) 
OR L0TvffiR (- )

54.69 52.40
57.00 ■51.00
48.46 49.00 +

51.37 50.33 -

37.00 50.50 -

52.70 57.00 +
55.07 ‘ 56.00 +
57.90 57.00
59.92 57.00 -

45.04 48.00 +
52.54 57.33 +

50.14 50.00
48.67 45.00 -

54.35 51.38 -

50.00 49.50
48.29 52.50 +
45.14 44.00 -

51.11 51.00
50.66 47.33 -

54.53 48.00 -

52.97 50.40 -

48.00 50.71 +

55.03 54.35
49.79 48.67 -

55.13 48.40 -

57.27 54.25 -

49.48 47.56 -

53.43 55.00 +

54.42 52.60 -

53.67 54.17 +

49.99 51.11 +

52.15 49.00 -

53.72 51.00 -

50.40 51.00 +

48.50 46.33 -

50.60 56.00 +

53.08 46.50 -

57.11 51.00 -

50.17 47.33^ -

52.90 49.00 —

TOTAL = 40 12+ 28-

^denotes change of -

to  + when one i s • 1 17+ 23-
added to  X/Y value
g iv ing :
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Table 17. T o tal chiasma a n a ly s is  a t  e a r ly  and la te  d ia k in e s is  in  
"C ontrols",

60 Early D iak in esis  Spreads 60 Late D iak inesis  Spreads

Chiasma count X/Y Chiasma count V y

5 3 - 49 +

6 2 49 -

5 4 - 54 -

5 2 - 46 -

5 4 - 56 -

5 2 - 56 -

5 7 - 50 -

4 7 - 52 -

5 1 - 47 +

4 0 - 57 -

6 6 - 53 -

5 6 - 63 -

5 6 - 47 -

5 4 - 54 -

5 4 - 60 -

52 - 47 -

5 4 - 56 -

5 6 - 4 7 +

55 - 5 4 -

53 - 52 -

53 - 4 7 +

5 4 + 48 -

55 + 4 7 -

5 6 - 56 +

55 - 4 7 -

6 3 + 4 7 -

6 3 - 48 +

5 0 + 55 -

47 - 50 +

5 3 - 4 7 +

(c o n td .)
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Table 17 contd.

60 E arly  D iak in es is  Spreads 60 Late D iak inesis Spreads

Chiasms, count X/Y Chiasma count 4/Y

50 - 49 _

58 i 47 +

43 - 56 -

51 ~ 48 -

54 - 55 -

51 - 52 -

43 - 43 -

54 - 48
50 43 -

47 - 47 -

55 - 52 -

49 - 48 -

47 50 -

56 + 53 -

39 - 44 -

46 48 -

58 46 -

58 - 49 -

57 54 -

55 - 51 -

63 + 55 -

56 - 45 +

62 - 51 -

62 + 66 -

52 - 59 -

54 - 51 +

57 + 67 -

54 - 55 -

46 + 50 -

44 - 50 -

Mean = 53.30 
SD 5.57

T otal 9+ 51- 
(15*) (85*)

Mean = 51.22 
SD 5.09

Total 11+ 49- 
(22*) (78#)



a s ig n if ic a n t  d iffe re n c e  P -  0,70 to  0 . 50), Therefore, there  was

l i t t l e  evidence of precocious d is ju n c tio n  of the sex chromosomes over 

th is  range o f d ia k in e s is ,  and th e re fo re  even le s s  fo r  those used fo r  

d e ta i le d  chiasma a n a ly s is .

The mean total**chiasm a-count fo r  those c e l ls  in  e a r ly  and l a t e  

d ia k in e s is  was 53.30 SD 5.57 and 51.22 SD 5.09 re sp e c tiv e ly , a d iffe ren ce  

ju s t  s ig n if ic a n t  ( t - t e s t ,  P = 0.05 to  0 .0 2 ), a s l ig h t ly  h igher count in  

"ea rly "  compared w ith  " la te "  d ia k in e s is .

Chiasma Count per B iv a len t.

Any estim ate  of the mean number of chiasm ata per b iv a le n t i s  only 

m eaningful i f  the b iv a le n ts  can be id e n t i f ie d .  Only those c e l l s  (a to ta l  

of 441) showing a f u l l  range of c h a ra c te r is t ic s  necessary  fo r  id e n t i f ic a t io n ,  

were used in  th i s  study.

Two b iv a le n ts , 7 and 8, were d i f f i c u l t  to d is tin g u is h . This was no t 

as se r io u s  as might be expected, since they u su a lly  c a r r ie d  the seme 

number o f chiasm ata. The la r g e s t  number of chiasm ata recorded fo r  any 

b iv a le n t was 8 ( in  chromosome 2 ). In only 3 c e l l s  were autosomes p re sen t 

as u n iv a len ts  and these  were G’ s.

The mean number o f chiasmata fo r each b iv a le n t in  37 in d iv id u a ls  

(Tables 18 and 19) was p lo tte d  ag a in st m ito tic  chromosome len g th  (F igures 

8, 9 and 10). The number of chiasm ata per b iv a le n t in c reased  according 

to  chromosome s iz e . Sm aller chromosomes had more, and la rg e r  ones had 

few er, chiasm ata than  would be expected i f  the number was in  d i r e c t  

p ro p o rtio n  to  s iz e . In  a case w ith a low er chiasma count o v e ra l l ,  the 

decrease in  cbiiasmata p e r b iv a le n t was in  p ro p o rtio n  to  s iz e  (F igure 9 ).

Some b iv a le n ts  rep ea ted ly  showed more chiasmata. than expected, fo r  example 

10, 17 and 20, and o th e rs  fewer, fo r  example, 6, 9 end the G's (Figure 11).

The summed mean value per b iv a len t was ca lc u la te d  fo r  21 "co n tro ls"
I

and f o r  16 i n f e r t i l e s  (Tables 18 and 19). The va lues fo r  the  two groups



are shown, p lo t te d  w ith  chromosome size  in  Figure 11. I t  was confirmed 

th a t i n f e r t i l e s  had a higher count which was re f le c te d  p ro p o rtio n a lly  

throughout the complement.
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M a tu ra tio n  A r r e s t

I'le io  ulc a n a ly s is , even in  normal mats r i a l  revealed  a f  ew degenerating 

c e l l s .  In  onese c e l l s  tne cnronauin clumped and th e re  was lo ss  of chromo­

some form (P la te  6 1 ;. In  those p a tie n ts  w ith "m aturation a rre s t"  evident 

in  r e s t i s  s e c tio n s , degeneration  was exaggerated. C la s s if ic a tio n  of 

m aturation  a r r e s t  is . based on th e  gross appearance of the  germinal 

ep ithelium  and i s  desc rib ed  a s : spenaatogonial, spermatocyte o r sperm atid 

a r r e s t .  However, a i r —dried  chromosome p reparations showed degeneration 

of c e l l s  in  a l l  s tag e s  o f m e io sis . Absence of degeneration a t l a t e r  

s tages was apparent only in  cases with a severe degeneration (P la te  3a) 

in  which few c e l l s  survived the e a r l i e r  s tag es .

The r e la t iv e  p roportions of c e l l s  a t  sperm atogonial metaphase, 

d ia k in e s is  and metaphase I I  were scored in  p repara tions from each of 32 

in d iv id u a ls  (Tables 20, 21 and 22). One might suppose a d isp ro p o rtio n a te ly  

la rg e  percen tage o f c e l l s  a t spem atogonia l metaphase, w ith fewer c e l ls  

a t metaphase II ,sh o u ld  be p resen t in  a "m aturation a r re s t"  co n d itio n .

This was c le a r ly  so in  some cases, fo r  example, in  Table 20, AC700505 

has "m atu ra tion  a r r e s t " .  However, J.J700429 has the same co n d itio n  and 

had a la rg e  o ro po rtion  of metaphase I I  c e l l s  (Table 20 ). Comparison of 

f ig u re s  from cases supposed to have "m aturation a r re s t"  ('Table 2j ), those 

from "co n tro ls"  (Table 2 l)  and those from in f e r t i l e s  w ithout a r r e s t  (Table 22) 

emphasises the  wide v a r ia tio n  and also the  poor r e l i a o i l i t y  of hie spem ato— 

g o n ia l m etaohase: d ia k in e s is :  metaphase I I  sco ring  method to dem onstrate

m atu ra tion  a r r e s t .

A comparison of th e  number of c e l l s  (a t a l l  s tag es  o f sperm atogenesis) 

showing s ig n s  of degenera tion , with the  nunoer oi "metaphase s tages" 

and expressed as a percentage might prove a more r e l ia o le  ^uide \,see 

Table 23).
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Table 20. Metaphase sco rin g  in  cases c la s s i f ie d  h is to lo g ic a l ly  as 
‘"m aturation a r r e s t s ’*.

(Muon i.

P.JECHnTAGES

S PSRKATO COM IAL 
KSIAPKA32 DIAKINESIS nETAP. 0 XX

JKG5.0142 17 60 17
RM36S0178 25 54 17
R7590226 26 57 15
'JG700237 45 50 5
CM0700362 54 08 8
J -7700425 55 40 22
AC700506 94 6 0

Table 21. Metaphase sco rin g  in  "controls '^

PARCOUTAGES

CASE NUMBER
SPSRHATOGONIAL 

METAPHASE DIAKINESIS iuGTAPTLiSE I I

JP6901S8 48 41 10
DD6S01S4 10 60 50'
J369021S 22 50 28
AB6S0534 25 59 16
T3590571 20 49 51
JT700005 25 44 51
7MD700011 26 59 15
AG-700098 18 49 55
V/P7CCC71 5 50 45
J37C0110 14 60 26
JT700546 7 56 57
PI-1700552 18 51 51
PJIC700596 11 44 45
Ji-IA700555 25 58 40
HK710159 51 58 51
RW710174 11 45 45
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Table 22. Metaphase sco ring  in  i n f e r t i l e s  not c la s s i f ie d  as
having "m aturation a r re s t"»

CASS 1TUI-13 3R

PSECEilTAGSS

SPSHI'iATOGOiTIAL
M3TAPEAS3 DIAAIlidSIS 1-1STAPHASS I I

HC690167 6 76 IS
DHC5901C4 28 47 25
TJ700101 29 64 7
DW700153 40 40 20
JG700577 6 75 19
T3700553 34 33 S
AB710009 50 21 29
GK710110 13 47 35
DE710123 37 33 31

Table 23. P ropo rtions of c e l l s  in  degenera tion .

ES2C3WTA33S

CASS
FOl-IBSa S? SLil lATOGCiTIAL 

ihSTAFHASS
p n », p r f A  c j r p

I n f e r t i l e  with
m atu ra tion
a r r e s t

$ £ fr t i l e  w ith 
absence o f 
germ c e l l s

DH710125

C ontrol
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llom al V arian t Sna il Y from DD69Q194

P la te  62a shows the sm all f  a t  leucocyte  m ito tic  m etaphase. Sections 

of i>es bis and chromosomes in  a i r —dried  p rep a ra tio n s  iro n  th is  p a t ie n t  were 

found to  be normal and the  r e s u l t s  obtained have been Included in  the  

" c o n tro l" s e r ie s  (fab le s  14, IS and 21).

At spermato g o n ia l metaphase (p la te  62b) the Y was id e n t i f ie d  by 

i t s  p e r ip h e ra l p o s itio n  (usual fo r  the  Y) and by i t s  denser s ta in in g .

At pachytene (P la te  63a) the sex v e s ic le  appeared s l ig h t ly  sm aller 

but o therw ise  was normal.

At d ia k in e s is  the sn a il  s iz e  of the Y was dem onstrated (p la te :  63b). 

The p ro p o rtio n  o f c e l l s  w ith sep ara ted  a /y  (p la te  63c), 13.85$ (Table 14), 

was unrem arkable ("co n tro l” mean was 21.84$ 3D 14 .1 6 ). Two abnormal 

d ia k in e s is  c e l l s  were observed. One c e l l  included  two b iv a le n ts ,  p o ssib ly  

numbers 5 and 9 la rg e ly  o f pachytene appearance (p la te  64a ) .  The o th e r 

c e l l  inc luded  a c o n fig u ra tio n  th a t  could be in te rp re te d  as a' d u p lic a tio n  

of most o f one chromosome 1 (P la te  64b). However, n e i th e r  o f  th ese  

ab n o rm alitie s  could be shown to  have any connection w ith  th e  sm all Y.

At metaphase I I  the Y could again  be id e n t i f ie d ,  as i t s  chrom atids 

remained c lo se ly  a lig n ed  (P late  64c).

I t  was confirmed th a t  the sm all Y was a normal v a r ia n t;  i t s  sm all

s iz e  but normal behav iour was observed throughout m eiosis.

T ranslocation  Hetero zygo to s

T e s tis  c e l l  p re p a ra tio n s , o f m a te ria l from fo u r tra n s lo c a tio n

h e te ro zy g o tes , u sing  techniques "Cn and "p" (pages 46 and 47, re s p e c tiv e ly )

were analysed in  g re a t d e ta i l ,  a t  every s tag e  of m e io s is . S tages s u i ta b le  

fo r  a n a ly s is  were karyotyped. In  each he tero zy g o te , a t  le a s t  one o f the 

tra n s lo c a tio n  chromosomes was apparent a t  m ito tic  metaphase (Table 24 ).



108

Table 24. Chromosomes involved in  translocation.

CASE iiTJEBER

c:iro::oso‘l3s p it h  cyea ILL change of YAT3PJAL

KITOTIC ANALYSIS i PHOTIC ANALYSIS

LOSS CAIN LOSS GAIN

H................ 18p- ? 18p- 5q+

RV/580009 5p- 8q+ 5p- 8q+

JD6S0204 14q- ? 14q- 7p+

SA590217 11 q— 15q+ l l q - 15q+

1. H eterozygote H...............  t(5q+ 1 8 p -)#

The m ito tic  karyotype (P la te  55a) shows th a t  tw o -th ird s  o f th e  

sh o rt arm o f chromosome 18 i s  ap p aren tly  m issing . In  s p i te  o f th e  sm all 

amount o f m a te r ia l invo lved , th e  exchange seems to  have been asym m etrically  

re c ip ro c a l ,  s in ce  every d ia k in e s is  c e l l  showed 22 elem ents (25 i f  th e  X 

and Y were s e p a ra te ) ,  'in c lu d in g  a q u ad riv a len t (P la te  55b). C rossing 

over between homologous m a te r ia l must have occu rred . C onfigu ra tions 

o f  the  q u ad riv a len t are  roughly c lassed  in  F igure 12. Karyotyping the 

b iv a le n ts  rev ea led  th a t  th e  o th e r  chromosome involved in  th e  tra n s lo c a tio n  

was number 5. Close exam ination of the q u ad riv a len t showed th a t chromosome 

18 m a te ria l must have been on th e  long arm (Table 24).

R esu lts  o f chiasma an a ly s is  are shown in  Tables 25, 5C ■and 51 

and in  Figure 15; con junction  o f the sex chromosomes in  Table 50.
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Table 25. H . ,  t(5 q + 18p~). Quadrivalent chiasma an alysis  on

37 of a t o t a l  of 42 d ia k in e s is  c e l l s .

TOTAL QUADRIVALENT CHIASMA COUNT 4 5 6

NO. OF CHIASMATA IN E CHROMOSOME 
MATERIAL 1 - 2 1 2 1 2

NO. OF CHIASMATA IN B CHROMOSOME 
MATERIAL 3 2 4 3 5 4

NO. OF CELLS WITH THE CONFIGURATION 
INDICATED BY THE CHIASMA NUMBERS 
SHOWN ABOVE 14 5 4 9 2 3

MEAN CHIASMA COUNT PER CELL 50.68 48.92 49.40

2. H eterozygote RW680009, t(5 p -  8q+)#

The m ito tic  karyotype (P la te  66a) shows an apparen t d e le tio n  of 

tw o -th ird s  o f the sh o r t arm of chromosome 5, and p o ss ib ly  a longer 

long arm of chromosome 8 . The re la t iv e  numbers of c e l l s  in  the  d i f f e r e n t  

metaphases of sperm atogenesis are shown in  Table 29.

Again, every spread showed a q u ad riv a len t (P la te s  66b and 67). 

P ro p o rtio n s  of q u ad riv a len t co n fig u ra tio n s  can be assessed  from Table 26. 

Karyotyping the  b iv a le n ts  confirmed the o th e r  chromosome involved in  the 

t r a n s lo c a tio n  to  be number 8 (long arm) (Table 24 ) .  R esu lts  of chiasma 

a n a ly s is  are shown in  Tables 26, 30 and 31 and in  fig u re  13; conjunction  of 

the sex chromosomes in  Table 30.

Metaphase I I  an a ly s is  f req u e n tly  dem onstrated c e l l s  w ith  a sh o rt 

chromosome 5 (P la te  68) but numbers of c e lls  analysed were sm all. There 

was no c y to lo g ic a l evidence of c rossing  over, such as would be in d ic a te d  

a t  th i s  stage by chromosomes w ith  unequal arms.
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Table 26. RW680009, t(5p~ 8q+). Q uadrivalent chiasma a n a ly s is  on

51 of a t o t a l  of 59 d ia k in e s is  c e l l s .

TOTAL QUADRIVALENT CHIASMA COUNT 4 5 6 7 8 9

NO. OF CHIASMATA IN C CHROMOSOME 
MATERIAL 1 2 2 2 3 3 4 3 4 4 3

NO. OF CHIASMATA IN B CHROMOSOME 
MATERIAL 3 2 3 4 3 4 3 5 4 5 6

NO. OF CELLS WITH THE CONFIGURATION 
INDICATED BY THE CHIASMA NUMBERS 
SHOWN ABOVE 1 3 4 1 18 14 1 2 5 1 .1

MEAN CHIASMA COUNT PER CELL 50.50 55.25 56.42 57.93 60.14 64.O

3. Heterozygote JD690204, t(7p+ 14q~).-

The m ito tic  karyotype (P la te  69a) shows a la rg e  d e le t io n  o f o n e -th ird  

of the  long arm of a D chromosome, suggested by au toradiography to  be a 

number 14. The p iece  of chromosome involved was la rg e r  than in  the p rev ious 

two cases. Metaphase popu la tion  s tru c tu re  i s  shown in  Table 29.

One o r two c e l l s  a t  pachytene could p o ss ib ly  be in te rp re te d  as 

showing evidence of the tra n s lo c a tio n , as such c e l l s  had one q u ad riv a len t 

a t  t h i s  stage (P la te  69b ) .

At d ia k in e s is  every c e l l  showed a q u a d riv a len t (P la te s  70 and 71). 

P ro p o rtio n s  o f c o n fig u ra tio n s  can be assessed  from Table 27. Karyotyping 

the  b iv a le n ts  rev ea led  the o th er chromosome involved in  the tra n s lo c a tio n  

to  be number 7 (long arm) (Table 24 ). R esu lts  of chiasma a n a ly s is  are 

shown in  Tables 27, 30 and 31 and in  Figure 13; con junction  o f the sex 

chromosomes in  Table 30.



Table^27. JD690204, t(7 p + 14q—)• Q uadrivalent chiasma a n a ly s is  on 

27 o f a t o t a l  of 38 d ia k in e s is  c e l l s .

TOTAL quadrivalent chiasma count 4 5 6 7

NQ OF CHIASMATA IN D CHROMOSOME . 
MATERIAL 2 2 1 3 2 3

NO. OF CHIASMATA IN C CHROMOSOME 
MATERIAL 2 3 4 3 4 4

i

NQ, OF CELLS WITH THE CONFIGURATION 
INDICATED BY THE CHIASMA NUMBERS 
SHOWN ABOVE. 3 11 1 5 4 1

MEAN CHIASMA COUNT PER CELL 47.20 50.58 48.22 56.00

4. Heterozygote EA690217, t ( l l q -  15q+).

The m ito tic  karyotype (P la te  72a) shows a la rg e  d e le t io n  of the long

arm of chromosome 11 and e x tra  m a te ria l on chromosome 1$ ( id e n t i f ie d  by
•,> ' 1

au to rad iog raphy). Metaphase population  s tru c tu re  i s  shown in  Table 29.

There was l i t t l e  evidence of "m aturation a r r e s t"  in  sec tio n s  o f t e s t i s  

bu t th e re  were la rg e  numbers (14$ ) of degenerating  c e l l s  in  the a ir -d r ie d  

p re p a ra tio n s . Again, every d ia k in e s is  c e l l  showed a q u ad riv a len t. This 

i s  considered  as confirm ing a re c ip ro c a l exchange and in d ic a tin g  the 

chromosomes involved  (Table 24-). P roportions of q u ad riv a len t co n fig u ra tio n s  

can be assessed  from Table 28. R esults of chiasma a n a ly s is  are shown 

in  Tables 28, 30 and 31 and Figure 13.

Metaphase I I  a n a ly s is  showed both balanced and unbalanced complements. 

P la te  73 may show a chromosome 15 w ith a long  and a sh o rt long arm (and hence 

a p rev ious c ro sso v e r), bu t c o ilin g  a t  metaphase I I  makes t h i s  stage d i f f i c u l t  

to  in te r p r e t .



Table 23. Ee690217, t ( l l q -  15q+). Quadrivalent chiasma analysis on

34 of a to ta l  o f 4-0 d iak in esis  c e l l s .

TOTAL QUADRIVALENT CHIASMA COUNT 3 4 - 5

NO. OF CHIASMATA IN C CHROMOSOME 
MATERIAL

2 2 2 3

NO. OF CHIASMATA IN D CHROMOSOME 
MATERIAL

1 2 3 2

NO, OF CELLS WITH THE CONFIGURATION 
INDICATED BY THE CHIASM NUMBERS 
SHOWN ABOVE 2 25 4 3

MEAN CHIASMA COUNT PER CELL 47.20 49.36 52. 71

Table 29. Metaphase popu la tion  s tru c tu re  in  tra n s lo c a tio n  

h e te ro zy g o tes .

CASE NUMBER

P E R C E N T A ( E S

SPE RMATO GGNIAL 
METAPHASE DIAKINESIS METAPHASE I I

RW680009 13 65 24

JD690204 16 66 19

EA690217 9 55 36

Comparison of C ells  from T ranslocation  H eterozygotes

Karyotyping of the sperm atogonial metaphases revealed  the chromosomes 

in  tr a n s lo c a tio n  only where the change in  chromosome s iz e  was la rg e . C oiling  

obscured sm all d if fe re n c e s .

Few pachytene c o n fig u ra tio n s  were s u f f ic ie n t ly  w ell spread to  a s c e r ta in  

convincing ly  th e  q u a d riv a len t formed by homologous p a ir in g , although c e r ta in



chromosomes could be p o s i t iv e ly  id e n t i f ie d  and excluded (P la te  69b). In 

no case was any f a i lu r e  of p a ir in g  d e tec tab le  a t  pachytene.

D iak in esis  a n a ly s is  gave more p o s itiv e  in form ation . In every case 

a q u a d riv a len t was p re se n t g iv ing  22 elem ents in  the spread ra th e r  than  23 

(23 only  in  the X/Y separa ted  c e l l s ) .  A qu ad riv a len t could be id e n t i f ie d  

in  the m a jo rity  of sp reads, and i t s  presence suggested th a t  a l l  the tra n s ­

lo c a tio n s  s tu d ie d  were re c ip ro c a l. Karyotyping using c r i t e r i a  p rev iously  

d esc rib ed  gave p o s i t iv e  de term inations fo r  cliromosomes no t involved in  

the q u a d riv a le n t, and id e n t i f ie d  the "m issing" chromosomes by d iffe re n c e . 

Centromere reg ions in  the quad riva len t were obvious in  most o f the  d ia k in e s is  

spreads (P la te  66b) and showed whether sh o rt or long arms were involved 

in  the  tra n s lo c a tio n .

T o tal Chiasma Count p e r C ell in  Transloe a t  ion H eterozygotes

The o v e ra l l  mean chiasma count p e r c e l l  was 51.72 SD 3.44  (Table 30), 

which was n o t s ig n if ic a n t ly  d if f e r e n t  from th a t  from the "co n tro l"  p o p u la tio n ,

51.11 SD 2.97 (t*= 0 .23 , P = 0.90 to  0 .80) (Table 14 and F igures 5 and 7 ).

Mean p ro p o rtio n  of c e l l s  with separa ted  X/Y was 8.99$ SD 3.62 (Table 30)

which was again  unremarkable (F igures 6 and 7 ).

Chiasma Count per B iv a len t in  T ranslocation  H eterozygotes

C alcu la tio n  o f the number of chiasm ata per b iv a le n t, in c lu d in g  an 

estim ate  fo r  th e  tra n s lo c a tio n  chromosomes in d ic a te d  f ig u re s  fo r  the 

t r a n s lo c a tio n  he terozygo tes (Table 31) c lo se ly  s im ila r  to  those fo r  c o n tro ls  

(Table 18 ). Deciding which chromosome the m a te ria l in c lu d in g  a chiasma

belonged to  was f a i r l y  d i f f i c u l t ,  e sp e c ia lly  in  H............. .. bu t was u su a lly

p o ss ib le  from a c o n sid e ra tio n  o f the  p o s it io n  of the centrom eres and from 

the asymmetry of the  q u ad riv a len t (chiasm ata were th e re fo re  scored as though 

the tra n s lo c a te d  segment was s t i l l  on i t s  o r ig in a l  chromosome).

T ran s lo ca tio n  had l i t t l e  e f f e c t  on the chiasma count in  the chromosomes
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involved (l* ig u re  13)• -1 slight- incres.se s.bove the count due to the

p ro p o rtio n a l cnange in  s iz e  appeared to  be p resen t in  the  la rg e r  chromosome

in  H.............  end JD690204, and in  the sm aller chromosome in  RW680G09 and

JD690204. There was never a decrease in  chiasma count in  the la rg e r  

chromosome but th e re  was a decrease in  the  sm aller chromosome in  K .

The number of chiasm ata in  the q u ad riva len t in  3 01 the cases in c reased  

w ith t o t a l  chiasma count p e r c e l l  (Tables 26, 27 and 28 ), bu t th i s  trend  

was no t .so obvious in  H.............  (Table 25).

Metaphase I I  c e l l s  o ccasio n a lly  showed which chromosomes had tra n s ­

lo c a tio n s  (P la te s  68 and 73) but th e re  were in s u f f ic ie n t  spreads to  ob ta in  

in fo rm ation  on the  frequency of balanced and unbalanced complements, caused 

by c ro ss in g  over, Vhen sm all amounts of m a te ria l were involved , the metaphase 

I I  c e l l s  d id  no t appear abnormal.

Table 30. Mean chiasma count per c e l l  and conjunction o f the sex 

chromosomes in  1 tra n s lo c a tio n  h e te ro zy g o te s .

CASE NUMBER AGE ' MEAN CHIASMA 
• COUNT PER CELL

STANDARD
DEVIATION

■ NUMBER OF
ChiXjLS x/r%

H............. ? 49.71 3.74 42 7. 1A

RW68GGO9 30 56.86 5.07 60 13.56

JD690204. 33 49.97 4 .09 38 5.26

EA690217 41 50.32 4.14 40 10.00

means' 34.67 51.72 SD 3.44 4.26 45 8.99 SD 3.62
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Translocations in Cells of Other Individual r,

No tra n s lo c a .tio n s , undetected in  somatic metaphases were found .by 

d ia k in e s is  a n a ly s is  in  e i th e r  co n tro ls  or in f e r t i l e s .

In  some c e l l s  of some in d iv id u a ls  th e re  appeared to  be q u ad riv a len t s . 

The chromosomes involved  were id e n t i f ie d  by karyotyping. As d if f e r e n t  

chromosomes had a sso c ia te d  in  each c e l l ,  i t  was concluded th a t  the 

apparen t p a ir in g  was due to  a n o n -sp ec if ic  ju x ta p o s itio n  and no t to ,  

f o r  example, tra n s lo c a tio n  mosaicism.

Radiation-Damaged BS70Q349

M ito tic  leucocy te  c u ltu re s  had revealed  %% abn o rm alitie s  nine 

months a f t e r  the a cc id en t. These included : d ic e n tr ic s ,  fragm ents, 

r in g  chromosomes and b reaks. S c ro ta l f ib ro b la s ts  (2 0 -c e ll a n a ly s is )  

showed no evidence of ra d ia tio n  damage a f t e r  ten  months.

Seminal a n a ly s is  gave f ig u re s  of 0 .6  and 0 .5  m illio n  of non-m otile 

sperm p er ml. T e s tis  sec tio n s  revealed  fewer germ c e l l s ,  v e ry  reduced 

sperm atogenesis and signs of severe damage to  the tubu les  (P la te  7Aa).

The co n d itio n  was n o t un like  a m aturation  a r r e s t .  In  the m eio tic  a i r -  

d rie d  p re p a ra tio n s , s ig n s  of c e l l  degeneration  were p re se n t, but th e re  

was no in d ic a tio n  of m aturation  a r r e s t  in  th e  metaphase popu la tion  f ig u re s  

(Table 32).

No ab n o rm alitie s  were observed a t  sperm atogonial metaphase, prophase 

o f f i r s t  m eiosis o r metaphase I I .

Most o f the d ia k in e s is  f ig u re s  a lso  appeared normal. However, th e re  

were more spreads w ith  "apparen tly" 22 elem ents a t  d ia k in e s is  than  were 

u su a lly  observed in  a study of th i s  k ind. Of 5 c e l l s ,  from a t o t a l  of 

4.1, one showed a d e f in i te  q u ad riv a len t as evidence o f a t r a n s lo c s t io n  

(P la te  74b) and two o th e rs  showed probable q u ad riv a len ts  (P la te  74c).

On th e  evidence ob tained  from karyotyping the b iv a le n ts , the chromosomes 

involved  in  the q u ad riv a len ts  were suggested to  be 14 2nd 11 in  one c e l l
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ana 8 and 14- in  two c e l l s  but some centromere regions were n o t d is t in c t iv e  

in  th ese  p a r t ic u la r  c e l l s .  There was a lso  one probable X/Y/Y c e l l .  .

The mean chiasma count p e r c e l l  was a l i t t l e  low a t  4.8.54 SD 4.75 

(Table 33) b u t w ith in  “norm aln l im i t s  (F igures 5 and 7 ) . The p ro p o rtio n  

o f c e l l s  showing sep a ra ted  X/Y was a lso  normal a t  17. 5% (F igures 6 and 

7) as were f ig u re s  f o r  ch iasm ata per b iv a le n t (Table 34) except perhaps 

f o r  an u n u su a lly  low value  fo r  number 15 (F igure 14) .

Table 32. Metaphase p o p u la tio n  s tru c tu re  in  radiation-dam aged BS700349.

CASE NUMBER
P E R C E N T A G E S

SPERMAT0G0NIAL
METAPHASE DIAKINESIS METAPHASE I I

BS700349 24 33 23

Table 33. Mean chiasma count per c e l l  and con junction  o f the  sex 

chromosomes in  rad iation-dam aged BS700349.

CASE
NUMBER AGE MEAN TOTAL* 

CHIASMA-COUNT
STANDARD
DEVIATION

NUMBER OF 
CELLS X/I%

BS700349 21 48.54 4-75 35 17.50

i . 1 1 1' r'lr :'1 |: -til ■

1

i (. ! I 'll '

i |[ III

a

Table 34« Number of ch iasm ata  p e r  b iv a le n t  as shown a t  d ia k in e s is  in  rad:

CASE
NUMBER

BS700349
BIVALENT
MEAN

C H R O M O S O M E  N U M B E R

3.92 3 .67 3.08

A

3.00 2.58 2.92 2.50 2,50 2.42

10

2.25

11

2.17

12

2.08

13

1.83

14

1.92

I t

l . f
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5.2 MATERIAL 0TP3EH THAN HUI11I MALE

Locust

P rep a ra tio n s  from lo c u s t (a) were unsuccessfu l, in  th a t  germ c e l l s  

were p re se n t bu t sperm atogenesis absent. This suggested an immature 

specimen. Good m eio tic  p rep a ra tio n s  were obtained from lo c u s t (b ).

Locust t e s t i s  i s  id e a l fo r  the study of m eiosis, since the few chromosomes 

are la rg e .

In  the few sperm atogonial metaphases seen ,the  chromosomes appeared 

s p i r a l ,  23 in  number the odd one being the s ing le  X (XO sex de term ination  

in  the  male lo c u s t ) .  The centromere reg ions were heteropycno tic  and 

near a telom ere in  each chromosome. A ll chromosomes were th e re fo re  

te lo c e n tr ic .  P ossib le  p a ir in g  of homologous centromere reg ions was 

dem onstrated in  some c e l l s .  The c e l l  shown in  P la te  75a may, however, 

be an X -bearing metaphase I I  c e l l  a t p re-anaphase, since  a s in g le  element 

re p re se n tin g  the  X cannot be d is tin g u ish ed .

At le p to te n e  the d ip lo id  number of chromosomes began to  appear 

and condense from heteropycno tic  telom eres a t  one s id e , and homologues 

p a ire d  from telom eres (P la te  75b) backwards in to  a bouquet (P la te  76b).

The sex chromosome was heteropycnotic  a t  th is  stage (u n lik e  the s i tu a t io n  

at t h i s  stage in  the human male) and appeared to  possess r a d ia l ly  p ro je c tin g  

tags (P la te  76a).

A f a i r l y  c la s s ic a l  pachytene occurred w ith  a deeply  s ta in e d  sex 

v e s ic le  and centrom ere reg ions. B ivalen ts showed chromomeres and n u c le o li 

were p re sen t (P la te  77). With fu r th e r  study i t  would be p o ss ib le  to 

karyotype t h i s  stage .

A fte r pachytene, a d iffu se  stage was p re se n t. The sex chromosome 

u n ro lled  to give a rod formed of two chrom atids. The centrom ere reg ions 

were he tero p y cn o tic  and sometim.es showed as a double body (P la te  78).
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Re-condensation le d  to d ip lo tene (P late  7 9 ) the centromere reg ions 

remained h e te ro p y cn o tic . At d ia k in e s is , (by co n tra s t to man) the fo u r- 

s trandedness of the b iv a le n t could be dem onstrated, in c lu d in g  double 

centromere reg io n s  in  each homologue (P la te  80). More chiasm ata are 

shown a t  d ip lo ten e  by comparison w ith d ia k in e s is . The la rg e s t  b iv a len t 

in  P la te  79b shows a t  l e a s t  6 chiasm ata whereas the mean in  th is  b iv a le n t 

a t  d ia k in e s is  was 3.70 (Table 35). Chiasmata could no t be counted a t 

a l l  a t  l a t e  d ia k in e s is  (P late  81a).

The more f re q u e n tly  observed "mid d ia k in e s is"  was used fo r  chiasma 

a n a ly s is . A problem in  observing chiasm ata arose when the 4 s tran d s of 

the  b iv a le n t d id  n o t sep a ra te , and la y  p a r a l le l  over vary ing  len g th s  

(P la te  80a). This was e sp e c ia lly  common in  the la rg e  b iv a le n ts  where 

i t  cou ld  be p re sen t more than once. In  such cases c a re fu l focussing  could 

no t e lu c id a te  the tru e  number of chiasm ata p re sen t, so, in  th is  study 

they  were scored as a nominal two chiasm ata, the minimum necessary  to 

hold  th e  c o n fig u ra tio n . T erm inal!sation  occurred in  lo c u s t m ainly towards 

the non-centrom eric end, since homologous centrom eres showed strong  

re p u ls io n . B iv a len ts  were never observed to  in te r lo c k . In most of the 

d ia k in e s is  spreads th e re  was one la rg e  b iv a le n t th a t appeared to  have 

a gap, u su a lly  in  only one of i t s  homologues (P late  80b). With c a re fu l 

fo cu ssin g , m a te r ia l could be seen to  tra v e rs e  the  gap. At pachytene, 

a la rg e  b iv a le n t supported a nucleo lus a t  th is  p o in t (P la te  77a) and so 

the  "gap” was a t t r ib u te d  to a secondary c o n s tr ic t io n  or n u c leo la r  o rg an ise r 

reg io n .

F if ty -sev e n  m id -d iak inesis  c e l l s ,  w ith  w ell spread chromosomes, 

were chosen fo r  a n a ly s is . A ll showed 11 b iv a le n ts , w ith  the X as a 

u n iv a le n t. A histogram  fo r  the chiasma count p e r c e l l  showed a narrow 

d is t r ib u t io n  over a range 20 to  26 (Figure 13). The mean chiasma count 

p e r c e l l  was 22.16 SD 1 .59 .

Twenty c e l l s  were karyotyped using s ize  and in d iv id u a l c h a r a c te r is t ic s .
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The c o n tra c tio n  o f the A u n iva len t was not a good in d ic a tio n  of c o n tra c tio n  

in  the  b iv a le n ts . The b iv a len t with the gap was the th i r d  la r g e s t .  When 

a gap was no t apparent in  th is  b iv a le n t, there  were two darker bands 

a t  an e q u iv a len t p o s itio n .

Chiasmata seemed not to  occur in  the heterorvycnotic centromere 

reg ion  of the la rg e r  b iv a le n ts . This was not the case , however, fo r  the 

the th ree  sm a lle s t chromosomes. These always had a s in g le  chiasma. One 

of th re e  a l te rn a t iv e s  was scored fo r  each c e l l :  chiasma n e a re s t the centromere 

reg io n ; n e a re s t  the middle^ and n e a re s t the  region away from the centromere 

(Table 36). I t  was shown th a t  s ig n if ic a n tly  more were near the centrom eric 

end ( X 2,P = 0 .0 1 ).

P lo t t in g  th e  number of chiasm ata per b iv a le n t ag a in s t chromosome 

le n g th  shows an in c rease  w ith size  above a minimum value of one chiasma 

(F igure 16). The s l ig h t ly  lower value fo r  chromosome I I I  may be a t t r ib u te d  

to  an o v e r-e s tim a tio n  of i t s  s iz e , p o ss ib ly  caused by the presence of the 

extended secondary c o n s tr ic t io n  reg ion .

By f i r s t  anaphase (P late  81b) rep u ls io n  of the chrom atids has 

occurred ; centrom ere regions c o lle c te d  round an unsta ined  area  w ith  the 

long arms p o in tin g  outwards (P la te  82a). The X segregated  to  one po le , 

as shown by metaphase I I  spreads (P la te  82b and c ) . An in te rp h ase  between 

anaphase I  and metaphase I I  was not observed. Spermatids then  d if fe re n tia te d , 

in to  spermatozoa (P la te  83).

Syrian  ham ster

Somatic T issue ,

The blood c u ltu re s  f a i le d .  There were no c e l l s  in  d iv is io n .

C lo ttin g  may have been re sp o n sib le .

The bone marrow p rep a ra tio n s  a lso  f a i le d .
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Table 35. Chia.smata per bivalent in "the locust.

CHROMOSOME
NUMBER

MEAN NO.
OF CHIASMATA 
PER BIVALENT

RELATIVE LENGTH (mm) IN 
X2,500 PRINTS OF CELLS. 
(Absolute leng th  urn in  
p a ren th es is )

DIAKINESIS i'liiiTi 1PHASn I I

I 3.70 55 (22.0) 65 (26.0)
I I 3.45 52 (20.8) 60 (24. 0 )

I I I 2.45 ' 45 (18.0) ' 50 (20.0)
IV 2.45 42 (16.8) 45 (18.0)
V 2.15 39 (15.6) 40 (16.0)

VI 1.95 30 (12.0) 38 (15.2)
VII 1.95 25 (10.0) 33 (13.2)

V III 1.55 23 ( 9 .4) 25 (10. 0 )
IX 1.00 17 ( 6 .8) 22 ( 8 .8)

X 1.00 16 ( 6 . 4 ) 19 ( 7 .6)
XI 1.00 14 ( 5.6) 17 ( 6 .8)

Table 36. Chiasma an a ly s is  in  the 3 sm a lle s t chromosomes 

in  lo c u s t.

CHROMOSOME
NUMBER

NEAREST
CENTROMERE

NEAREST
MIDDLE

NEAREST END • 
OPPOSITE TO 
CENTROMERE

IX 12 8 0

X 10 7 3

XI 8 3 9

Observed 30 18 12

Expected 21 - 21
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T e s tis  T issue.

There was a low er p roportion  of these  stages su ita b le  f o r  a n a ly s is  -  

sperm atogonia! m etaphase, d iak in e s is  and metaphase I I  -  by comparison 

w ith  in te rm ed ia te  s tag es . Pachytene was more freq u en tly  observed than 

in  lo c u s t .

Spermatogonia in  in te rphase  were la rg e  and d i s t in c t .  Sperm atogonial 

metaphases were le s s  o ften  observed and never w ith p a ir in g  o f homologous 

chromosomes. The d ip lo id  number of chromosomes, X4-? was confirmed using 

th i s  s tag e . The sex chromosomes s ta in ed  l ik e  the autosomes (P la te  8ka). 

Condensation of chromosomes was again shown to occur from the telom eres 

bunched a t  one side of the nucleus. No good examples of homologous p a ir in g  

were observed and n e i th e r  was the bouquet co n fig u ra tio n , but few s l id e s  

were analysed.

Pachytene chromosomes tended to be s l ig h t ly  d if fu se  (P la te  84b ). 

Twenty-one elem ents and the sex v e s ic le  were apparent a t t h i s  s tag e .

Most centrom ere reg io n s  were he teropycno tic ; the deeper s ta in in g  sometimes 

in c lu d in g  the  whole of the sh o rt arm. These heteropycno tic  reg ions tended 

to  a s s o c ia te . The sex v e s ic le  v a ried  g re a tly  in  appearance. There were 

two p a r ts :  a la r g e r ,  deeply s ta in in g  and which p o ss ib ly  rep resen ted  the 

p a ir in g  se c tio n s  of the  X and I  chromosomes, and a sm alle r, l i g h t ly  

s ta in e d , and which p o ss ib ly  rep resen ted  the  long arm of the  X chromosome. 

Some spreads a t oachytene showed double the usual number o f elem ents 

as though p o ly p lo id , b u t p a ir in g  was s t r i c t l y  "two by two".

Chromosomes, except fo r  heteropycno tic  reg io n s , then became more 

d if fu se . (P la te s  85a and b). The sex chromosomes u n rav e lled  from th e  sex 

v e s ic le  and' chromosomes recondensed in to  the stage termed d ip lo te n e , 

h e te ro p y cn o tic  reg io n s  remaining d i s t in c t  (P la te  85c). Chiasma counts 

a t  d ip lo te n e  d id  n o t d i f f e r  from tio se  a t d ia k in e s is . This was un like  

the s i tu a t io n  in  lo c u s t .

The fo u r  s tra n d s  of th e  d ia k in e s is  b iv a le n ts  were n o t as d i s t in c t



as those  in  lo c u s t bu t were more d i s t in c t  than those in  human (ELate 86).

The sex chromosomes were p resen t in  one of th ree a l te rn a t iv e  c o n fig u ra tio n s ; 

as a sex b ivs.len t w ith  th e  long arm of the Y paired  w ith the sh o rt arm 

of th e  X (XY, ELate 86b) j as a b iv a le n t, but w ith a s u b s ta n tia l  gap 

between (X Y); o r  as u n iv a len ts  (X/Y, P late  87a). Apart from an a s s o c ia tio n , 

th e re  was no evidence of a chiasma between the sex chromosomes. C ells 

w ith  sep a ra ted  X/Y were found in  some p rep a ra tio n s  even when hypotonic 

trea tm en t was not used (P late  87a). B ivalen ts apparen tly  jo in ed  by th e i r  

te lom eres were commonly observed. Regions remaining p a r a l l e l ,  commonly 

seen in  lo c u s t  were ra re ly  seen in  ham ster.

F i f ty - f iv e  w ell spread c e l l s  a t  m id -d iak inesis  were analysed fo r  

chiasm ata and con junction  of the X and Y chromosomes. D iak inesis  c e l l s  

con tain ing  the  “hap lo id" number of b iv a le n ts  were used. Apparent po lyp lo idy  

was common. In  many of the seemingly te tr a p lo id  c e l l s  ( “d ip lo id "  number 

of b iv a le n ts ) ,  karyotyping  from opposite  edges revealed  two f u l l  hap lo id  

complements w ith  l i t t l e  overlap in  the cen tre  o f the spread , showing 

the presence of two c e l l s  in  synchrony.

A histogram  of chiasma counts p e r c e l l  (F igure 15) showed a narrow 

range between 23 to  30, but n o t q u ite  as narrow as in  lo c u s t .  The mean 

chiasma count was 26 ./+5 SD 1.83 and the  p ro p o rtio n  of c e l l s  w ith  separa ted  

X/Y was 10.905S.

Twenty good d ia k in e s is  c e l l s  were karyotyped. Centromere reg io n s 

were obvious only when the whole of the sh o rt arm was h e te ro p y cn o tic . 

V a ria tio n  in  the amounts of heterochrom atin  p re se n t in  d i f f e r e n t  chromosomes 

was u se fu l in  karyotyping . Chiasmata tended no t to  occur in  reg ions of 

deeper he tero p y cn o sis . The sm alles t b iv a le n t was u su a lly  more h e teropycno tic  

than th e  o th e rs , e sp e c ia lly  a t  e a r ly  d ia k in e s is  (P la te  86a). The nex t 

sm a lle s t was a lso  d is t in c t iv e ,  but because of i t s  s iz e . The fo u r sm a lle s t 

b iv a le n ts  each had only  one chiasma (Table 37) • X graph fo r  the hem ster 

m a te r ia l  d id  no t show the c le a r  p ro p o rtio n a te  in c re ase  in  chiasma number



p er b iv a le n t w ith  in c re a s in g  chromosome s iz e . (F igure 1 7 ), such as was 

seen in  the  lo c u s t .

An in terpha.se was probably p re sen t between metaohase I  and metaphase I I ,  

s ince  the hap lo id  number of chromosomes was seen to condense in to  metaphase 

I I  from an extended pit)phase co n fig u ra tio n . The sh o rt arm of the  X was 

the f i r s t  to  show deep s ta in in g . l a t e r ,  centromere reg io n s and the  whole 

of the  sh o rt arms o f some autosomes became h e teropycno tic  and th ese  sh o r t  

arms tended to  l i e  c lo se r  to g e th e r. C oiling  was prom inent a t metaphase I I .  

C e lls  could be scored as "X -presentu o r “X -sbsent" and as the X always 

had two chrom atids, t h i s  showed p re -re d u c tio n  o f the sex chromosomes 

(P la te  88a and b ) .

Metaphase I I  c e l l s  were as fre q u e n tly  seen as were those  a t d ia k in e s is .  

Seven were keryotyped, using f i r s t  s iz e  then o th e r in d iv id u a l chromosome 

c h a r a c te r i s t i c s .  The Y, in  those c e l l s  th a t  d id  n o t have an X, appeared 

to  have more compact chromosome arms than  the autosomes (P la te  88b).

Some chromosomes showed extended reg ions in  one or both arms. The 

d e f in i t io n  and spread ing  of the chromosomes a t  metaphase I I  proved 

adequate fo r  the co n s tru c tio n  of an idiogram  arranged by s iz e  and the 

he tero p y cn o sis  of chromosome regions (Figure 18).

Most a p p a ren tly  po ly p lo id  metapha.se I I  c e l l s  c a r r ie d  44 chromosomes, 

shown by karyo typ ing  to  be two f u l l  s e ts  of homologous chromosomes in c lu d in g  

bo th  an X and a Y. C loser in sp ec tio n  showed th a t  the  two s e ts  of homologues 

were arranged w ith  one s e t  on the “X -side", the o th e r on th e  nY -side" 

o f the  spread and w ith  only  a s l ig h t  overlap  in  the m iddle. This s tro n g ly  

suggested  th a t  ad jac e n t, overlapped c e l l s  were p re se n t (P la te  87b) as 

the  synchronous d iv is io n  p roducts of the  same d ia k in e s is  c e l l .

M aturing spermatozoa showed a d is t in c t iv e  aerosome and middle 

p iece  (P la te  88c).



Table 37. Chiasmata per d ia k in e s is  b iv a le n t in  the Syrian hams

POSITION

RELATIVE LENGTH (mm) IN 
12,500 PRINT OF A CELL 
AT METAPHASE I I  
(Absolute len g th , jun, in  
p a re n th es is )

MEAN NO. OF 
CHIASMATA PER 

BIVALENT

I 25.0  (10. 0 ) 1 .70  j

I I 24.0 ( 9 .6) 1.50

I I I 23.0 ( 9 .2 ) 1.30

IV 21.0  ( 8. 4 ) 1.60

V 19.5 ( 7 .8) 1.50

VI 19.0 ( 7 .6) 1.65

VII 18.5 ( 7 .4) 1.70

V III 18.0 ( 7 . 2 ) 1.40

IX 17.0  ( 6 . 8 ) 1.35

X 16.0  ( 6 . 4 ) 1.15

XI 15.0  ( 6 . 0 ) 1.25

XII 14.0 ( 5 .6) 1.20

X III 13.0  ( 5 .2 ) 1.20

XIV 11.5 ( 4 .6 ) 1.05

XV 11.0  ( 4 . 4 ) 1.25

XVI 10.5  ( 4 .2 ) 1.10

XVII 10.0  ( 4 . 0 ) 1.20

XVIII 9 .0  ( 3 . 6 ) 1.00

XIX 7 .5  ( 3 . 0 ) 1 .00

XX 7 .0  ( 2 .8 ) 1.00

XXI

Co•1—10• 1 .00
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Mouse

Somatic T issue.

Blood c u ltu re  and bone marrow p re p a ra tio n s  f a i le d .  Corneal p re p a ra t io n s  

gave good m etaphases. About 20 m itoses from each eye, w ith  some 10 of 

a q u a l i ty  s u i ta b le  fo r  d e ta i le d  a n a ly s is , were re g u la r ly  o b ta in ed . Using 

th i s  tech n iq u e , the normal 2n = / 0̂ a c ro ce n tric  complement o f Pus mu sc u lu s 

was confirm ed in  mice (a) (5 karyo types), (e) (6 k a ry o ty p es), and ( f ) ( 2  karyo­

ty p e s ) .

T e s t is  T issue.

In  the mouse, the  tubu les were packed t ig h t ly  in to  the  capsu le  in  

a more ordered  manner than in  humans. The teased  tu b u le s  showed sharp 

an g u lar tw is ts .  Waves o f m eiosis could be observed through th e  tu b u le  

w a lls , u sing  low power microscopy (H a te  89a).

Chromosomes more c lo se ly  resembled one ano ther than  d id  those from 

th e  ham ster o r the lo c u s t  and were consequently  more d i f f i c u l t  to  study.

Sperm atogonial metaphases (P la te  89b) were le s s  f re q u e n tly  observed 

bu t o c ca s io n a lly  showed s p ir a l l in g .  The d ip lo id  2n = ^0 chromosome 

complement was confirmed a t t h i s  s tag e . There was l i t t l e  evidence of 

homologous p a ir in g  a t  sperm atogonial metaphase (P la te  89b), bu t few p rep a ra ­

t io n s  were examined.

R e lics  o f a bouquet co n fig u ra tio n  were o c ca s io n a lly  observed a t  

th e  prophase o f f i r s t  m eiosis. Pachytene was in fre q u e n tly  seen but 

centrom ere reg io n s  were he teropycnotic  and th e re  were 20 elem ents which 

in c lu d ed  a sex v e s ic le  (P la te  90a). A pachytene c e l l  s u f f i c i e n t ly  w ell 

spread  fo r  karyo typ ing  was no t found. A d if fu se  stage  fo llow ed  pachytene. 

Centromere reg io n s  were heteropycno tic  and appeared e i th e r  s in g le  o r 

double (P la te  90b). The sex chromosomes u n rav e lled  from t h e i r  looped 

p o s i t io n  in  the sex v e s ic le  to  rev ea l end to  end p a ir in g . The chromosomes 

then  recondensed in to  d ip lo ten e  (P la te  91).
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Fur the r  chromosome condensation preceded d ia k in e s is  by which stage

the centrom ere reg io n s  tended to  be obscured. There were u s u a lly  only

one o r two chiasm ata in  each b iv a le n t (P la te  92), w ith  no ev idence, a p a r t

from ad jacen t p o s itio n in g , of a chiasma between the sex chromosomes.

One l a t e  d ia ic in es is  c e l l  showed precocious d is ju n c tio n  of some o f the

chromosomes and th e  long  arms of the  Y (beginning to  sep a ra te )  seemed

p a ire d  w ith the  long arms of the X (P la te  93a). Separated X/Y c e l l s  were
/%

o c c a s io n a lly  p re se n t and more ra re ly  X Y, w ith  the  sex chromosomes a lig n ed , 

bu t sep a ra ted  by a s u b s ta n tia l  gap. Autosomes were o c c a s io n a lly  observed 

w ith  homologues ap p aren tly  separa ted  but ly in g  side  by s id e . C arefu l 

fo cu ssin g  rev ea led  connections which suggested th a t  te rm in a l chiasm ata 

were p re s e n t, o r th a t  te rm in a lis a tio n  had a lread y  occurred .

F i f ty  w e ll-sp read  c e lls  a t  m id -d iak in esis  were examined f o r  the 

number of elem ents, chiasm ata and the con junction  of the  X and Y, A ll 

c e l l s  showed 19 autosom al b iv a le n ts , w hile the X and Y chromosomes could 

be e i th e r  to g e th e r  o r sep a ra te . The mean chiasma count p e r c e l l  was 

25.06 SD 1.58 and th e  p ro p o rtio n  of c e l l s  w ith sep ara ted  X/Y was 4-.00£.

An attem pt to  karyotype 20 c e l l s  a t d ia k in e s is  was made, b u t chromosome 

id e n t i f i c a t io n s  were f a i r l y  a rb i t r a ry  as they were based on ly  on s iz e .

The number o f chiasm ata p e r b iv a le n t was estim ated  (Table 3 3 ).

Unlike the sm alle r chromosomes of the ham ster, the sm alle r chromosomes 

of the  mouse o cca s io n a lly  had two chiasm ata. The number o f ch iasm ata 

p e r b iv a le n t in c reased  p ro p o rtio n a te ly  w ith  in c re a s in g  b iv a le n t  le n g th  

(F igure 19).

At metaphase I I  the  chromosomes tended to  be s p i r a l  and the sex 

chromosomes were h e teropycno tic  (P la te  93b). C e lls  could be scored  as

"X-bearing" (P la te  94a) o r "Y -bearing11 (P la te  94b). There was lOOp p re ­

red u c tio n  o f the sex chromosomes. Six metaphase I I  sp reads were karyotyped

using  chromosome s ize  as the p r in c ip a l  c r i te r io n .  The sperm head showed a

marked d i f f e r e n t i a l  s ta in in g  in  sperm iogenesis (P la te  94c).



Table 38. Chiasmata per diahinesis bivalent in the mouse.

CHROMOSOME
POSITION

RELATIVE LENGTH (mm) IN 
X2,500 PRINT OP A CELL 
AT DIAKINESIS.
(Absolute le n g th , p.m, in  
p a ren th es is )

MEAN NUMBER 
OF CHIASMATA 
PER BIVALENT

I 20.0 (8 .0) 1.95

II 18.0 (7 .2) 1.60

III 17.0 (6 .8) 1.60

IV 16.0  (6 .4 ) 1.60

V 14.0  (5 .6 ) 1.45

VI 13.0 (5 .2) 1.30

VII 12.5 (5 .0) 1.35

VIII 12.0  (4 . 8) 1.40

IX 11.5 (4 .6 ) 1.35

X 11.0  (4 . 4 ) 1.25

XI 10.5 (4 .2 ) 1.15

XII 10.0  (4 . 0 ) 1.15

XIII 9.5 (3 .8 ) 1.25

XIV 9.0 (3 .6 ) 1.20

XV •

U
'V

to 1.15

XVI 8.0  (3 . 2 ) 1 .10

XVII 7.5 (3 .0) 1.00

XVIII 6.0  (2 .4 ) 1.05

XIX 5.0 (2 .0 ) 1.05
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MOUSE

Bivalent Length

JQ4BI0 U12 .  Muabtr of ehiaseata p«r biv&ltnt plotted with 

chromozoa* length, in  the mous#.
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Mouse w ith M uscular Dystrophy

P relim inary  In v e s tig a t io n , Mouse (e).

A nalysis of 4- sperm atogonial metaphases confirm ed a normal 2n = 4-0 

a c ro c e n tr ic  complement of Mus muscuius. The t e s t e s  were sm all 6 .5  x /+. $ x

3 .5  mm* the tu b u le s  th in . Stages su ita b le  fo r  a n a ly s is  in  the  t e s t i s  

p re p a ra tio n s  were sca rce , but no sp e c if ic  d is tu rb an ce  of m eiosis  was 

observed.

D e ta iled  a n a ly s is  of 20 c e l l s  a t mid d ia k in e s is  rev ea led  a mean 

chiasma count per c e l l  of 25.75 SD 1.86 and sep a ra ted  X/Y in  20/o o f the 

c e l l s  (4$ X/Y was found in  a non-dystrophic mouse).

D e ta iled  In v e s t ig a t io n , Mice (f) and (g ).

In  both  an u n affec ted  mouse (specimen g) and ano ther a f fe c te d  w ith  

m uscular dystrophy (specimen f ) ,  exam ination o f 4- sperm atogonial m etaphases 

and 2 metaphase I I  c e l l s  confirmed the normal a c ro c e n tr ic  chromosome 

complement o f 2n = 4-0.

T e s tis  sec tio n s  in d ic a ted  a normal h is to lo g y  fo r  (g) (P la te  95b); 

in  ( f )  th e re  were few er of both germ c e l l s  and sperm (P la te  95a). Mouse 

(g) was alm ost tv/ice the  weight of (f)  (Table 3S). This ta b le  a lso  shows 

th e  sm aller p ro p o rtio n  o f c e l l s  w ith separa ted  X/Y (P la te  96d) in  the  

u n a ffec ted  mouse (g) (20%) compared w ith th a t  in  the a f fe c te d  mouse (f )  (36%).
r \

The f ig u re s  were s ig n if ic a n t ly  d if f e r e n t  ( ^  , P = 0.05 -  0 .0 2 ) . A wider 

range of d ia k in e s is  was used in  th is  in v e s t ig a tio n  (see Page 55) so 

p recocious d is ju n c tio n  may explain  why the value  fo r  X/Y in  the u n a ffec ted  

mouse (g) was h igher than  th a t  fo r  the p rev ious co n tro l mouse (U%) •

The p ro p o rtio n  o f XY gap (P la te  96b) and X Y c e l l s  (P la te  9oc) was a lso  

l a r g e r  in  the a ffe c te d  mouse ( f )  compared w ith  th e  u n a ffec ted  (g ).

In  chiasma a n a ly s is , the mean chiasma count p e r c e l l  fo r  th e  

u n a ffec ted  (g) was 24..95 YD 1.88 and fo r  the  a f fe c te d  (f )  25.78 SD 2.27 

the la rg e r  s tan d ard  d ev ia tio n  here in d ic a tin g  a w ider spread  of v a lu es .



For the  u n a ffec ted  (g) c lo se r an a ly s is  showed the  X/Y sp reads had a 

low er mean chiasma count (23.36) then o th e r X~Y or XY gap c e l l s  (23.50 

and 23.86, r e s p e c tiv e ly ) ,  which in  tu rn  had a low er count than  the  XY 

ones (2 5 .6 0 ). .Such a tren d  might be expected since the  chromosomes 

c o n tra c t  p ro g re ss iv e ly  as d ia k in e s is  proceeds. This c o n tra c tio n  tends 

to  obscure chiasm ata and the l a t e r  (more co n trac ted ) s tag es  are those 

most l i k e ly  to  show a precocious d is ju n c tio n  of the X and Y. For the 

a f fe c te d  mouse, the X/Y spreads had a h igher mean chiasma count (2 6 .4.6 ) , 

compared w ith  X Y snd XY gap (26.25 erd 25.32 re s p e c tiv e ly ) ,  which in  

tu rn  had a h igher count than XY (25 .27). The tre n d  i s  thus shown to  be 

in  the  opposite  d ire c t io n  and u n lik e ly  to  be caused by p recocious d is ju n c tio n  

o f the  sex chromosomes.
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Table 39* Chiasma an a ly s is  and conjunction  of the sex chromosomes 
in  mice w ith  and without muscular dystrophy.

UNAFFECTED MOUSE 
(g)

MOUSE (f )  
AFFECTED WITH 

MUSCULAR DYSTROPHY

Weight of mouse in  g 22.3 12.0
T e s tis  s iz e  mm 7.0  x 4 .5  x 3 .5 5 .0  x 3 .5 x 2.5

No. /o No. %
T o ta l no. o f d ia k in e s is  c e l ls 115 100 115 100

Sex Chromosomes

XY p a ire d  (XY + XY gap + X Y) 92 80 74 64.35
X/Y n o t p a ired 23 20 a 35.65

x' y . 6 5.22 9 7.83
XY gap 8 6.96 19 16.52
Y e x tra - - 1 0.87
Y m issing (XO) - - 1. 0.87
X broken - - 1 0.87
Y broken - - 1 0.87
Gap in  X ( l ik e  secondary 

c o n s tr ic t io n ) 1 0.87 - -

Autosomes

C ells  not complete 3 2.61 2 1.74
’Whole c e l l s  counted 112 100 113 100

Of these  No. w ith 2 u n iv a len ts 5 4* 46 Q✓ 7.96
Autosomal e x tra  fragm ent 1 0.89 - -

CHIASMA ANALYSIS

MEAN CHIASMA COUNT PER CELL 24.95 25.73

MEAi\i CHIASi'ia COUNT PcPt CELL 
f o r  X/Y 23.36 26.46

MEAN CHIASMA COUNT PER CELL 
fo r  XY + XY gap + X ^ 25.33 25.39

MEAN CHIASMA COUNT PER CELL 
fo r  XY 25.60 25.27

MEAN CHIASMA COUNT PER CELL 
fo r  XY gap 23.86 25.32

MEAN CKJASMA COUNT PER CELL 
f o r  X Y 23.50 26.25



6. CONCLUSIONS AMD DISCUSSION

The sequence of su b jec ts  d iscussed  follow s in  broad o u tlin e  th e i r  

appearance in  Chapter 5« An attem pt i s  made to  a sse ss  the methods used 

as w e ll as the r e s u l ts  obtained and to b ring  both in to  p e rsp ec tiv e  w ith  

the  work of o th e rs  on m eiosis, e sp e c ia lly  human m eiosis.

A se c tio n  on m ito tic  r e s u l ts  used as an e s s e n t ia l  background fo r  

the m eio tic  study  and i n f e r t i l i t y  survey i s  d iscussed  f i r s t .  This i s  

fo llow ed by a d iscu ss io n  on human sperm atogenesis, no ting  p a r t i c u la r ly  

th e  occurrence o f a d iffu se  stage which was d iscovered during  the  course 

of th e  work. The observations are compared, where re le v a n t, w ith  those 

made from studying o th e r  m a te ria l, cec tio n s  on autosome chiasma a n a ly s is  

and con junction  of the sex chromosomes, m aturation  a r r e s t ,  tra n s lo c a tio n  

h e te ro zy g o tes  and a radiation-dam aged p a t ie n t  then  precede a g en era l 

d iscu ss io n  on the tim ing  of the stages of m eiosis , environm ental f a c to r s  

a f fe c t in g  red u c tio n  d iv is io n , n o n d isjunc tion , and s e le c tio n  in  gameto- 

g en es is .

6 . 1  MITOTIC METAPHASE

The leukocyte  c u ltu r in g  technique was very r e l i a b le .  However, blood 

i s  n o t always considered  an id e a l somatic t is s u e  fo r  d e te c tin g  chromosome 

mosaicism in  man, since le s s  than s ix  c e l l s  are sa id  to  give r i s e  to  the 

haem opoietic t i s s u e  of the  body (Gandini, G a r tle r , Angioni, A rgio las and 

D el1Aqua 1968).

Blood i s  c e r ta in ly  very convenient f o r  m ito tic  a n a ly s is . F e r r ie r ,  

F e r r ie r  and K elley  (1970) concluded th a t  few in s ta n ce s  of sex chromosome 

mosaicism would be overlooked i f  blood alone was examined. However, using 

the 2 0 -c e ll  survey method, i t  i s  p o ssib le  th a t  some minor l in e s  o f c e l l s  

could have been missed o r a t t r ib u te d  to  random lo s s .  Nor was the method
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of m icroscope a n a ly s is  id e a l . However, successive  backchecks were made by 

counting  f i r s t  the c e l l  to ta l s ,  then numbers fo r  each o f the chromosome 

groups and in d iv id u a l chromosomes (see Chanter A). I t  i s  recogn ised  th a t  

sco rin g  chromosomes by quadrants may be b e t te r .  The d e fe c ts  o f  th e  method 

a c tu a lly  used were probably overcome to a la rg e  e x ten t by the f a r t  th a t  

a q u a r te r  of the c e l l s  were karyotyped from photom icrographs.

Random Loss of M ito tic  Chromosomes

The sm aller the chromosomes, the g re a te r  the chance o f random 

chromosome lo s s  ( f ig u re  2 ). Figures fo r  lo s se s  of G chromosomes may have 

been even h igher due to  the in c lu s io n  of "unconfirmed" XO/XY m osaics in  

the t o t a l .  An unusually  high lo s s  of G 's has been observed p rev io u s ly . 

Hypodiploidy e sp e c ia lly  due to Y chromosome lo s s  i s  considered  to  in c re a se  

w ith  age (N eurath, De Remer, B e ll, J a rv ick  and Kato 1970), though n o t 

a l l  re p o r ts  confirm  th i s .  Zang and la n k l (1970) m aintained th a t  a .c ro cen trics  

were seldom lo s t ,  as they apparen tly  po ssess  " s t ic k in e s s  to  n u c le o la r  

m a te r ia l" . Figure 2 a lso  shows th a t  mors C group chromosomes are m issing 

than might be expected from the general tren d  of lo s s  accord ing  to  chromosome 

s iz e . This could have been due to A5,OY/x6,XY mosaicism, bu t any karyotyped 

C- c e l l s  never d id  suggest an absent X.

Random lo s s  seemed u n lik e ly  to be due to  n o n d is ju n c tio n  s in ce , a p a r t 

from sex-chromosome m osaics, only one h y p erd ip lo id  c e l l  was found. This 

c e l l  had an e x tra  B group chromosome which genuinely  appeared to  belong to  

the  rem ainder o f the chromosome complement. Since the frequency o f c e l l s  

w ith  m issing  chromosomes did n o t appear to  be balanced by c e l l s  bearing  

corresponding a d d itio n a l chromosomes, apparent lo s se s  may r e s u l t  from the 

p rocess o f p rep a rin g  the chromosome spreads.
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POLYMORPHISM.

N atu ra l v a r ia t io n  in  human m ito tic  chromosomes i s  f a i r l y  w ell 

documented (Lubs and Ruddle 1970); Benirschke (1969) dem onstrated some 

degree o f chromosome polymorphism in  a study of 120 lower p rim ate s . The 

polymorphisms found in  the p resen t study were n o t ex cep tio n a l (Table 4 ) .

They were p re se n t in  co n tro ls  and i n f e r t i l e s .  The most obviously  v a r ia b le  

autosorne was number 9 (P la te  10a).

The study a lso  confirmed the wide v a r i a b i l i t y  of the  Y ( c . f .  Gripenberg 

1964.) . As Y d e le t io n s  can lead  to  i n f e r t i l i t y  (as  in  p a t ie n t  WC680183) 

a c o r re c t  assessm ent as to  whether an unusual Y i s  abnormal, o r  a polymorphism, 

i s  c r i t i c a l .  A bnorm alities caused by "abnormal11 Y chromosomes, have been 

claim ed in  many re p o r ts . Makino, K ikuchi, Sasaki and Yoshida (1962) mentioned 

a long  Y a sso c ia te d  w ith  oligosperm ia or asperm ia, Makino, Takagi, M akita and  

K ik ita  (1964-) a la rg e  Y in  one of th ree  in d iv id u a ls  d isp la y in g  hypospadias 

and K adotani, Ohama, Nakayama and Tabuchi (1970) two long Y!s in  an i n f e r t i l i t y  

survey o f 88 couples. In  the p resen t study, unusual Y 's , bo th  la rg e  and 

sm all, were fre q u e n tly  p re sen t in  cases w ith  the Del C a s t i l lo  syndrome.

Named by Del C a s t i l lo ,  Trabucco and de l a  Baize (194-7) t h i s  was desc rib ed  

as absence of germ c e l l s  w ithout impairment o f S e r to l i  o r Leydig c e l l s .

There i s  sex-chrom atin  n e g a tiv ity , hypogonadism, no apparen t Leydig c e l l  

h y p e rp la s ia  and in c reased  gonadotrophins (Ferguson-Sm ith, Mack, 111 is and 

Dickson 1963). However, the chromosomes are normal 4 6 ,kY (Ferguson-Sm ith, 

Lennox, Stew art and Mack I960, S o la ri, V idela and d e l C a s t i l lo  1963).

The s iz e  of the  Y v a r ie s  from c e l l  to  c e l l ,  in  any in d iv id u a l ,  la rg e ly  

depending on the g en era l c o n trac tio n  of the chromosomes (Van Wijk e t  a l.

1962, Bender and Gooch 1961). Allowing f o r  t h i s ,  i t  seemed th a t  c o n tro l 

JT700346 had th ree  popu la tions of c e l l s  w ith  sm all, medium and la rg e  Y 

chromosomes. The d iffe re n c e s  were su b tle  and might have been ignored  but 

f o r  the f a c t  th a t  R e ita lu , Bergman and Ekwall (1970) found la rg e  and sm all
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Y p o p u la tio n s  to g e th e r , and p o s tu la ted  somatic c ro ssin g —over e a r ly  in  

ernbryogenesis.

M ito tic  Anomalies

.Anomalous c e l l s  are usual in  any m ito tic  study. Table 5 shows those 

found in  the  p re se n t in v e s tig a tio n . Q uadrirad ia l chromosome c o n fig u ra tio n s  

are sometimes taken  to  rep resen t somatic cro ssing  over and, f o r  examole, 

used to  ex p la in  g en e tic  d iffe ren ces  in  homozygous tw ins, mosaicism of . 

blood type o r an tig en s  in  neoplasms (German 1964) ,  and even the s t r u c tu r a l  

and g en e tic  p ro p e r tie s  of the immunoglobulins (G aily and Edelman 1970).

P aired  s tru c tu re s  p ro trud ing  from chrom atids are d i f f i c u l t  to in t e r p r e t .  

A v a r ie ty  of m orphological p e c u l ia r i t ie s  were a lso  observed a t  m eiosis , 

n o t o n ly  in  man, bu t a lso  in  the o th er m a te ria l s tu d ied .

INFERTILITY SURVEY.

The survey gave a fig u re  of 15% abnormal chromosome complements 

(complements o th e r than normal 4-6,XY, in c lu d in g  mosaicism confirm ed by the 

presence of more than one c e l l  o f the minor l in e ) .  Court Brown and Smith 

(1969) s ta te d  th a t  0.3% of the general popu la tion  were chromosomally abnormal.

4.7. XXY K l in e f e l te r 1s Syndrome

This i s  perhaps the most common form of trisom y. Moore (1939) b e liev ed  

the frequency of th e  syndrome to  be as high as 1 in  4.00 male b i r th s  (0.25%) 

and f o r  the  newborn R a tc lif fe  e t  a l .  (1970) s ta te d  0.09%. A buccal smear 

survey o f h igh-schoo l ch ild ren  found only 3 out o f 4 ,^81  m ales to  be 

chrom atin p o s i t iv e .  By m ito tic  a n a ly s is  th ese  were shown to  be 4.7, XXY 

(Omori, Morrow, Ishim aru, Johnson, Maeda, Shibukawa and Takaki 1969).

Three XXY’s (4..55%) w ith no evidence o f mosaicism, were found in  the 

p re se n t i n f e r t i l i t y  survey (66 case s). None o f the  th re e  had m orphological



c h a r a c te r i s t ic s  ty p ic a l  of K lin e fe l te r1 s syndrome o th e r than  hypogonadism.

The number approxim ates to what o th e rs  have found in  s im ila r  surveys.

M cllree , P rice  e t  a l .  (1966) found 6% K lin e fe l te r1 s ( a sperm count 

of l e s s  than  20 m illio n ) and K je ss le r  (1966) 16%. Kadotani e t  a l .  (1970) 

found 1.14-% and P h i l ip ,  Skakkebaek, Hammen, Johnson and Rebbe (1970) found 

6.12% chrom atin p o s it iv e  K lin e fe l te r1 s.

In  th i s  study, two 47 ,XXI cases had major absence of germ c e l l s  (one 

had a few c e l l s  m aturing to fre e  sperm and the o th e r had some sperm atogonial 

m ito ses) and the th i r d  was most l ik e ly  to  have complete absence o f germ 

c e l l s ,s in c e  no sperm were p resen t in  the  epididym al tu b u les  which we re 

a c c id e n ta l ly  b io p sied  in s te ad  of the gonad. K l in e f e l te r ’s syndrome w ith sm all 

a reas  o f sperm atogenesis has been d esc rib ed : w ithout a supporting  chromosome 

study , by Grumbach, Blanc and Engle (1937) and Ferguson-Sm ith and Munro (1958) 

w ith  accompanying chromosome s tu d ie s , by S te in b erg er, Smith and P e r lo f f  

(1965) and Skakkebaek e t  a l .  (1969). M ille r  e t  a l .  (i960) d esc rib ed  the 

u su a l co n d itio n : absence of sperm atogenesis, in  3 K lin e fe l te r s  and a 

K lin e fe l te r  mongol.

Outside the i n f e r t i l i t y  survey, the sex-chrom atin p o s i t iv e  t r a n s ­

sexual DK700082 was found to have 4-7,XXY K l in e f e l te r 1 s syndrome, w ith  no 

evidence of mosaicism in  the 20 c e l l s  analysed in  d e ta i l .  The Y, d is t in c t iv e  

in  t h i s  case , was p re se n t in  every one of a fu r th e r  100 c e l l s  analysed.

Gynaecomastia was p re se n t ( in  claimed absence of hormone trea tm en t) and 

c l in ic a l  fe a tu re s  were those ty p ic a l o f a K lin e fe l te r .  Sec tions o f t e s t i s  

showed a severe co n d itio n  w ith  only 0.2% of the biopy occupied by tu b u le s . 

Leydig c e l l  volume was 1 .0  ml in  the r ig h t  gonad and 0 .6  ml in  th e  l e f t .

Normal volume i s  considered 0.5 to  1 .2  ml (Ahmed, Lennox and Mack 1969). 

Dermatoglyphic an a ly s is  showed ridge w idth o f the  r ig h t  hand a /b  (Table 6) 

was normal f o r  a K lin e fe l te r  (Penrose 1967), the value fo r  the  l e f t  hand 

a l i t t l e  low er. The t o t a l  rid g e  count of 55 a lso  suggested  the presence 

o f a t  l e a s t  one e x tra  sex chromosome. Only the p re v io u s ly  e s ta b lis h e d  f ig u re
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of 15/o sex chrom atin p o s i t iv i ty  h in ted  a t  mosaicism. Other la b o ra to r ie s  

found sex chromosome mosaicism in  t l i is  p a t i e n t 's  bone marrow (iidwards r^c. 1970) .

Abnormal psychosexual behaviour i s  o ften  a sso c ia te d  w ith  K l in e f e l t e r 1 s 

syndrome o r found in  men with K lin e fe l te r  c h a ra c te r is tic s (B ish u n  1968) .

17. XXY/Ih'f'l mo sa ic  s

K je ss le r  (1966) found two XXl/XY mosaics w ith  absence of germ c e l l s ,  

and one w ith  normal sperm atogenesis from a s e r ie s  of 135 cases. Here a p o s s ib le  

XXY/aY mosaic from the i n f e r t i l i t y  survey had a p a r t i a l  absence o f germ 

c e l l s  and m atu ra tion  a r r e s t .  An unconfirmed mosaic, a c o n tro l, had very  

s l ig h t  m atu ra tion  a r r e s t ,  but th i s  was probably caused by an inflam m ation 

which ra is e d  the tem perature of the gonad.

16.XX Male

The inc idence  of XX males in  a newborn survey was given as 0.03/o 

(R a tc l i f f e  e t  a l .  1970). The case p resen ted  here had the hypogonadism, 

t e s t i s  h is to lo g y  and the high to ta l  gonadotrophin e x c re tio n  c h a r a c te r i s t ic  

of K l in e f e l te r 1s syndrome, but had the in te l l ig e n c e  and body p ro p o rtio n s  

of a normal male. Dermatoglyphic to ta l  ridge  count was 115.0 , the  f ig u re  

given as ty p ic a l  f o r  a normal male (Penrose 1967).

De l a  Chapelle, H o rtlin g , Niemi and Yennstrdm ( l9 6 l)  rep o rted  the 

f i r s t  case of an XX male. Therkelsen ( l9 6 l)  described  a 1.6 , XX s t e r i l e ,  

hypogonad male w ith a s l ig h t ly  hypop lastic  p en is  and S e r to l i  c e l l s  

chrom atin n eg a tiv e . O ther repo rted  XX males in c lu d e : one by S trauch , In g e l ,  

T a f t, A tkins and Forbes (1965)J th ree  by L indsten , B ergstrand , T i l l in g e r  

Schwarzacher, T ieoolo , inuldal and h d k fe lt ( l 9o6 ) , w nile Bishun ( i 960) found 

fo u r  XX males in  a s e r ie s  o f 30 p a t ie n ts ,  th ree  w ith  ambiguous g e n i ta l ia  

and one l ik e  a K lin e fe l te r .  Kayato, Makino and Suton (1969) reviewed the 

f i e l d  and rep o rted  ano ther XX male w ith hypospadias and t e s t e s  l ik e  those 

o f a K l in e fe l te r .
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Br^gger Aagenaes (1964) , Hecht, Antonius, Maguire and Hale (1966) 

and Lindsoen e t  s i .  (1966) claimed th a t Y chromosomes are  sometimes found 

in  XX m ales. F luorescence an a ly sis  of blood and buccal smear in  the case 

p resen ted  h e re , d id  no t show any Y bodies, so undetected  mosaicism was 

u n lik e ly . Sebaoun, F ourn ier, Drayfin and N e ttie r  (1969) favoured Y to  X 

t r a n s lo c a tio n . Autoradiography and fluo rescence  a n a ly s is  in  t h i s  case and 

o th e rs  (Wennstrflm and de la  Chapelle 1967, Caspersson, de l a  C hapelle , 

L in d sten , Schrdder and Zech 1971) has f a i l e d  to dem onstrate Y m a te r ia l on 

one o f the two XX1 s . However, Bergman, Nowakowski and R e ita lu  (1970) using 

au torad iography  claim ed th a t most of the long arm of the Y was p re se n t, 

and dem onstrated i t s  own re p lic a t iv e  behaviour, on the  d i s t a l  p a r t  o f the 

sh o r t arm o f the X. In c id e n ta lly , they emphasised the normal IQ of th e i r  

case , as d id  Boczkowski, Janczewski, P h ilip  and K ikkelsen (1969) . On the  

whole, XX m ales are l e s s  severe ly  a ffe c te d  than  are those w ith  K l in e f e l te r 1 s 

syndrome.

46.X d e le te d  Y

Absence of germ c e l ls  of WC680183 was a t t r ib u te d  to  the  d e le te d  Y, 

s in ce  the Y o f h is  b ro th e r was of normal s iz e . There was no evidence, from 

blood o r f ib r o b la s t  c u ltu re s  or fluo rescence  of a buccal smear, of a c e l l  

l in e  w ith  a normal Y chromosome. The Y was so sm all (P la te  9) th a t  i t  

could have been an isochromosome fo r the sh o rt arm of the Y, a Y w ith  most 

o f th e  long arm d e le te d , or even a remnant of an X. I t s  p e r ip h e ra l  p o s it io n  

(Ockey 1969) suggested a Y. I t  did not f lu o resce  using q u in acrin e  f lu o re s ­

cence, but t h i s  i s  u su al fo r  a normal sm all Y (Borgaonkar end H ollander 1971). 

A utoradiography showed i t  to be u n lab e lled  by thym idine adm in is te red  la te  

in  8. Craig and Shaw (1971) found the Y completed i t s  r e p l ic a t io n  w ith  th e  

f i r s t  10 chromosomes. In  th is  case the Y was probably  too sm all to  draw 

firm  conclusions from autoradiography.
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Dermatoglyphics (7-ble 6) again proved in te r e s t in g .  T o ta l r id g e  count 

was 106, n ear to th a t estim ated fo r  4^,XXYY, c e r ta in ly  f a r  from th a t  fo r  

4 6 ,XY (145) o r 4 5 ,X0 (179). Mean ridge w idth was more than th a t  suggested 

f o r  48,XXYY (Penrose 1967).

The presence of a small chromosome w ith  a sex chromosome "m issing11 

has been a sso c ia ted  w ith  Turner*s syndrome (Jacobs 1969)* Pvhen phenotypic 

development was in  the male d ire c tio n , the sm all chromosome was as aimed to  

be d e riv ed  from a Y. (Conen, B ailey, Allemang, Thompson and E zrin  1961, 

F raccaro , B o tt, Salzano, B ussell, Ross and Cranston 1962, Surana, Forbath  

and Conen 1971). Muldal and Ockey (1962) found a d e le ted  Y chromosome in  

a fam ily  w ith  m uscular dystrophy and hypospadias. K je ss le r  (1966) found 

a case w ith  a d e le ted  Y in  an i n f e r t i l i t y  survey. There was a c h ild le s s  

uncle and th e  p a te rn a l g randfa ther was the f u l ly  f e r t i l e  male c a r r ie r .  

A nother o f h is  cases had hypospadias p o ss ib ly  a sso c ia te d  w ith  a d e le ted  Y. 

Melnyk, D erencsenyi, Vanasek, Pucci and Thompson (1969) found a 46,XYq- 

in  200 t a l l  a n t is o c ia l  men who Were m entally  i l l  and c rim in a lly  in sane .

A chromosome l ik e  th a t  described  here i s  sometimes found as a supernumerary 

in  som atic and germ l in e  c e l l s ,  fo r  example, as shown in  an o ligosperm ic 

male rep o rted  by Plulten, L indsten , F raccaro , Msnnini and T iepolo (1966).

4 5. X0/4 CjXY Ho s a i  c s

Confirmed XO/XY mosaics included 2 cases w ith  an absence of germ 

c e l l s ,  one case w ith  m ajor absence of germ c e l l s  and an o th er w ith  p a r t i a l  

absence of germ c e l l s  and w ith m aturation  a r r e s t .  "Unconfirmed" mosaics 

(one XO c e l l )  inc luded  2 cases w ith  m atu ra tion  a r r e s t ,  one case w ith  

u n i l a t e r a l  absence of the gonad (h is to lo g y  probably  normal in  the  o th e r ) , 

one "normal" i n f e r t i l e ,  and a co n tro l (cancer of the  p ro s ta te )  case .

K je s s le r  (1966) found two XG/XY cases w ith  normal h is to lo g y .

T o ta l gonadotrophin r e s u l ts  were a v a ila b le  f o r  3 of the 4
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confirm ed mosaic cases in  th is  study. They were a l l  high a t  21, 27 and 

83 HFiG u n i t s /24, hours (normal, range 5 to  23 u n i ts ) .  Apart from th i s  and 

abnormal t e s t e s ,  th ree  of the four we re apparen tly  normal m ales and had 

no s tig m ata  01 T u rn e r 's  syndrome. Such stigm ata  have been found in  a 

phenotypic male w ith  XO/XY mosaicism (Ross, Holland, K iser and Douglas 

1965). The fo u r th  case was abnormal in  having a b i f id  scrotum and 

e p isp a d ia s . E pispadias i s  a ra re  cond ition  p resen t in  one in  every 300 to  

1,000 males (Hasche-Kltinder 1963), while one case occurs f o r  every 100-150 

cases o f hypospadias.

The cases here rep resen t the f a r  end of a spectrum ranging  from 

in d iv id u a ls  w ith  fe a tu re s  ty p ic a l of T u rn e r 's  syndrome, to  males w ith 

norm ally descended te s t e s  (Ferguson-Smith, Alexander, Bowen, Goodman, 

Kaufman, Jones and H e lle r 1964, Desjeux, Gagnon, Leboeuf, St.-Rome and 

Ducharme 1970).

Abnormal Complements n o t Found in  the I n f e r t i l i t y  Survey.

A male survey gave the incidence of 47,XYY a t b i r th  as 0.14> ( R a tc lif fe  

1970). The XYY co n d itio n  i s  expressed in  vary ing  degree from hypogonad 

in d iv id u a ls  to  normals (Court Brown 1968) and i t  has o fte n  been a sso c ia ted  

w ith  i n f e r t i l i t y  (S tenchever and MacIntyre 1969, P h il ip  e t  a l .  1970). The 

a s s o c ia tio n , however, remains f a r  from c le a r .  -None was found in  t h i s  study.

T ran slo ca tio n  heterozygotes were even more l ik e ly  to  be found by 

chance in  a s e r ie s  of 66 cases. The b i r th  incidence of d e te c ta b le  tr a n s -  

lo c a t io n  heterozygo tes in  a normal popu la tion  was estim ated  as 0 .37 ‘;o (Smith 

and Jacobs 1970), and C.17/S (R a tc lif fe  e t  a l .  1970). Not a l l  balanced 

t r a n s lo c a tio n s  can be d e tec ted  a t  m ito tic  metaphase bu t a q u a d riv a le n t would 

have been shown a t  d ia k in e s is . In m eio tic  s tu d ie s , K je s s le r  (1966) found 

one t(D,D) heterozygote  in  135 cases and Chandley (1970) one t(C ,B ) 

heterozygo te  in  45 cases.
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RODENT*

f a i lu r e  to ob ta in  chromosome p rep ara tio n s  from c u ltu re d  rodent blood 

could have been caused by c lo t t in g , in  sp ite  of the use o f a v a s t  dose 

o f h ep arin , o r by an in s e n s i t iv i ty  to  c o lch ic in e . W illa rd , Hoppe and 

N ettesheim  (196$) commented on the in e ffe c tiv e n e s s  of the use o f bean 

phytohaem agglutinin and the standard human technique fo r  mouse. Buckton 

and N ettesheim  (1968) succeeded with a com plicated procedure and which 

inc luded  the use of pokeweed as a m ito tic  agent.

The bone marrow technique fa i le d  probably owing to  the om ission o f 

v in c a leu k o b la s tin e  (Lee 1969) so as not to  damage the m eio tic  chromosomes 

in  the gonads. Lee’s technique was o r ig in a l ly  adopted fo r  use on anim als 

in  the f i e ld  and was known to be u n re lia b le  fo r  animals k ep t in  c a p t iv i ty .

Corneal p re p a ra tio n s  (Fredga 1964) y ie ld ed  good r e s u l t s ,  bu t c o n tra ry  

to  t h i s  a u th o r’ s claim s, p rep ara tio n s  were no t obtained  from a Syrian 

ham ster k i l l e d  w ith  e th e r , ra th e r  than by c e rv ic a l d is lo c a tio n .

In  th i s  study , f a i lu re  to  ob ta in  m ito tic  metaphases was n o t s e r io u s , 

s in c e , in  the  study o f normal m eiosis, e x c e lle n t sperm atogonia! metaphase 

p re p a ra tio n s  were adequate to check the chromosome complement. N il mice 

showed the 2n = kO ,H  chromosome complement of Lius rnuscuius L . , d escribed  

by Levan, Hsu and S tich  (1962) and Hsu and Benirschke (1967). The Syrian 

ham ster had the normal 2n = 4 4 ,XI, ty p ic a l of M esocricetus au ra tu s  W aterh ., 

desc rib ed  by Sachs (19$2), Lehman, Macpherson and Moorhead (1963) and Galton 

and Holt (1964).

A sm alle r p ro p o rtio n  of animals w ith  abnormal chromosome complements 

has been found, than i s  usual fo r  man (Ford 1970). R u sse ll and Chu (1961) 

re p o rte d  a probable 41,2X1 K lin e fe lte r  mouse and C attanach (1964) desc rib ed  

a s t e r i l e  (bu t o therw ise pheno typ ically  normal) male mouse, w ith  41 

chromosomes, claimed to  be an autosomal tr iso m ic . Lord (1970) reviewed 

the p o p u la tio n  cy to g en e tics  of o th e r mammalian sp e c ie s . In  t h i s  study ,
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m ito tic  chromosomes, Irom the mice of s t r a in  Re/l29 a f fe c te d  w ith  m uscular 

dystrophy, were ap p aren tly  normal.

6 .2  TBSTIS TISSUE

Up to  now, the study of human germ c e l l  m aterial, has been more m islead in g , 

w ith  re s p e c t to  human chromosome number, than  has the study of any o th er 

t i s s u e .  This may be a t tr ib u te d  to the anomalous behaviour of c e r ta in  

chromosomes a t  v a rio u s  stages of m eiosis.

The study of m eiosis using human male m a te ria l has some advantages 

as w e ll as drawbacks. A d e f in ite  advantage i s  th a t  sperm atogenesis i s  n o t 

a se8.sonal phenomenon and can th e re fo re  be s tud ied  a l l  the y ear round.

Unlike the salam ander, which has a caudocephalic wave of m eiosis through 

the  gonad allow ing the sequence to be follow ed by lo n g itu d in a l s e c tio n  

(Kezer 1970, Kezer and Macgregor 1971), sec tio n s  of human male t e s t i s  f a i l  

to  re v e a l any in fo rm ation  on sequence. I t  i s  claimed th a t  c e r ta in  c e l l u la r  

a s so c ia tio n s  are p re d ic tab le  (Clermont 1963) but th e re  are no waves of 

m eiosis such as may be seen in  t e s t i s  sec tio n s  of the mouse o r r a t  to  give 

a key to  the sequence o f events (K elle r and Clermont 196k). Bven the 

boar shows g re a te r  m eio tic  re g u la r ity  as Henricson and BEckstrdm (1963) 

commented on the r a r i t y  of fin d in g  metaphases of both m eio tic  d iv is io n s  

to g e th e r  in  the same tu b u la r  sec tio n .

By c o n tra s t ,  i t  i s  fo rtu n a te  th a t the m ito tic  chromosomes o f man have 

been very  w e ll c h a ra c te rise d  in  the l a s t  15 years both w ith  re sp e c t to  

abnorm ality  and polymorphism. Great advances have s lso  been made in  employing 

b iochem istry  in  the study  of human g en e tics  ( fo r  example, Xg blood grouping 

in  d e te c tin g  th e  o r ig in  of aneuploidy, Race 1970). Knowledge of human 

b iochem istry  i s  probably in  advance of what i s  known o f o th e r organism s, 

and as m eio tic  recom bination provides the m ainspring of g e n e tic  and 

biochem ical d iv e r s i ty ,  studying m eiosis in  man may w e ll provide most im portan t 

d a ta  f o r  the understanding of th e  genetic  p rocess as a whole. Unlike
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m ito s is , elem ents of the e n tire  genome are probably a c tiv e  in  sperm atogenesis 

(Ford 1970) inc lud ing  some in  the Y, Benirschke (1969) lik ew ise  recognised  

th a t  an a n a ly s is  of m eiosis i s  more l ik e ly  to y ie ld  in fo rm ation  on karyotype 

ev o lu tio n  in  p rim ates than an a ly sis  of m ito tic  metaphase.

The a i r - d r ie d  technique, using a c e l l  suspension (R o th fe ls  and 

S im inovitch 1958) might be expected to break up c e l lu la r  a s s o c ia tio n s .

But the  freq u en t synchronies between neighbouring c e l l s  seen in  t e s t i s  

s e c tio n s  were in  f a c t  also found in  the a i r  d ried  p re p a ra tio n s . Not only 

were c e l l s  a t  c e r ta in  s tages found to g e th e r , but c e l l s  in  immediate prox im ity  

were c lo se ly  synchronised, w ithout th e re  being any reason to  b e liev e  any 

were p o ly p lo id .

Human t e s t i s  t is su e  i s  no t e a s ily  a v a ila b le . Post-mortem m a te r ia l 

has been found u n sa tis fa c to ry  fo r  the study of m eiosis, e s p e c ia l ly  w ith 

regard  to  d ia k in e s is ,  and metaphase I I  (Edwards and Guli 1963). Voollam 

and Ford (1964) and K je ss le r (1966) s ta te d  th a t  m a te ria l must be used w ith in  

one hour and fo u r hours a f te r  biopsy, re sp e c tiv e ly . In  t h i s  study , any 

de lay  re s u lte d  in  poor spreading and reduced d e f in i t io n . For prophase 

s tag e s  of th e  f i r s t  d iv is io n , fresh n ess  of t is s u e  seemed l e s s  im portan t. 

Edwards and Guli (1963) reported  stages up to "zygotene" were w e ll p reserved  

i f  m a te r ia l was used up to  3 days a f te r  death  (provided the corpse was 

adequate ly  r e f r ig e r a te d ) ,  Hungerford (1971) s ta te d  th a t au topsy  must be 

perform ed w ith in  an hour. The p resen t study always employed f re sh  m a te r ia l , 

bu t some o f the  biopsy was l e f t  in  t is s u e  cu ltu re  medium, sometimes fo r  

a couple of hours, before technique "M" was commenced, when th e re  was 

e x c e lle n t p re se rv a tio n  of e a r ly  prophase s tag es .

“L iving '1 m a te ria l th e re fo re  seems e s s e n t ia l .  One o f the  p io n eer 

s tu d ie s  (P a in te r  1921) was performed on m a te ria l from 3 su b je c ts  in  a 

Texas S ta te  I n s t i tu t io n ,  p u n itiv e ly  c a s tra te d  (using  lo c a l  anaesthetic) f o r  

" s e lf  abuse". There i s  a lso  the  occasional re p o r t of m a te r ia l  being taken 

when the  p a t ie n t  i s  undergoing surgery  "o ther than  fo r  t e s t i c u l a r  pathology"
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( fo r  example Comings and Okeda 1971a). In  the p re se n t study m a te r ia l came 

m ainly from t e s t i c u l a r  b io p s ie s  and blood samples taken  as a se rv ice  to 

in d iv id u a ls  w ith  an i n f e r t i l i t y  problem. C ytogenetic (m ito tic  and m eio tic ) 

as w e ll as t e s t i s  sec tio n  d a ta  proved in v a lu ab le  f o r  more accu ra te  d ia g n o sis .

An i n f e r t i l e  population  may no t be thought optim al f o r  the  study of 

"normal m e io s is11, but in d iv id u a ls  found a t  o p e ra tio n  to  have b i l a t e r a l  

absence of the  vas deferens or a blockage of the  epididymus need n o t be 

considered  as having m eiosis in  any way abnormal. There has been a re p o r t  

o f b i l a t e r a l  absence of the vas deferens a sso c ia te d  w ith  4-6, Xl/47yXXY 

mosaicism in  sk in  and t e s t i s  t i s s u e ,  but n o t blood (Leiba, Ber, Joshua, 

Lazebnik and Ben-Basset 1969)j the gonad, however, ap eared  normal.

M eiotic  screen ing  fo r  p o ssib le  chromosome tr a n s lo c a tio n  was e s s e n t ia l  

f o r  advice w ith  re sp e c t to  fu tu re  p regnancies and was a f u r th e r  source of 

c o n tro ls , since tra n s lo c a tio n s  were no t always p re se n t ( f o r  example in  

DD690191). •'

There are  many c l in ic a l  reasons where orchidectom y of normal gonads 

i s  n ecessa ry , f o r  example, in  the trea tm en t of cancer of the  p ro s ta te .  

Pogosianz and Brujako (1971) did not consider such m a te r ia l  s u i ta b le ,  a t  

l e a s t  when po lyp lo idy  was being considered .

The f a c t  th a t  i t  i s  r a re ly  p o ssib le  to  o b ta in  a second b iopsy  from 

th e  same p a t ie n t  i s  a se rio u s  d isadvantage, and a lso  th a t  a g en era l 

a n a e s th e tic  i s  considered  p re fe ra b le . Only sm all amounts o f t i s s u e  should 

be removed by biopsy as a much la rg e r  a rea  of gonad might be rendered  

in e f f e c t iv e  due to  the c o ilin g  of the tu b u les  (an im portan t c o n s id e ra tio n  

w ith  the co n d itio n  o f o ligosperm ia). E xperim entation w ith  techn ique can 

th e re fo re  be attem pted only when whole gonads a re  a v a ila b le  o r when 

cy togenic  a n a ly s is  i s  l e s s  im portant fo r  d ia g n o s is .
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6 .3  TECHNIQUES

P re f ix a tio n  trea tm en ts

Technique nCH was considered g e n e ra lly  adequate end r e l i a b le  f o r  a l l  

s tag e s  o f m eiosis , bu t was e sp e c ia lly  good fo r  d ia k in e s is .  Few pachytene 

c e l l s  remained w ell p reserved . No m od ifica tio n  was n ecessa ry  when used 

w ith  th e  mouse, Syrian hamster o r lo c u s t ,  a lthough th e re  i s  p robab ly  an 

op tim al p e rio d  of p re -trea tm en t fo r  each, which would improve th e  y ie ld  a t  

c e r ta in  s tag e s . Notably fewer d ia k in e s is  f ig u re s  were observed in  a Syrian  

ham ster which was k i l l e d  w ith e th e r . E ith e r  th e  gas was re sp o n s ib le , o r , 

more l i k e ly ,  d ia k in e s is  i s  a sh o rte r  stage  in  the ham ster, th an  in  th e  mouse 

o r man.

The volume o f hypotonic f lu id  used could be re sp o n sib le  f o r  an observed 

c o r re la t io n  between the s ize  of the biopsy used and the  q u a l i ty  o f  the 

v a rio u s  p re p a ra tio n s . Welshons, Gibson and Scandlyn (1962) ap p re c ia te d  

th a t  th e  volume of c i t r a t e ,  and hence c e l l  co n cen tra tio n s  could be im p o rtan t:

work on Chinese ham ster m eiosis suggested a 15:1 r a t io  o f f l u i d  to  t is s u e

was id e a l .  M eredith (1969) considered a 20:1 r a t io  to  be b e t te r

Technique 'I t11 was good fo r  p re p a ra tio n  of the e a r ly  prophase s ta g e s , 

e s p e c ia l ly  c e l l s  a t  pachytene. Potassium ch lo rid e  p re - tre a tm e n t was favoured 

by Brooke, Jen k in s , Lawson and Osgood (1962) who suggested th a t  0.01M KC1 

caused u n c o ilin g  and leng then ing  of chromosomes. Woollam and Ford (196-4) 

a t t r ib u te d  to  u n co ilin g  the f a c t  th a t  the  centrom ere reg io n s  became more 

obvious.

Technique 11F” was le s s  r e l ia b le  but d id  p reserv e  chromomeres a t

pachytene and a lso  n u c le o l i ,  p a r t ic u la r ly  w e ll. Bdtik and K je s s le r  (196-4),

E berle  (1963)* Ferguson-Smith (1964a) and Anneren e t  a l .  (1970) agreed th a t  

b e t te r  sp read ing  was ob ta ined  w ith  hypotonic p re -trea tm e n t b u t gave poor 

p re se rv a tio n  o f pachytene chromosome s tru c tu re  independent o f  th e  f ix a t iv e  

used.
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I t  i s  comforting go note that an id e n tic a l picture o f m eiosis was 

presented by a l l  techniques, with d ifferen ces only in  spreading and the 

r e la t iv e  numbers o f the d ifferen t stages. For example, technique "F11, w ithout 

any pre-treatm ent, occasionally  produced w ell spread d ia k in es is  c e l l s .

Bd<9k and K jessler  (196k) noted that iso to n ic  sa lin e  was b e tter  fo r  the early  

stages of m eiosis and hypotonic for the la te r . Technique uMn rather contra­

d icted  th is . Corin-Frederic (1968) using a technique with a Ca++ and 

Mg++-free iso to n ic  s a lt  so lu tion  buffered with phosphatase, claimed to show 

the X and Y in  end to end association  in  the sex v e s ic le ,  but the i l lu s t r a t io n s  

were unimpressive.

A technique based on that of Meredith (1969) was rather disappointing  

since chromosome spreading proved inadequate and the proportion o f stages  

su ita b le  for  a n a ly sis , present on each s lid e , was sm all. I t  i s  that 

method most l ik e ly  to conserve c e l l s  when only small amounts of t is su e  

are a v a ila b le , but the technique used was not a true t e s t  of that o f  

Meredith since so many m odifications were made.

B othfels and Sim inovitch (1958) suggested slow f ix a t io n  was e s s e n t ia l .

In th is  study, f ix a t iv e  was always added down the side of the tube but 

f ix a t io n  could not be described as slow.

As shown by t e s t i s  sections of normal gonads, tubules packed to the 

centre with c e l l s  in  d iv is io n  (Plate 4-b) wrere considered to  give fewer 

m eiotic  metaphases in  a ir -d r ied  preparations, than those w ith an open lumen. 

Explanations might include: that the c e l l s  were not e a s i ly  released  during 

hypotonic pre-treatm ent. Edwards and Guli (1963) advised squeezing the tubes  

to re lease  th e ir  contents. Here only fin e  chopping was used. Fibrous 

m aterial in  older gonads might be responsible fo r  fa ilu re  of re lease  of 

c e l l s  a t d ia k in es is . This does not, however, explain  the abundance of 

c e l l s  in  early  f i r s t  prophase which should th e o r e t ic a lly  l i e  deeper in  

the tubule w a ll.
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S ta in in g

L ight s ta in in g  w ith  o rce in , used w ith  phase c o n tra s t ,  was e n t i r e ly  

s a t i s f a c to r y  i f  a good batch  of s ta in  was ob tained  from th e  m anufacturer. 

Permanent p re p a ra tio n s  were p re fe rre d , in  sp ite  of the lo s s  of some chromosome 

d e t a i l ,  s ince  i t  was freq u e n tly  necessary  to  check such d e ta i l s  a.s chiasma 

coun ts, when the number of chiasm ata per b iv a le n t was being  a sse ssed . A 

co n sid erab le  d isadvantage w ith o rce in  was th a t  i t  could n o t be removed, 

to  use the same p re p a ra tio n  subsequently  fo r  flu o rescence  a n a ly s is . This 

i s  p o ss ib le  w ith  T oluidine blue or Giernsa (P o lan i and h u t ton  1971) bu t th e se  

s ta in s  did n o t ca rry  any o th e r advantage. Carbol fu ch s in  faded  a f t e r  a 

few days. This was considered a serio u s  d isadvantage.

The centrom ere reg ion  could be id e n t i f ie d  by i t s  deeper s ta in in g  a t  

most s ta g e s , but a r e l ia b le  method showing centromere reg io n s  a t  every  s tag e  

and in  every chromosome would be id e a l .  Using Benda s ta in  on s e c tio n s  of 

Q pisthocan thus. Wilson (1931) described  the centromere as being c le a r  

v io le t  a g a in s t a brown chromosome background. I t  i s  l i k e ly  th a t  a technique 

l ik e  th a t  d escribed  by A rrighi and Hsu (1971) fo r  m ito tic  chromosomes, 

w i l l  p rovide the  same kind  of inform ation  and f a c i l i t a t e  chromosome 

id e n t i f i c a t io n  a t  m eiosis . Both centrom eric heterochrom atin  and banding 

techn iques ( fo r  example, Sumner e t  a l .  1971 and Yunis e t  a l .  1971), so 

su c c e ss fu lly  app lied  to human chromosome id e n t i f i c a t io n ,  w i l l  on ly  be u s e fu l 

if'chrom osom e morphology i s  re ta in ed .

Feulgen f a i le d  on a i r - d r ie d  p re p a ra tio n s  bu t was s a t i s f a c to r y  fo r  

s ta in in g  a sex-chrom atin p o s itiv e  smear from buccal mucosa. Brown and 

Bis (1959) qu eried  the  r e l i a b i l i t y  o f Feulgen s p e c i f ic i ty  in  experim ents 

w ith  amphibian oocyte n u c le o li  and G led h ill (1970) commented on the 

u n r e l i a b i l i t y  of Feulgen te s t s  on e ja c u la te d  sperm s in ce  w idely  d i f f e r in g  

r e s u l t s  were found. I t  i s  suggested th a t  the f a i lu r e  o f Feulgen, in  th is  

s tudy , was e i th e r  due to  a reduc tion  o f DNA co n cen tra tio n  in e v i ta b le  w ith 

the su p e rio r  spreading o f an a i r -d r ie d  techn ique, o r to  the  denatura.tion
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of DNA e i th e r  by f ix a t io n  or a ir-d ry in g .

Rafalko (194-6) noted  th a t Feulgen p o s it iv e  r e s u l t s  were n o t u s u a lly  

ob ta ined  by the  conventional method of smear p re p a ra tio n  of sm all amoebae, 

oocyte prophases of a p a r a s i t i c  wasp and yeasts* w ith  t in y  amounts o f DM.

He su c c e ss fu lly  rev ised  the technique using d i r e c t  charging of the sulphurous 

ac id  b a th  w ith  80^ gas in s te ad  of using KC1 w ith  s u lp h ite s .  Sw ift (1950)? 

using  s e c tio n s , found Feulgen in te n s i ty  v a r ie d  d i r e c t ly  w ith  th e  th ic k n e ss  

of the  absorbing la y e r .  A ir-d ried  p re p a ra tio n s  are much th in n e r  than s e c tio n s . 

A ssocia ted  w ith  th i s ,  L essle r (1953) commented on the i n a b i l i t y  o f the human 

eye to  d is t in g u is h  between sm all d iffe re n c e s  in  co lou r in te n s i ty  o f Feulgen, 

which might exp la in  the d iffe ren ce  between densitom etry  and v is u a l  d a ta . 

G a illa rd , van D uijn and Schaberg (1968) thought they p rev en ted  lo s s  o f  DNA 

by avoid ing  co n tac t w ith  a c e tic  a c id -a lc o h o l m ixtures and then  su c c e ss fu lly  

used photographic co lo rim etry  w ith  Feulgen s ta in .  F ix a tio n  may th e re fo re  

have been re sp o n sib le  fo r  a f a i lu r e  in  th i s  study. The s u c c e ss fu lly  s ta in e d  

buccal smear was f ix e d  in  0̂% e thano l and 50% e th e r  -  no t a c e t ic  a lco h o l.

Von B o rs te l , P re s c o tt ,  and Bollum (1966) suggested th a t  a c id  f ix a t io n  could 

indeed  denatu re  DNA. Amenta (1961) found Feulgen d id  n o t s ta in  when the 

chromosomes were u l t r a  v io le t  i r r a d ia te d ,  probably  because o f a l te r a t io n s  

in  th e  DNA.

Any kind of h y d ro ly s is  on a ir -d r ie d  p re p a ra t io n s ,in c lu d in g  th a t  in  

the Feulgen o r  in  the T oluidine blue te ch n iq u e ,was in c lin e d  to  de tach  the  

a i r - d r ie d  c e l l s  from the  s l id e .

A ll ro u tin e  c y to lo g ic s l techniques were perform ed v ery  c a re fu l ly  

to  s tan d a rd ise  the r e s u l t s  obtained . However, th is  meant th a t  the scope 

f o r  improvement was lim ite d . Borne of th e  most im portan t "break-th roughs" 

have been d iscovered  by acc iden t. For example, Hsu (1952), by m istake, 

washed f o e ta l  f ib r o b la s t  c e l l s  in  hypotonic Tyrode s o lu tio n  before 

f ix a t io n ,  in s te a d  o f iso to n ic  sa lin e  end d iscovered  th e  advantage of
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hypotonic p re -trea tm e n t.

Phase c o n tra s t  i s  considered by some to  be u n s a tis fa c to ry  fo r  the 

exam ination of chromosomes. Ford (1969) commented on some a reas  of 

chromosomes appealing  th ic k e r  than o th e rs  as a consequence o f phase d is ­

to r t io n .  However, in  th i s  study, i t  was considered  im pera tive  f o r  the 

ob serv a tio n  of f in e  d e ta i l ,  w ithout o v e rs ta in in g  coarse s t ru c tu re s  a t  the  

same tim e. The chromosomes a t  the  secondary c o n s tr ic t io n  reg io n  of b iv a le n t 

number 9 a t  pachytene we re here estim ated  to  be 0.5 pm in  d iam eter whereas 

an estim ate  by Hungerford e t a l .  (1971) gave 0 .3 pm. The d if fe re n c e  might 

be a t t r ib u te d  to  the use of phase c o n tra s t.

6 .4  TESTIS HISTOLOGY

The c la s s i f ic a t io n  shown here (Table 7 and Appendix) was a simple 

one. There a re  more complex versions ( fo r  example, th a t  in  T i l l in g e r  1957). 

There was a continuous spectrum of types of gonad and i t  was im possib le 

to  e x t r a c t  a l l  the p o ss ib le  d e ta i l  from the  c o lle c tio n . As expected , th e re  

was a good c o r re la t io n  of numbers of d iv id in g  c e l l s  in  a i r - d r i e d  p re p a ra tio n s  

w ith  th e  amount of sperm atogenesis shown by se c tio n s .

6.5 SPEPI1AT0GONIAL CELLS

P rep a ra tio n s  fo r  the  a n a ly s is  of som atic m ito tic  metaphase a re  s e le c te d  

fo r  showing w e ll spread chromosomes, w ith  extended arms. A s im ila r  s e le c t io n  

among soerm atogonial metaphase c e l l s  i s  e s s e n t ia l .  iJhere chromosomes are 

ex ten d ed ,m a te ria l could be observed spanning the  secondary c o n s tr ic t io n  

reg ion  and (allow ing fo r  exaggeration  of chromosome s iz e )  th e  presence 

of th e se  reg io n s  in  the p a ra c e n tr ic  p o s it io n  could then  be used to  id e n t i fy  

c e r ta in  chromosomes, fo r  example 1, 9 16 and, by e lim in a tio n , o th e rs .

The behaviour o f these  reg ions i s  le s s  l ik e ly  to  cause e r r o r  in  e s tim a tin g
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chromosome number than  was suggested by Hulten and L indsten  (1970). In  

f a c t  K o ller (1937) showed an i l l u s t r a t i o n  of sperm atogonial metaphase w ith  

4-6 chromosomes even though he believed  the human d ip lo id  number to  be 4-8.

I t  i s  p o ss ib le  th a t  the behaviour o f secondary c o n s tr ic t io n  reg io n s  a t  

sperm atogonia! metaphase was responsib le  fo r  the o r ig in a l  f a l s e  e s tim a te s  

o f th e  human chromosome number (von W iniw arter 1912, von W iniw arter and 

Oguma 1930).

A bnorm alities in  sperm atogonial stem c e l l s  would tend  to  con tinuously  

propagate abnormal gametes, were i t  no t fo r  strong  s e le c t io n  a g a in s t  the 

v a rio u s  m atu ra tion  p roducts . Although i t  was no t p o ss ib le  to  d is t in g u is h  

the d i f f e r e n t  sperm atogonial m etaphases, among more than  450 c e l l s ,  no 

a b n o rm a litie s , c e r ta in ly  none of chromosome number, were d e te c te d .

The sex chromosomes seemed more compactly c o ile d  a t  sperm atogonial 

m etaphase. This gave the im pression of more extreme h e te ro p y cn o sis . C o iling  

of chromosomes a t sperm atogonial metaphase h indered  th e i r  id e n t i f i c a t io n ,  

bu t seemed c h a r a c te r i s t ic  of germ c e l l s  in  m ito s is . I t  was f i r s t  observed 

in  1880 by B arenetsky in  p o llen  mother c e l l s  of T rad e sca n tia . C o ilin g  

does a lso  occur o ccas io n a lly  in  somatic m ito tic  metaphase and can be e x p e ri­

m en ta lly  dem onstrated by a so lu tio n  co n ta in in g  KC1, KdCN, NaNO  ̂ and sodium 

a c e ta te  (Ohnuki 1968). Secondary c o n s tr ic t io n  reg io n s can a lso  be e x p e r i­

m en ta lly  enhanced to  give extended reg ions l ik e  th o se  seen in  sperm atogonial 

m etaphase, f o r  example by treatm ent w ith  BUDR (Kaback, Saksela  and Meliman 

I 964.) and in  permanent human c e l l  l in e s  by trea tm en t w ith  herpes sim plex 

2 v iru s  (M iles and O’N e il l  1969). M iles, O 'N e ill , Armstrong, C larkscn and 

Keane (1965) rep o rted  accen tuation  of secondary c o n s tr ic t io n s  in  c e l l  l in e s  

p a r t i c u la r ly  w ith  re sp e c t to 1 and/or 16. I t  was b e liev ed  th a t  some c e l l s  

w ith  chromosomes th a t  d id  not dem onstrate the c o ilin g  and which appeared 

l ik e  leukocyte  m ito tic  metaphases (P la te  12) were indeed som atic c e l l s ,s in c e  

one was found in  a case w ith  complete absence of germ c e l l s ,  as diagnosed by 

t e s t i s  s e c tio n s . I t  remains p o ss ib le  (b u t u n lik e ly )  th a t  the  p iece  of the
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biopsy  used f o r  the a ir -d r ie d  p rep a ra tio n s  d id  co n ta in  some sperm atogenesis.

Homologous P a ir in g  a t  Spermatogonial Metaohase

Very l i t t l e  evidence was found, he re , of p a ir in g  o f homologous 

chromosomes in  sperm atogonial prophase or metaphase in  humans, a lthough , 

w ith  some re se rv a tio n s  about the stage observed, th e re  was some evidence 

in  the  lo c u s t .  No s t a t i s t i c a l  an a ly s is  of p a ir in g  of homologues was perform ed. 

This could probably  be done fo r  the number nine chromosomes which were 

the e a s ie s t  to  id e n t i fy  because of the d is t in c t iv e  p a ra c e n tr ic  secondary 

c o n s tr ic t io n  (P la te  17a). A fluorescence  study might a lso  be u se fu l in  

a s t a t i s t i c a l  a n a ly s is . U nfortunately  only  5p  o f sperm atogonial m etaphases 

f lu o re s c e , as compared to  80-90$ of leukocy te  m etaphases, and even then  

w ith  a l e s s e r  in te n s i ty  (Pearson and Bobrow 1970b).

There i s  a p le th o ra  of l i t e r a tu r e  on som atic p a ir in g  of homologous 

chromosomes both  w ith  o r w ithout d iscu ss io n  on i t s  im p lic a tio n s  w ith  re sp e c t 

to  m eiosis: i n i t i a t i o n ;  p reven ting  of in te r lo c k in g  of b iv a le n ts ,  and m aintenance 

o f o rd e r (W ilson 1912, Metz 1916 and Smith 1942). Sonnenblick (1950) showed 

th a t ,  in  D ip te ra , homologous p a ir in g  was th e  r u le ,  homologous re a s s o c ia tio n  

o ccu rrin g  a t  ever/- m ito tic  anaphase. (This i s  d i f f i c u l t  to  c o r r e la te  w ith  

males being  ach iasm ate .) Boss (1955) showed p a ir in g , in  th e  newt, a t  

anaphase; White (1965) described  i t  in  A frican  Eumastacid g rasshoppers , 

and Feldman, helio-Sampayo and Dears (1966) in  T riticum  aesti.vum A.

Chauhan and Abel (1968) showed a sso c ia tio n  o f homologues du rin g  p re -m e io tic  

s tag e s  in  Invoatiens and Salva. suggesting p a ir in g  up to  a t  l e a s t  p re -m e io tic  

in te ro h a se . Stack and Brown (1969) d iscu ssed  som atic p a ir in g  in  D ip te ra ,

Yucca and o th e r  p la n ts ,  p re -m eio tic  p a ir in g  in  sperm atogonia of v a rio u s  

anim als and som atic recom bination in  fu n g i. Dubuc and McGinnis (1970) 

id e n t i f i e d  homologous p a ir in g  by studying homologous and non-homologous 

d is ta n c e s  in  Avena sativa. L. r o o t - t ip s ,  and Gibson (1970) d id  so, in  one 

c e l l ,  among thousands analysed of the Tasmanian r a t  kangaroo (2n = 12),
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where 11 chromosomes p a ired  and one appeared to  be m issing . Schneiderman 

and Smith (1962) dem onstrated, lik ew ise , th a t  homologous chromosomes tended 

to  l i e  c lo se r  to  each o th e r on the metaphase p la te  than would be expected 

by chance, by measuring centromere d is ta n ce s  in  human metaphase c e l l s .

True som atic p a ir in g  was claimed by Gropp and Odunjo (1963) end Eungerford 

(1961).

There i s  o th e r  evidence fo r  somatic p a ir in g , Evans (1961) induced 

in te rch an g es  in  V ic ia  faba L. by gamma i r r a d ia t io n  and of th e  in te rch an g es  

88Jo were between homologues. Rao and N atarajan  (1967) induced m ito tic  

recom bination by mitomycin C and a lk y la tin g  agents in  V ic ia . There were 

more homologous chrom atid exchanges than expected which i s  su g g estiv e  of 

a s so c ia tio n  o f homologues throughout th e  l i f e  cycle . In  human m a te r ia l ,

Shaw and Cohen (1963) using mitomycin C found 50# of exchanges in v o lv in g  

r e a l  o r  apparent homologues, almost always a t  corresponding s i t e s .  S p e c if ic i ty  

o f the a s so c ia tio n  between number 9 chromosomes using mitomycin C was 

b e a u t i fu l ly  dem onstrated by Kistenmacher and Punnet (1970). Homologous 

chromosomes do a s so c ia te  in  somatic c e l l s  and q u a d r ira d ia l  co n fig u ra tio n s  

have been compared w ith  d ia k in e s is  f ig u re s  a t  m eiosis (German 196k) e s p e c ia l ly  

s in ce  homologues are so o ften  involved. Fontecorvo (1950), d iscu ss in g  

som atic c ro ss in g  over, suggested i t  was freq u en t in  p r im itiv e  co n d itio n s  

and had been reduced in  the course of ev o lu tio n . W estergaard (196k) e lab o ra te d  

th i s  argument.

In  the l i g h t  o f the  v a s t  amount o f in fo rm ation  of som atic homologous 

p a ir in g ,th ro u g h o u t the animal and p lan t kingdoms, i t  would be s u rp r is in g  

i f  homologous p a ir in g  was not shown in  sperm atogonia.
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6 .6  INITIATION OF MEIOSIS

Nothing i s  known of the stim ulus th a t  i n i t i a t e s  m eiosis  end i t  i s  ra re  

t h a t  hypotheses are p u t forward. There must be some k ind  o f  induced c a p a c ity  

a f t e r  a c e r ta in  number of sperm atogonial d iv is io n s . An e x p la n a tio n ,r a th e r  

l ik e  th a t  needed to  exp lain  why subcu ltu re  of human d ip lo id  c e l l s  i s  only 

p o ss ib le  50 o r 60 tim es,seem s requ ired  (H ayflick  and Moorhead 1961).

6 .7  PAIRING OF HOMOLOGUES

The p re se n t in v e s t ig a tio n  c le a r ly  dem onstrated th a t  p a ir in g  began 

from both te lom eres a t  one side of the n uc leus, then continued back in to  

a ty p ic a l  bouquet co n fig u ra tio n  (G elei 1921). There was no p o s i t iv e  evidence 

o f centrom ere reg ions p lay ing  any ro le  in  the i n i t i a t i o n  o f  homologous p a ir in g  

in  humans. The bouquet was most l ik e ly  p re se n t in  the  ham ster and the mouse 

and was d e f in i te ly  p re sen t in  the lo c u s t .

There have been a few suggestions, u su a lly  in  th e o r e t ic a l  p ap ers , 

th a t  th e  centrom eres were resp o n sib le  f o r  beginning p a ir in g . For example, 

N o v itsk i (1955) d iscu ssed  a c o n tro llin g  elem ent in  the  he terochrom atin  n e a r 

the  centrom ere th a t  might have a recogn ising  and a t t r a c t in g  p ro p e rty  and 

Ratnayake (1968) considered  the theory  f o r  m eiosis. P a ir in g  in  F r i t i l l a r i a  

i s  d e sc rib ed  as i n i t i a t i n g  a t the centromere i r r e s p e c t iv e  o f the  number 

of chiasm ata formed (D arlington  1937) w hile  Wagenaar (1969) confirm ed 

th i s  in  a study of sev e ra l o th e r p la n ts .

In  much of the m a te r ia l s tu d ied , the chromosomes were te lo c e n t r ic .  

Behaviour o f a telom ere may have been a t t r ib u te d  to  th a t  o f  a centrom ere.

I t  i s  in te r e s t in g  to  note th a t  the p o ss ib le  evidence o f homologous p a ir in g  

in  lo c u s t  in  th i s  study (but no t in  the human m a te r ia l ) ,  was by a t t r a c t io n  

of centrom ere ends of the chromosomes (P la te  75a) p o s s ib ly  a p o in t in d ic a tin g  

th a t  the  c e l l  was in  e a r ly  anaphase of second m eiosis r a th e r  than  a t  

sperm atogonial raetaphase. Synapsis must be a r e l a t iv e ly  f a s t  p ro cess  s in ce



th e re  i s  so l i t t l e  c y to lo g ie s!  evidence: le s s  than  a dozen c e l l s - i n  the 

whole study shoved the process in  a c tio n . I t  i s  probably  even f a s t e r  in  

o th e r  sp ec ie s . For example, ap a rt from a tr a n s ie n t  le p to te n e  to  zygotene, 

Henricson and BMckstrdm (1963) found only two pachytenes in  th e i r  

p re p a ra tio n s  from the boar.

F isen  (1900) described  th e  bouquet in  Batrachoseos and Janssens (1905) 

observed th a t  synapsis proceeded inwards in  the salam ander, bu t d id  no t 

observe the p rocess as occurring sim ultaneously  from bo th  ends. Davis (1908) 

p o in ted  out th a t  c en tre s  of p o la r is a t io n  were c lo se  to  the  n u c le a r  membrane 

in  A crid idae and Locustidae sperm atogenesis, and Ribbands (194-1) showed 

th a t  p rox im ity  to the n u c lea r membrane tends to  lead  to  p recocious development 

Snook and Long (1914) in  Aneides and Scudder (194-2) in  Desmognothus fuscus Raf 

both  ap p rec ia ted  th a t  synapsis was from telom eres back. Kasha and Burnam 

(1965) showed th a t  m eio tic  p a ir in g  was i n i t i a t e d  a t  o r n ea r the ends o f the 

chromosomes in  b a rley  and Sved (1966) f u r th e r  suggested th a t  p a ir in g  was 

i n i t i a t e d  a t the ends in  h igher p la n ts  because homologous te lom eres a re  

a tta ch ed  c lo se  to each o th er a t  the n u c lea r membrane. Beyak, Be^ak aid 

R abello (1967) dem onstrated th a t p a ir in g  proceeded back from the  ends in  

p o ly p lo id  amphibians. For maize, T&bata (1962, 1963) w ith  t r i v a l e n t  

co n fig u ra tio n s  v is u a l is e d  the n e ce ss ity  of alignm ent o f homologues p r io r  

to  m eio tic  prophase and a lso  fo r  the i n i t i a t i o n  o f p a ir in g  a t  th e  te lom eres. 

G lu tterbuck  (1970) suggested th a t  a v a rie g a te d  p o s it io n  e f f e c t  in  A sp e rg illu s  

might be exp lained  by m eio tic  synapsis s ta r t in g  a t  the  ends o f th e  chromosomes 

and working towards the centrom ere. Kezer (1970) and Kezer and Macgregor 

(1971) using  sec tio n s  of Batrachoseos and su p e rb  squashed from v a rio u s  

salam anders in c lu d in g  Batrachoseos and Plethodon c. c in e reu s  Green c le a r ly  

dem onstrated th a t  chromosomes a re  d ire c te d  to  one side  and synapsis proceeds 

from te lom eres backwards in to  a bouquet, e x a c tly  as p re sen te d  here . Fach 

organism w il l  probably  have i t s  own p e c u l i a r i t i e s  o f p rophase. For example, 

in  the  m osquito, th e re  i s  no t r a d i t io n a l  le p to te n e  o r zygotene, since  in



the p re -m e io tic  m itoses there  i s  somatic p a ir in g  of homologues and f u l l  

p a ir in g  occurs a t  the onset of m eiosis (A kstein  1962). In  Lilium  lon g iflo ru m  

G ro ft, chromosomes are separa te  e n t i t i e s  a t  p re - le p to te n e  w ith  no evidence 

o f p re -m e io tic  p a ir in g  (W alters 197G).

Other id eas  are th a t  e i th e r  telom eres or centrom eres may be re sp o n sib le  

f o r  p a ir in g ,  r a th e r  than by sh o rt sequences a l l  along the  chromosome 

(P r itc h a rd  I960, von W ettste in  1971). In  view o f t h i s , i t  i s  c e r ta in ly  

in te r e s t in g  th a t  Moens (1969a) described  a t  zygotene in  th e  lo c u s t ,s h o r t  

s tr e tc h e s  o f  two homologous chromosomes jo in ed  by a complete p iece  of 

synaptinem al complex9w hile centrom eres and te lom eres were n o t jo in e d .

The bouquet s tag e  had no t been desc rib ed  in  d e t a i l  in  th e  human 

m ale, a lthough  K o lle r (1937) showed a bouquet v /ithou t naming i t .

Severinghaus (194-2) mentioned the bouquet as being  p o s t-sy n a p tic  r a th e r  

than  sy n ap tic . An unusual fe a tu re  suggested by th i s  s tudy , although by 

no means conclusive , was th a t  the sex chromosomes were n o t h e te ro p y cn o tic  

a t  the bouquet stage  and could not be id e n t i f i e d  in  any way (P la te  19 ).

The lo c u s t  bouquet, however, shows c le a r ly  a h e te ro p y cn o tic  X (P la te  76),

and in  K o lle r1s (1937) i l l u s t r a t i o n  th e re  appears to  be a sex v e s ic le

a t  the  to p . Sasaki and Makino (1965) no ted  two sep ara te  h e te ro p y cn o tic  

bodies a t  e a r ly  le p to te n e  and S o la ri (1969) the same in  a mouse. John 

and Lewis (1965) desc rib ed  chromosome ends a t  the n u c lea r membrane n ear 

the  c e n t r io la r  system, w ith  heteropycno tic  centrom eres ra is e d  to  the  top

of the  bouquet and the heteropycnotic.Y  a t  the base.

6.S  ORDER WITHIN THE NUCLEUS

Both the p a ir in g  of homologues and the com p lex itie s  o f c e l l  d iv is io n  

a re  l e s s  d i f f i c u l t  to  understand i f  s t r i c t  o rd e r w ith in  th e  in te rp h a se  

nucleus i s  assumed. M eiosis w ith 168 chromosome in  th e  lam prey 

Petromvzon marinus L . , the h ig h est chromosome number recorded  in  v e r te ­

b ra te s  (P o tte r  and Rothwell 1970),i s  in tr ig u in g . The o b se rv a tio n  th a t
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no ex ten s iv e  chromosome movement occurs in  in te rp h a se  was made as long  ago 

as 1909 by Boveri and more re c e n tly , B elar (1929) and Rhoades (1961). .

Maguire (1961) commented on l i t t l e  movement a t  pachytene. M ille r , Breg, 

M ukherjee, Gamble and C hristakos (1963) commented on la r g e r  chromosomes 1 

and 2 being  n ear th e  middle and sm alle r ones Y, 21, 17-18 and 13 n ear th e  

p e r ip h e ry , which suggested  o rd er in  human m ito tic  m etaphase. In  the sperm 

o f the  r a t ,  B ianchi and de B ianchi (1969) commented on a c o n s ta n t p o s i t io n  

of the I .

To e x p la in  any o rd e r , c la s s ic a l  c y to lo g is ts  observed f in e  connec tions 

between metaphase chromosomes during  m ito s is  in  sperm atogonia o f hem ipteran  

in s e c ts  (W ilson 1925). Order i s  sometimes a t t r ib u te d  to  the n u c le a r  

membrane (Lane 1967); but i t  i s  considered  th a t  the chromosomes take 

an a c tiv e  p a r t  i n  the fo rm ation  of th e  n u c le a r  membrane (B are r, Joseph  and 

Meek 1959). Woollam and Ford (1964) re p o rte d  th e  synaptinem sl comolex 

as being  a tta ch e d  to  the  n u c lea r membrane by b a sa l knobs. Comings (1968), 

in  an e le c tro n  m icroscopy and au to rad iography  study o f human amnion, e s ta b l i s h e  

attachm ent o f chrom atin to  th e  n u c le a r  membrane and, a lso , t h a t  a t  l e a s t  

some o f  the  a ttachm ent s i t e s  corresponded to  th e  p o in ts  o f i n i t i a t i o n  o f 

DNA sy n th e s is  in  each re p lic o n . Ockey (1969) r e la te d  tim e o f DNA s y n th e s is  

in  human m ito t ic  chromosomes to p rox im ity  to th e  n u c lea r membrane. Using 

human fib ro b las ts ,C o m in g s  and Okada (1970b) showed th a t  m etaphase chromosomes 

c a r r ie d  fragm ents o f n u c le a r  membrane m a te r ia l up and down t h e i r  su r fa c e s .

They a lso  showed th a t  chrom atin f ib r e s  w ith  an n u li o f n u c le a r  membrane,were 

p re sen t in  Chinese ham ster, q u a il  and human in te rp h a se s  (Comings and Okada 

1970a). They suggested  th a t  the a n n u li may serve  as attachm ent to  the new

n u c lea r membrane. ^

O ther e x p la n a tio n s  of sy n ap sis  in  ad d itio n to ,o r in s te a d  o f , c lo se  

p rox im ity  have been suggested : DelbrBck (1941) p o s tu la te d  resonance -  bonding 

to  e x p la in  sy n ap s is ; r'aberge (1942) suggested  Guyot -  B jerknes hydrodynamic 

fo rc e s ; H inton (1945) an a n tig e n /an tib o d y  re a c tio n  w hile  Hhoades (1961)
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suggested  Van der Waals fo rc e s , but e l l  th e se  hypotheses are e s s e n t ia l ly  

u n te s ta b le . Thomas ( i 960) suggested th a t  the  m olecu lar p a ir in g  o f DM 

m olecules in  b a c te r ia  and bacteriophage can probably  occur sim ply by random 

motion and re c o g n itio n  of sh o rt segments o f complementary base sequences. 

Ratnayake (1968) a lso  supported a s im ila r  m olecu lar mechanism, and Royer, 

McCarthy and Bolton (1964) po in ted  out th a t  the c o n ce n tra tio n  of homologous 

DNA seen a t  o r near the reg ion  around the synsptinem al complex would be 

many tim es th a t  necessa ry  to  produce e f f i c i e n t  h y b r id is a t io n  in  v i t r o .

Perhaps one of the l e a s t  te s ta b le  hypo the se s i s  th a t  o f Comings and Okada

(1970) who suggested th a t  the most m ysterious p a r t  of som atic and m eio tic  

p a ir in g  may take  p lace  im m ediately a f t e r  f e r t i l i z a t i o n  and may be re la te d  

to  the topology of the p ronuclear fu s io n  p ro cess .

6 .9  PACHYTENE

Abnormal homologous p a ir in g  observed here in c lu d ed : th e  f a i lu r e  

to  p a i r  in  p a r ts  of chromosomes (P la te s  34- snd 35a) o r in  a whole chromosome 

(P la te  35b), and f a i lu r e  due to  a p h y sica l im p o s s ib i l i ty ,  where one b iv a le n t 

passed  between the homologues o f ano ther (P la te  3 6 ). Abnormal pachytene 

c o n fig u ra tio n s  had n o t p rev io u s ly  been re p o rte d  in  normal humans. I t  i s  easy  

to  conclude th a t  any d e f ic ie n c ie s , in v e rs io n s  o r d u p lic a tio n s  must be very  

sm all, s ince no h a irp in  co n fig u ra tio n s , l ik e  those  seen in  maize (Rhoades

1968), were observed. S p e c if ic ity  of p a ir in g  has n o t been doubted since 

Wenrich (1916) observed corresponding chromomeres c lo se ly  a s s o c ia te d  a t  

zygotene and pachytene in  P h rv n o te ttix ; bu t Maguire (i960) noted  th a t  

pachytene cliromomere p a tte rn s  do no t always co incide  in  synapsed homologues.

H ulten, E liasso n  and T i l l in g e r  (1970) re p o rte d  normal pachytene 

p a ir in g  in  two males w ith  a low chiasma count, as d id  Pearson e t  a l .  (1970) 

in  one. Hungerford e t  a l .  (1971) rep o rted  no s ig n i f ic a n t  s t r u c tu r a l  

d if fe re n c e  between p a ire d  homologues of e i th e r  o f the  b iv a le n ts  21 and 22 , 

among the p a t ie n ts  s tu d ie d . N on-pairing in  the  sh o r t arm reg io n  o f  the.
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t r i v s l e n t  formed in  the sm aller G, in  c e l l s  from a mosaic mongol, has been 

d esc rib ed  (Hungerford e t  a l .  ,1970), b u t no ex p lan a tio n  f o r  i t ,w a s  given.

Pachytene Chromosome A nalysis

Pachytene an a ly s is  has been made p o ss ib le  by the advent o f modern 

tech n iq u es , such as th a t  of Hungerford (1971). The p o te n t ia l  o ffe re d  seems 

v a s t .

I t  has been shewn th a t  heterornorphic homologues show no d i f f i c u l ty  

in  p a ir in g . Here were in v e s tig a te d  polymorphisms in  two chromosomes, 9 

and 16. Both were secondary c o n s tr ic t io n  reg ion  v a r ia n ts  (P la te  10 ).

Pachytene c e l l s  showed t ig h t  condensation a t  th ese  re g io n s , which consequently  

became as he te ro p y cn o tic  as the centromere bodies. In chromosome 9 th e re  

was a s e r ie s  of p a ra c e n tr ic  chromomeres (P la te  21) and in  16, heteromorphism 

was r e f le c te d  in  a la rg e r  s ize  o f centrom eric heterochrom atin  (P la te s  22 

and 23 ). When such la rg e  heteromorphisms have l i t t l e  e f f e c t  on homologous 

p a ir in g ,  i t  i s  p o ss ib le  th a t  sm all d e le t io n s  or d u p lic a tio n s  might be 

m issed. Of course, the argument remains t h a t  th ese  types o f heteromorphism 

are n o t caused by e x tra  m a te ria l (Stsrkman and Shaw 1967, Hsu, B rink ley  and 

A rrig h i 1967, C riopa, Schwartz and German 1969). However, i t  would seem 

reasonab le  to  assume th a t  e x tra  m a te ria l i s  involved  w ith  a v a r ia n t  as 

la rg e  as th a t  shown in  P la te  101. At pachytene 11 d e s p ir a l i s a t io n "  o f the 

secondary c o n s tr ic t io n  reg ions i s  not a marked fea.ture (a s  i t  i s  in  these  

reg io n s  a t  sperm atogonial metaphase) and so d if fe re n c e s  r e f le c t in g  degree 

of heteromorphism (P la te s  22, 24 and 25) supports  th a t  d i f f e r e n t  amounts 

o f chromosome m a te r ia l i s  involved.

A d e ta i le d  chromomere map of each b iv a le n t a t  pachytene i s  needed, 

before  any v a r ia t io n s  can be s tu d ied . I t  i s  p o ss ib le  th a t  a c y to lo g ic a l 

map eq u iv a len t to  th e  g en e tic  map, as shown in  g ia n t s a l iv a ry  gland 

chromosomes (Dupraw 1970) could be made, bu t i t  seems u n lik e ly  th a t  an 

id e n t ic a l  p ic tu re  o f chromomeres w il l  be dem onstrated  a l l  th rough the
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pachytene stage  which csn l a s t  some 10 days (Lima de F a r ia  e t  a l ,  1968),

The frequency w ith which a pachytene chromosome i s  mappable i s  a fu n c tio n  

of i t s  le n g th  (Hungerford 1971), Pachytene mapping has been attem pted 

fo r  th e  D and G b iv a le n ts  (Ferguson-Smith 1964a, Bordjadze and 

Prokofieva-Belgovskaya 1971, Hungerford e t  a l .  1971). Hungerford e t  a l .

(1970) used the chromomere p a tte rn  of Hungerford e t  a l .  (1971) to  id e n t i fy  

the G chromosome involved in  Down’s syndrome. Using a mosaic mongol they 

found a t r iv a le n t  was sometimes formed in  the sh o rte r  o f the  two chromosomes. 

No t r i v a l e n t  was observed by Finch, Bddk, F ind ley , F ind ley  and Tucker (1966) .

M ito tic  karyotyping i s  broadly based on p o s itio n in g  according to  

s iz e , a lthough th e re  a re  minor d isc rep a n c ie s , fo r  example, chromosome 6 

was found to  be s l ig h t ly  la rg e r  than 5 in  measurements by Ferguson-Sm ith 

e t  a l .  (1962). This study has shown th a t  chromosomes a t  pachytene can be 

“karyotyped” according to  those ru le s  used in  m ito tic  a n a ly s is .  There 

i s  .c e r ta in ly  a  s iz e  d iffe ren ce  in  the G’ s (ELate 22a) shown p a r t ic u la r ly  

w ell a t  pachytene, since the o v e ra ll  in c re ase  in  le n g th  of chromosomes a t  

th i s  s tag e  exaggerates small d iffe re n c e s . Eberle (1963) e stim ated  the 

in c re ase  in  s iz e  over m ito tic  metaphase was s ix  tim es. I t  i s  suggested 

th a t  the trisom y t r a d i t io n a l ly  ca lled  "21" should now be p ro p e rly  termed 

"trisom y 22", on th e  b a s is  of the evidence a t  pachytene by Hungerford 

e t  a l .  (1971) which was p a r t ic u la r ly  convincing owing to  the  mosaicism shown 

in  the case.

Centromere Regions

The most extrem ely heteropycnotic  reg ions in  pachytene chromosomes 

were here shown to  be centromere reg ions, in  human, lo c u s t  and mouse.

The bodies now described  as centrom eric heterochrom atin  have been d esc rib ed  

by o th e rs  (S isen  1900, Janssens 190$, Snook and Long 1914). The p o in t 

a t  which the sp ind le  m icrotubules a tta c h  has been c a lle d  the  "k inetochore" 

by v a rio u s  au thors ( fo r  example, Luyukx 196$, B ajer and M ole-Bajer 1969).
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Woollam and Ford (1964) mentioned an enhancement o f co n trac ted  bodies of 

heterochrom atin  a t centromere p o s itio n s  by 0 .1  molar KC1 trea tm en t; th is  

was confirmed by th i s  study using technique "H". Kezer (1970) rep o rted  

th a t centrom eres were heteropycnotic  in  salam anders.

Here, m a te ria l resembling knobbed s a t e l l i t e s  was o c ca s io n a lly  seen 

p ro tru d in g  from the centromere region of the  a c ro c e n tr ic  chromosomes (P la te  30a) 

This was a lso  shown by Hungerford e t  a l .  (1971). As the heteropycnosis  

must extend some way each side of the centrom ere, i t  would be expected th a t  

the  sh o rt arm of the ac ro cen tric  chromosomes would not be re p re se n te d , 

although the presence of a chromosome s a t e l l i t e  i s  no t s u rp r is in g . However 

th i s  made o th e rs  b e liev e  th a t absence of the sh o rt arms meant the  h e te ro ­

pycnotic  bodies on the D’s and G’s were no t centromere reg ions end, as 

a consequence, the he teropycnotic  bodies on a l l  the o th e r  pachytene chromo­

somes were la rg e ly  ignored.

Ferguson-Sm ith (1964a) termed the a c ro c e n tr ic  centrom ere reg ions 

"n u c leo la r chromomeres" and Eberle (1966) " s a t e l l i t e d  chromomeres".

Gardner and Punnett (1964) ignored the heteropycno tic  reg io n s  and consequently  

p laced  the D chromosomes upside down. Ford e t  a l .  (1968) and Ford (1969) ,  

w ith  the whole pachytene complement, termed centrom eres as d e te c ta b le  pa le  

areas w ith  deep s ta in in g  on e i th e r  side and dism issed what are  shown in  

t h i s  study to  be the  centromere regions as eq u iv a len t to  the "knobs" of 

maize. D atta  (1969), w ith  m eiosis in  the 9-banded a rm ad illo ,co u ld  n o t 

exp lain  "heteropycno tic  d o ts" . Bordjadze and Prokovieva-Belgovskaya (1971) 

suggested th a t  the centromere was lo ca ted  in  the a c ro c e n tr ic s  between 

chromomeres I  (rep re sen tin g  the whole of the  sh o rt am ) and I I ,  the next 

sm all chrornomsre down. Disagreement over something as fundam ental as 

centromere p o s itio n  melees the idea  of chromosome mapping seem ra th e r  

r id ic u lo u s .

The amount of centrom eric heterochrom atin  a t  pachytene v a rie d  g re a tly  

between b iv a le n ts  (F igure 3) and a lso  between the same b iv a le n ts  in  d i f f e r e n t
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in d iv id u a ls . The s tu d ie s  p resen ted  have confirm ed r e s u l t s  ob ta ined  w ith  

reannea ling  experim ents on m ito tic  metaphase c e l l s ,  th a t  chromosomes- known 

to  have prominent p a ra ce n tric  secondary c o n s tr ic t io n s  ( fo r  example 1, 9 

and 16) a lso  have the la r g e s t  amount o f centrom eric  he te ro  chrom atin (Chen 

and Huddle 1971, A rrigh i and Hsu 1971), Bowiey and Bodmer (1971) commented 

th a t  metaphase chromosomes could be d is tin g u ish e d  on the b a s is  of d i f f e r e n t  

amounts o f centrom eric heterochrom atin. Here, superimposed on t h i s ,  the 

v a r ia t io n  according to  polymorphism i s  emphasised.

In  a ttem pts to  e lu c id a te  the pachytene complement, H u n g e rfo rd e t a l .

(1971) described  a G b iv a le n t, p re sen t in  every in d iv id u a l w ith  spermato­

g e n es is , having a c lu s te r  of sm all do ts th a t  were o rc e in -p o s it iv e  and 

BNase r e s i s t a n t .  F igure 70 of Luciani (1968) ma.y show the same co n fig u ra tio n  

bu t th e  do ts have been c u t o ff and the chromosome i s  p laced  as a 6 in  

karyo typ ing . The d e sc r ip tio n  by Hungerford e t  a l .  (1971) i s  id e n t ic a l  

w ith  th a t  shown to be number 9 in  th is  study (P la te  21a) from c r i t e r i a  

o f: s iz e , centromere p o s itio n  of th is  chromosome, s iz e  o f th e  p a ra c e n tr ic  

bulge c lo se ly  fo llow ing the degree of heteromorphism in  m ito tic  n in e s , and 

by a p e rs is te n c e  of the  pachytene chromomeres in to  d ia k in e s is  (P la te  48a ) .

The chromomeres were about 0.5 Jim in  d iam eter. I t  i s  to  be no ted  th a t  

Saksela and Moorhead (1962) enhanced secondary c o n s tr ic t io n  reg io n s  by 

trea tm en t w ith  1 : 1 methanol : g la c ia l  a c e tic  a c id . The number n ine  in  

t h e i r  i l l u s t r a t i o n  was, in  the p a ra c e n tr ic  reg io n , pu ffy  and alm ost 

"chromomeric”.

The fo u r s tran d s  o f chromomeres shown in  the  s tre tc h e d  b iv a le n ts  

(P la te  21a) probably rep resen t the four s tran d s  o f the pachytene b iv a le n t.

The chromomeres were sometimes in  two’s o r fo u rs  and i t  i s  tem pting bo again  

suggest th a t the four s tran d s of each pachytene b iv a le n t a re  re p re sen ted .

I t  i s  probable th a t  v a r ia t io n  in  number, r a th e r  than  s iz e , o f chromomeres 

copes w ith  the problem of heteromorphism. Heteromorphism in  number 16 was 

no t solved in  the same way. A dense block of he te ro  chroma t i n  was formed
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in s te a d , and which must be fu n c tio n a lly  eq u iv a len t since th e re  was normal 

homologous p a ir in g  in  the  r e s t  of the b iv a le n t.

NUCLEOLI.

H eitz  (1931) f i r s t  a sso c ia ted  n u c leo la r  o rg an is in g  lo c i  and the 

n u c le o l i ,  which disappeared  during m ito s is  and reappeared a t  te lo p h ase . 

McClintock (1933) showed th a t n u c le o li were a sso c ia te d  w ith  p a r t i c u la r  

reg io n s  o f chromosomes fo r  which she coined the  term  “secondary c o n s tr ic t io n s " .  

When the nucleo lus was absent a t  the  reg ion  con ta in ing  the  n u c le o la r  o rg a n ise r , 

no secondary c o n s tr ic t io n  was formed e i th e r  and when the n u c le o la r  o rg an is in g  

body was broken, n u c le o li developed from each of two segments (McClintock 

1934-)* Vanderlyn (1949), in  a wide v a r ie ty  o f p la n ts ,  observed n u c le o li  

a s so c ia te d  w ith  chromocentres. R ito ssa  and Spiegelmann (1963) re p o rted  

on the lo c a tio n  of DNA complementary to  ribosom al MA in  th e  mammalian 

n u c le o la r  o rg an ise r reg ion .

This study confirmed the o r ig in a l  o b serv a tio n  o f Ferguson-Sm ith (1964a) 

th a t  a l l  f iv e  a c ro ce n tric  b iv a le n ts  are capable o f " a sso c ia tio n "  (P la te  27). 

This was a lso  shown by Hungerford (1971) and Bordjadze and P rokofieva- 

Belgovskaya (1971) using chromomeric id e n t i f ic a t io n .  I t  r e f l e c t s  " s a t e l l i t e  

a s so c ia tio n " , in  cu ltu re d  human som atic c e l l s ,  o f s p e c if ic  p an ts  of chromo­

somes b e liev ed  to be n u c leo la r  o rgan ising  reg ions (Ferguson-Sm ith and 

Handmaker 1961). This was confirmed by la rg e  sca le  s t a t i s t i c a l  s tu d ie s  

(Cohen and Shaw 1967, Sang and Back 1968). Huberman and A tta rd i  (1967) 

found th a t  a t l e a s t  5G% o f the s i t e s  to  which rHNA annealed, were a sso c ia te d  

w ith  th e  sm aller chromosomes, confirm ing c y to lo g ic a l o b se rv a tio n s  on the 

n u c le o la r  o rg a n ise rs . The n u c le o li produce rSNA only (p e rry  1965).
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Sex Chromosomes and Nucleoli

In  th is  study, the sex v e s ic le  was observed to  support a nucle'olus 

when no o th e r chromosome was in  the v ic in i ty .  However, th i s  by i t s e l f  was 

no t p roof of the n u c leo la r o rganising  cap ac ity  o f th e  sex chromosomes.

Such an appearance could s t i l l  o r ig in a te  from a c ro c e n tr ic  chromosomes, 

a sso c ia te d  w ith  i t ,  being sheared away from the sex v e s ic le  during  f la t t e n in g  

of the c e l l .  A crocen tric  chromosomes do a sso c ia te  w ith the  sex v e s ic le  

(Table 8 , see a lso  nberle  1966, Luciani 1968), as w ell as w ith  each o th e r 

and w ith  secondary c o n s tr ic t io n  reg ions o f o th e r  chromosomes, fo r  example 

the  p a ra c e n tr ic  reg ions o f 16 and 9« This p ro p e rty  i s  a g re a t help  in

id e n tify in g  such chromosomes. A crocentric  a sso c ia tio n  w ith  the  sex v e s ic le

i s  considered  evidence fo r  a n u c leo la r o rg an ising  cap ac ity  of a t  l e a s t  

one of the sex chromosomes. Bobrow, Pearson and C o lla co tt (1971) rep o rted  

the  p a ra -n u c leo la r  p o s it io n  o f the humanYchromosome in  in te rp h a se  n u c le i , 

shown by fluo rescence  an a ly s is , and Gri'penberg (1964) d esc rib ed  s a t e l l i t e  

a s so c ia tio n  o f the I .

R o lle r (1938) has repo rted  n u c le o li a sso c ia te d  w ith  th e  sex chromosomes 

in  the golden ham ster. Sotelo and W ettste in  (1964-) claim ed the sex v e s ic le  

in  G ry llus supported a nucleolus in  i t s  own r ig h t .  Sachs (1954) rep o rted  

m a te r ia l r ic h  in  SNA f i l l i n g  the sex v e s ic le  and surrounding the sex 

chromosomes, but Konesi (1965) claimed a la c k  of RNA sy n th es is  in  th e  m eio tic  

sex chromosomes of the  mouse. Urena and S o la r i (1970) found no h is to lo g ic a l ly

d e tec ted  SNA on the X-I p a ir  of Rattus bu t d escribed  a sm all number of

c e l l s  having n u c le o li  near the sex p a ir ,  but w ith no c o n tin u ity  w ith  i t .  

Ferguson-Sraith (1964a) believed  th a t n u c le o li  were independent of th e  human 

sex v e s ic le .  This was confirmed by S o la ri and Tres (1967) and S o la r i and 

Tres (1970) using  evidence from e lec tro n  m icroscopy. They suggested  th a t  • 

the  heteropycno tic  b asa l knobs (shown here to  be the  centrom ere reg ions 

o f the a c ro ce n tric  chromosomes) were re sp o n sib le  fo r  the n u c le o l i .
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R eita lu  (1970) claimed th a t  “as pachytene progressed  the  weakly s ta in in g  

p o rtio n  o f the 'sex v e s ic le  took on a tru e  n u c leo la r  s ta in in g ”. id le s  (1970) 

found th a t  t r i t i a t e d  actinomycin D, which binds to  DNA and a t  low concen tra tions 

i s  thought to  bind p re fe re n t ia l ly  to  ribosom al c is t ro n s ,  d id  n o t la b e l  the 

human m ito tic  X.

In c lu s io n s  H ith in  the N ucleoli

As has been described , he teropycno tic  bodies have been observed 

p ro je c tin g  in to  the nucleo lus. Some were a t t r ib u te d  to  chromosome m a te ria l 

d i s t a l  to  the secondaiy c o n s tr ic t io n  reg ion  o f the  sh o rt arms of the 

a c ro c e n tr ic  chromosomes. However, o th e r h e teropycno tic  elem ents were 

fre q u e n tly  observed w ith in  the n u c leo la r  m a te r ia l. There are many f lu f f y  

loops and blocks extending from pachytene chromosomes (P la te  26b) and some 

d o ts  in  n u c le o li  might be caused by chance f ix a t io n  of the  n u c le o l i  over 

such s t ru c tu re s .  The anomalous p a ra c e n tr ic  c o n s tr ic t io n  reg io n  o f b iv a le n t 

n ine was one o f the reg ions th a t  o ccas io n a lly  showered through a nuc leo lus 

(P la te  29a). I t  i s  no t assumed, in  th i s  in s ta n c e , th a t  i t  was a chance 

occurrence.

There have been various re p o rts  fo r  and a g a in s t the presence  of DNA 

in  the  n u c leo lu s . Many were based on r e s u l t s  obtained  w ith  the  Feulgen 

re a c tio n , which was found, in  th i s  study, to  be u n su ita b le  f o r  a i r - d r ie d  

p re p a ra tio n s . Reports favouring the  presence of DNA in  n u c le o l i  in c lu d e ;

F a in te r  and Taylor (1912) fo r  to a d ’s egg; Ohno, W eiler and o te n iu s  (1961) 

f o r  guinea p ig  germ c e l l s ,  and Barr and P la u t (1966) fo r  D rosophila  

s a liv a ry  gland c e l l s .  M ille r and B eatty  (1969) dem onstrated th a t  the 

e x tra  chromosomal n u c leo la r  DNA loops of amphibian oocytes were a c tiv e ly  

tra n s c r ib in g  rRNA p recu rso rs  o r m olecules v is ib le  in  the e le c tro n  

m icroscope. The d isp o s it io n  of the Dill and HNA was e le g a n tly  dem onstrated 

by the use of RNase and DNase trea tm en ts  of d i f f e r e n t  p re p a ra tio n s .

Bvidence a g a in s t the presence of DNA in  the nu c leo lu s  in c lu d es  the cata o f;
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Caspersson end Schultze (194-0) on D rosophila s a liv a ry  gland c e l l s  end sea 

u rch in  oocytes; Sw ift (1933) who considered contam ination gave spurious 

r e s u l t s  and Brown and Bis (1959) who blamed the u n r e l i a b i l i ty  o f the Feulgen 

method.

Telomeres

I t  i s  a w ell known f a c t  th a t  telom eres of non-homologous chromosomes 

have a c lo se  a f f in i t y  fo r  one another (W arters end G riffen  1950, Wagenaar

1969). There i s  s trong  a f f in i ty  shown by the a c ro c e n tr ic  chromosomes fo r  

the  f r e e  telom eres of the conjoined sex chromosomes. G riffen  (1955) w ith 

a Sudan Black B squash technique and oblique illu m in a tio n , co n stru c ted  

a l a t e  pachytene map in  the male mouse and showed a la rg e  s in g le  nuc leo lus 

a t  the end of the XY b iv a le n t, where th e re  was a sh o rt s e c tio n  of 

chromomeric bands. This study has shown th a t  bodies l ik e  l i t t l e  n u c le o li 

may sometimes be observed a t  the telom eres o f chromosomes a t  pachytene 

(H a te  28a). Wenrich (1916) described  l i t t l e  f lu f f y  p o lsx  t ip s  of chromo­

somes in  P h rv n o te t tix . O bservations of n u c le o li  in  a s s o c ia tio n  w ith  

te lo m eres, as w ell as w ith secondary c o n s tr ic t io n  reg ions of m ito tic  

chromosomes, have been made by Hsu, A rrig h i, Klevecz and B rink ley  (1965)

Ohno, T r u j i l lo ,  Kaplan, K inosita  and S tenuis (1961) and Heenan and N ichols 

(1966).

M iles (1970) found peaks of t r i t i a t e d  actinom ycin D co n cen tra ted  

a t  the ends o f human chromosomes and a t the centrom ere, which may mean th a t  

ribosom el c is tro n s  s re  p re sen t a t  the te lom eres. The te lom eres o f chromo­

somes take p a r t  in  a sso c ia tio n  w ith  the sex v e s ic le  o r  w ith  the nucleolus 

(P la te s  22a, 26a and 28b). I t  could of course be argued, and cannot be ' 

d isp roved , th a t  th is  fe a tu re  i s  a remnant o f the bouquet co n fig u ra tio n .

I f  te lom eres d id  have a n u c leo la r o rgan ising  p ro p e rty , which i s  what 

" a s s o c ia tio n 11 i s  assumed to  re p re se n t, th i s  would mean th a t  a l o t  o f anomalous 

chromosome behaviour would be exp lained , in c lu d in g  " s t ic k in e s s " , n o t only
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and Bose (1962) described  telom eres being l a s t  to sep a ra te  a t  anaphase, 

because of an a t t r a c t in g  p roperty . N on-specific  a s so c ia tio n  o f te lom eric  

heterochrom atin , p e r s is t in g  to  d ic ty o ten e , was described  by Ohno, C h ris tia n  

and S ten ius (1963) in  mouse oogenesis. There i s ,  in  a d d itio n , a telom ere 

on the sh o rt arms of acro cen tric  chromosomes and th i s  might re in fo rc e  

any p ro p e rty  u su a lly  a t tr ib u te d  to  e i th e r  the  secondary c o n s tr ic t io n  reg ion  

o r  the  centrom ere.

Repeated Sequences in  Chromosomes

Rapidly annealing DNA (sDNA) i s  a sso c ia ted  w ith  centrom ere reg ions 

(W alker, McLaren and Flamm 1969, Pardue and G all 1970, Jones 1970). 

Reannealing experim ents tend  to enhance the centromere reg io n s a t m ito tic  

metaphase (Yunis e t  a l .  1971). This r e f le c t s  what i s  observed a t  pachytene, 

when no sp e c ia l trea tm en t i s  used. An in te r e s t in g  q u estio n  i s  whether 

n u c le o la r  o rg an ise r sequences are found in  the s a t e l l i t e  f r a c t io n .  Reports 

o f n u c le o li  being a sso c ia ted  w ith  the s a t e l l i t e  f r a c t io n  are n o t few 

(S ch ild k rau t and Maio 1968, and Smith 1970, both in  the mouse). M attoccia 

and Comings (1971), rep o rted  the s a t e l l i t e  DNA most in tim a te ly  a sso c ia te d  

w ith th e  f r a c t io n  of DNA which i s  c lo se ly  bound to  n u c le o l i ,  f ig u re s  being 

10$ o f DI JA of whole n u c le i , 16$ in  the heterochrom atin  + n u c le o li  f r a c t io n ,  

12$ in  the heterochrom atin rich  supernatan t, 25$ in  p u r if ie d  n u c le o li  end 

41$ in  n u c le o li  t re a te d  w ith  2M NaCl. Kacgregor and Kezer (1971) showed 

in  the salam ander Plethodon c. cine reus Green th a t the sDNA was no t r e la te d  

to  the n u c leo la r  o rg an ise r and does not include ribosom al c is t r o n s ,  bu t 

confirmed a sso c ia tio n  w ith  centromere reg ions on a l l  chromosomes.

T h eo re tic a l arguments, as to  the fu n c tio n  of r e p e t i t iv e  DNA, are 

in te r e s t in g .  N ovitsk i (1952) described  centrom eres as being c la s s i f ie d  

as having d i f f e r e n t  s tre n g th s  on the b a s is  o f behaviour in  double f i r s t  

anaphase b rid g es . A strong  centromere would p u ll  a weak one a ttach ed  by
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th e  bridge over to  i t s  po le . L indsley and N ovitsk i (1958) a t t r ib u te d  th is  

to  the  amount and kind of heterochrom atin. Walker (1971) suggested  th e re  

might be an advantage conferred  on the chromosomes possess in g  more re p e t i t iv e  

sequences,as they might be able to  survive the mechanical r ig o rs  of m eiosis 

b e t te r .  There might be some kind of s e le c tin g  f a c to r  o p e ra tin g  a g a in s t 

lo s s  in  the p o la r  body since the Y chromosome happens to  be the  only one 

n o t having s a t e l l i t e  sequences in  mouse (Pardue and G all 1970). There i s  

weak b u t observable lin k ag e  between genes in  d ifferen t,n o n -h o m o lo g o u s, 

chromosomes in  mice (Michie 1953) srd in  D rosophila (Peacock 1965). Mongols 

resem bling th e i r  mothers ra th e r  then  th e i r  f a th e rs  over sev e ra l unlinked  

m arkers,rem ains unexplained (Penrose 1957). Jones and Robertson (1970) 

comment on r e i te r a te d  nuc leo tide  sequences in  D rosophila and mouse as 

being n ear the centromere^ and which could promote c lose  p h y s ica l approx i­

m ation o f homologous and non-homologous chromosomal re g io n s ,to  f a c i l i t a t e  

re g u la tio n  o f fu n c tio n . Telomeres o f the. A and C chromosomes in  Rhynchosciara 

have been shorn to  have re p e t i t iv e  sequences (Eckhardt and G all 1971). 

R ep e titiv e  sequences on telom eres might help  to  ex p la in  much o f the  chromo­

some behaviour shown in  th is  study.

MORPHOLOGY OF THE Snx ViSIGLiii •

E lia sso n , Gustavsson, Hulten and L indsten  (1967) re p o rted  the absence 

of a sex v e s ic le  in  pachytene of the dog, b u t one b iv a le n t was perhaps 

s l ig h t ly  more h e tero p y cn o tic . In  a l l  the m a te r ia l s tu d ied  h e re , a sex 

v e s ic le  was always p re sen t a t pachytene. The morphology of the sex 

chromosomes in  the sex v e s ic le  was d i f f i c u l t  to e s ta b l i s h ,  bu t th e re  was 

no evidence suggesting  th a t  they were n o t p a ire d  a t  one end and then  looped 

(P la te  32c). R e ita lu  (1970) described  two bodies re p re se n tin g  the X snd 

Y in  the  sex v e s ic le  -  something never observed in  th i s  study . Egozcus 

(1968) showed pachytene evidence suggesting  th a t  c ro ssin g  over occurred 

w ith in  the  X chromosome in  almost 100> of pachytenes in  th e  male s q u ir re l
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monkey snd. 70> in  the rhesus monkey, dwarf galago and t a r s i e r .  The rem ainder 

o f c e l l s  ap p aren tly  showed the dark ly  s ta in ed  sex v e s ic le .  In  th i s  study  

some c e l l s  were observed w ith  con fig u ra tio n s  id e n t ic a l  to  those desc rib ed  

by Sgozcue (196k) (P la te  37). Here, however, tw is tin g  o f the sex chromosome 

loop was be liev ed  responsib le  fo r  th e  appearance. In  the male lo c u s t  the 

s in g le  X was shown to  behave in  an odd manner in  the prophase of m eiosis 

and might be in te rp re te d  as fo ld ing  back upon i t s e l f ,  a co n fig u ra tio n  

p o ss ib ly  m aintained in to  d ia k in e s is  (John and Lewis 1965). Khush and Rick 

(1968) s ta te d  th a t  i t  was not unusual to  observe synapsis between a In g le  

unpaired  arm th a t  fo ld s  back to  p a ir  w ith i t s e l f .

Gardner and Punnett (1961) m is in te rp re te d  an a c ro c e n tr ic  a s so c ia tio n  

w ith  the sex v e s ic le  and recorded th a t  the sex chromosomes in  humans la y  

s tra ig h te n e d  out o r "not wholly in  the sex v e s ic le " . S o la ri and Tres (1967) 

sa id , in  a f in e  s tru c tu re  study, th a t  one pole o f the sex v e s ic le  p ro truded  

and s ta in ed  h eav ily . This could have been an a c ro c e n tr ic  centrom ere in  

a s s o c ia tio n .

6 .10  DIFFUSE STAGE

The only way th a t  in d iv id u a l c e l l s  observed in  th i s  study , could be 

f i t t e d  in to  any kind of sequence in  prophase o f f i r s t  m e io sis , in  the human 

male, was to  in troduce  a "d iffu se  stage" a f t e r  pachytene and before  d ip lo ten e  

(P la te s  38 to  40 ). I t  was, th a t enough of the  le s s  fre q u e n tly  observed 

in te rm ed ia te  s tag es  were ob tained , the behaviour of the sex chromosomes 

u n ra v e llin g  from the sex v e s ic le ,  the n u c le o l i  re g re ss in g , and the  p e r s is te n t  

chromomeres of the p a ra c e n tr ic  reg ion  of b iv a le n t n in e ?th a t  confirm ed the 

in te r p r e ta t io n .  There was a lso  evidence fo r  th e  presence of a d if fu se  

s tag e  in  the lo c u s t , Syrian hamster and mouse.

The f a c t  th a t  th i s  stage  had no t been p re v io u s ly  observed in  humans, 

p o ss ib ly  means th a t  work in  a v a r ie ty  of f i e ld s  must be re a sse ssed . Erroneous
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in te r p r e ta t io n  o f zygotene as a more advanced stage has been noted  by 

o th e rs  (Maguire I960, Moens 196/+). For example, McDermott (1970) claim ed 

evidence fo r  p re -m eio tic  p a ir in g  o f homologous centromere reg io n s . With 

the  in te rp re ta t io n  p resen ted  here , he could have been d esc rib in g  c e l l s  

in  the middle o f the d iffu se  stage (P la te  4 0 a). R e ita lu  (1970),w ith  

human male m eiosis, could no t have in te rp re te d  the sequence as described  

h ere . Hungerford (1971) suggested c e l l s  a t  " la te  pachytene" good fo r  

mapping chromomeres "or p red ip lo ten e" , bu t obviously  he i s  n o t r e fe r r in g  

to  c e l l s  w ith d iffu se  b iv a len ts,w h ich  have l i t t l e  d i f f e r e n t i a l  s ta in in g  

except f o r  the centromere reg ions. In  d e sc rib in g  the  c e l lu la r  a sso c ia tio n  

o f the sem inal ep ithe lium  in  man, Clermont 0-963) d id  not mention the  d if fu se  

stage  although the diagram in  H eller and Clermont (1963) suggests i t s  

p resence, lu to rad iography  has not dem onstrated i t  in  man (Lima de F a ria  

e t  a l .  1968) or mouse (Kofman-Alfaro and Chandley 1970). Yerganian (1957) 

emphasised the absence of lampbrushing in  pachytene chromosomes. S o la r i 

and Tres (1967) mentioned th a t  as pachytene p rog ressed , the sex v e s ic le  

became le s s  condensed, which might p o ssib ly  be a symptom of the  d if fu se  

s tag e .

S ing leton  (1953) h in ted  a t  a d iffu se  d ip lo ten e  stage  in  Neurospora 

and Barry (1966) confirmed i t s  ex istence  in  the  same mould because the 

ascus c o n tin u a lly  en larges and can be used as an index  f o r  m a tu rity .

Barry (1969) reaffirm ed  th e  p o s itio n  of the d if fu se  stage between pachytene 

and d ip lo te n e . Lu (1967) repo rted  a d if fu se  stage  in  G elasinosoora and 

Lu and Raju (1970) in  Coprinus. Nagl (1969) measured n u c lea r volume and 

o th e r  c r i t e r i a  in  Beta and found a zygotene -  l ik e  stage in  e a r ly  d ip lo te n e . 

Henderson (1961) noted the presence of d if fu se  d ip lo te n e  s tag es  in  B r i t is h  

T e trig id ae  (Q rthop tera). Conclusive evidence of a d if fu se  s tag e  between 

pachytene and d ip lo ten e  was shown by Kezer (1970) and Kezer and Macgregor

(1971) in  the salam ander. H is to lo g ica l s e c tio n  of B atrachoseos showed a 

d if fu se  stage between pachytene and d ip lo te n e , p o s it io n  in  sequence being
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known because o f the presence o f a caudocephalic wave of m eiosis . The 

p ic tu re  p resen ted  by h is to lo g ic a l sec tio n s  was matched by a i r  d ried  prepa­

ra t io n s  and these  were ex ac tly  as described  here fo r  the human male. Nebel 

and Goulon (1962), using e lec tro n  microscopy, found a d if fu se  d ip lo ten e  

stage  in  pigeon sperm atocytes, and commented on fu zz in ess  a t  pachytene 

and f i r s t  m eio tic  metaphase. Sachs (1953) described  f lu f f in e s s  a t  d ip lo ten e  

in  male H icro tus a v re s t is  L. and Zenzes and Wolf (1971) showed and mentioned 

a d if fu se  stage in  H icro tus which they a t t r ib u te d  to  d io lo te n e . A d if fu se  

s tag e  was described  in  the D jungarian ham ster by Pogosianz (1970), from the 

same kind o f evidence as p resen ted  in  th is  study.

In  the fem ale, "d ic tyo tene" i s  c la s s ic a l ly  described  as a re lax ed  

d ip lo ten e  (see Both 1966 fo r  m osquito). I t  fo llow s d ip lo ten e  in  human 

oogenesis (Ghno, K linger and Atkin 1962). I f  th i s  i s  so, the  human male 

d if fu se  stage i s  not eq u iv a len t, s ince i t  occurs before  d ip lo ten e  and merges 

in to  i t .  S lizy n sk i (1961) w ith mammalian oocytes h in ted  a t  the  d if fu se  

s ta g e , d ic ty o te n e , fo llow ing pachytene, w ithou t re fe r r in g  to  i t  as 

re lax ed  d ip lo te n e .

D ictyotene in  oocytes has been a t t r ib u te d  to  a stage  n ecessa ry  f o r  

v a s t  sy n th e tic  a c t iv i ty  and lampbrushing i s  probably p re sen t in  th e  oocytes 

of a l l  animals (C ellan  1963) and plants, fo r  example in  Bos a ruguso Thunb. 

(K la s te rsk a  1971). This might also be tru e  o f the " d iffu se  s tag e"  shown 

h e re . S yn thetic  a c t iv i ty  must be e s s e n t ia l  f o r :  the su rv iv a l o f the c e l l  

( fo r  ano ther 50 o r so days in  human) j fo r  d iv is io n , and p o ss ib ly  fo r  

supporting  o th er c e l l s  a t  l a t e r  stages of m eiosis. The close a s so c ia tio n  

between c e l l s  shown in  th i s  study, e sp e c ia lly  w ith  re sp e c t to  pachytene 

(P la te  33) was very  apparen t, snd th e re  could w ell be a "nurse c e l l "  ro le  

f o r  some c e l l s .  There are probably severa l ways of ach iev ing  sy n th es is  

f o r  s to ra g e . One i s  reminded of the t a i le d  fro g  Ascaohus where, in  the  

l a s t  oogonial m ito ses, a l l  daughter n u c le i remain in  the same c e l l  and each 

show the  f u l l  lampbrush co n fig u ra tio n  (352 lampbrush chromosomes, a l l
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sy n th es is in g  SNA). Seven of the n u c le i d isappear in  l a te  oogenesis (Macgregor 

and Kezer 1970). R ihbert and B ier (1969) showed th a t  the nurse c e l l s  in  

the  b low fly  C alliphora  have a fu n c tio n a l s im ila r i ty  to  the  oocyte nucleus. 

Feulgen snd fluo rescence  s ta in in g  w ith N,N, d ie thy lpseudo isocyan in  ch lo rid e  

showed gene a m p lific a tio n  beyond the  le v e l of p o ly p lo id is a tio n . However,

B arry (1969) suggested th a t the d iffu se  stage did n o t re p re se n t a stage 

o f in te n se  sy n th e tic  a c t iv i ty  in  Neurosoora since  he considered  th a t  m etabolic  

a c t i v i ty  was no t a fe a tu re  of the ascus a t t h i s  s tag e . Lu (1967), by c o n tra s t ,  

d id  th in k  i t  rep resen ted  increased  gene a c t iv i ty  fo r  ascus groi^th in  

G elasinosoora . The Y chromosome o f D rosonhila forms evanescent Ismpbrush- 

l ik e  s t ru c tu re s ,  a c tiv e  in  SNA sy n th es is , in  n u c le i o f sperm atocytes 

(Meyer, Hess and Beerman 1961). D efic ien c ies  o f the Y cause s t e r i l i t y  

by sperm being non-function  e l  (Hess 1970). This perhaps c o r re la te s  lo s s  

o f RNA sy n th e tic  a c t iv i ty  w ith  l a t e r  d i f f e r e n t ia t io n  o f sperm atids.

I t  was shown here , th a t  chromosomes are q u ite  condensed, when they 

p a i r  a t  th e  beginning of prophase (P la te  19a). This was a lso  noted  f o r  

N eurosoora. by McClintock (1945) S ing leton  (1953) and Barry (1966). Knowing 

th e  s p e c i f ic i ty  in  c ro ssin g  over, i t  seems d i f f i c u l t  to  envisage th a t  

recom bination occurs a t  th i s  tim e. Barry (1966) thought th a t  c ro ssin g  

over was l ik e ly  to  occur in  the d iffu se  stage as a lso  did Rossen and 

W estergaard (1966) fo r  r le o ti l la  ru t i la n s  Dennis. But Lu (1967) considered  

c ro ssin g  over had a lready  taken p lace  in  G slasinos'oora since  p a ire d  

homologues were sep a ra tin g  in  the d iffu se  s tag e  except a t  c e r ta in  p o in ts , 

which suggested th a t  chiasma form ation had a lread y  occurred .

6 .11  DIPLOTENE

D iplotene was in freq u e n tly  observed. Centromere reg io n s  were 

h e te ro o y cn o tic  and secondary c o n s tr ic t io n  reg ions p a le . Chiasma a n a ly s is  

was considered  u n re lia b le  owing to  the tw is tin g  snd overlapp ing  of the 

b iv a le n ts .
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I t  has been s ta te d  th a t  chiasm ata do n o t occur in  the  sh o rt arms of 

a c ro c e n tr ic  chromosomes (K jessle r i 960) . P la te  4-lb shows c ro ss in g  over in  

trie sh o rt arms of a D b iv a le n t. Crossing over in  a c ro c e n tr ic  sh o rt arms

was a lso  observed a t  d ia k in e s is .

H eteropycnotic centromere reg ions ap p aren tly  held  by m utual a t t r a c t io n  

have been described  by Kezer and Macgregor (1971) in  the  salamander

Plethodon c. c inereus Green. They in te r p r e t  th i s  as a mechanism to  p re v e n t

precocious p a r tin g . The phenomenon was o ccas io n a lly  observed in  the p re sen t 

study , e s p e c ia l ly  a t  d ip lo ten e , and care was taken n o t to  a t t r ib u te  i t  to  

a chiasma.

6.12 DIAKINSSIS

B iva len ts  a t  d ia k in e s is  could be id e n t i f ie d  by th e i r  r e la t iv e  s iz e , 

centrom ere and secondary c o n s tr ic t io n  p o s it io n s , and a lso  by o th e r  

c h a r a c te r is t ic s  such as asymmetry caused by heteromorphism and v a r ia t io n  

in  degree of he teropycnosis.

Centromere reg ions were observed as two bodies in  each homologue, 

a t  d iplouene and d ia k in e s is . Macgregor and Kezer (1971) noted  th i s  in  

Plethodon and in te rp re te d  i t  as evidence fo r  centrom eres having r e p lic a te d  

in  p re -m e io tic  3. However, here, the presence of two bodies could be 

in te rp re te d  as rep re sen tin g  a heteropycnotic  pa tch  above and below the 

centrom ere reg io n , and which give an appeaxance of 'being s id e -b y -s id e  

when the  chromosome c o n tra c ts .

In  t h e i r  i l l u s t r a t i o n ,  Falek and C h ia re l l i  (1968) in c luded  b iv a le n t 9 

as a 4 and 16 (p o s itio n ed  on i t s  s id e ) as a 14 . L uciani (1968) in  h is  

" fig u re  73" had 9 as a B (upside down). Centromere reg io n s  were ignored  

by Sasaki and Makino (1965) in  th e i r  karyotype; most o f th e  b iv a le n ts  

below the s ize  o f a D and some C’s were ro ta te d  45 degrees and nine was 

p laced  in  t h e i r  "p la te  A" as an 8. Groupings were, in  g e n e ra l, as would
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be shown here , but many b iv a le n ts  were in v e r te d . Caspersson e t  a l .  (1971) 

using  fluo rescence  microscopy to karyotype d ia k in e s is  b iv a le n ts  m ostly p laced  

them as might be shown here , but th e re  were s t i l l  some b iv a le n ts  sw ivelled  

45 degrees.

The repeated  m isplacing of b iv a le n t 9 to  the p o s it io n  o f a l a r g e r  

b iv a le n t, by some au th o rs , dem onstrates the weakness in  using  r e la t iv e  s iz e  

as the major c r i te r io n  fo r  karyotyping. The a tte n u a te d  c o n s tr ic t io n  reg io n s  

cause the  b iv a le n t to  appear much la rg e r .  Sometimes no m a te r ia l could 

be observed a t  th ese  p o in ts  end i t  i s  p o ss ib le  th a t  the  b iv a le n t could 

be m istaken fo r  two sm aller ones. This phenomenon might have been re sp o n sib le  

f o r  e r ro r s  in  some of the e a r l ie r  e stim ates  o f  the human d ip lo id  number 

o f chromosomes. Falek and Back (1967) end Fa'lek and C h ia re l l i  (1968) 

suggested th a t  the  G b iv a le n ts  can be d is tin g u ish ed  by chiasma p o s i t io n , 

b u t no evidence o f th i s  was shown here . The G b iv a le n ts  o cca s io n a lly  

ab u tted  on to  one telomere of the sex b iv a le n t. This was in te rp re te d  

as r e f le c t in g  a sso c ia tio n  a t  pachytene. In one of the lo c u s t  b iv a le n ts  

an apparen t gap, th a t  was a t t r ib u te d  to  a n u c le o la r  o rg e n ise r , was d e sc rib ed  

by John and Henderson (1962),who a lso  found i t  u su a lly  p re se n t in  only  one 

homologue.

In  humans, 2 .8$ of d ia k in e s is  c e l l s  were p o ss ib ly  abnormal. This was 

a maximum estim ate  s in ce , fo r  example, some o f the c e l l s  counted as con­

ta in in g  22 elem ents could have had two b iv a le n ts  overlapped, appearing  

as one-.

In te rlo c k e d  B ivalen ts

I t  must be emphasised th a t the id e n t i f ie d  b iv a le n ts  which appeared 

to  in te r lo c k  and loop w ith the sex b iv a le n t, could n o t be co n c lu s iv e ly  

shown to  do so, from an exam ination of f la t te n e d  s i r  d rie d  p re p a ra tio n s .

As a l l  chromosomes seemed capable of such involvem ents, th e  phenomenon could 

perhaps be merely an i l lu s io n ,a s  i t  would be expected  th a t  the  la rg e r
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b iv a le n ts  would be involved most o ften .

There was l i t t l e  evidence of in te r lo c k in g  a t  the  p rev ious s tag e , 

pachytene.

Sex Chromosomes a t  D iak inesis

The p re sen t study showed th a t i t  was g en era lly  the sh o r t arms of the  

sex chromosomes th a t  p a ired . I t  was no t excluded th a t  the long  arm cf the

Y could appear to  be involved, but only in  a small m in o rity  of c e l l s .

Such occurrences need to  be confirmed using fluo rescen ce  microscopy

on a la rg e  number of c e l l s .  So f a r ,  fluo rescence  s tu d ie s  have only shown 

p a ir in g  in  the sh o rt arm of the I  (Pearson and Bobrow 1970a). R e ita lu  

(1970) rep o rted  th a t  th e  d i s ta l  sh o rt arm o f the X a sso c ia te d  w ith  th e  

middle o f the  long arm of the Y.

In  the Syrian ham ster the sh o rt arm of the X and the  long  arm o f  the

Y p a ired  (P la te  86b). This confirmed the observ atio n s  of Fredga and 

Santesson (1964) .  In  the  mouse the long arms of the X and Y were involved  

(H a te  93a), a lso  shown by autoradiography by Kofman-Alfaro and Chandley

(1970) .

6.13 METAPHA.SE I I

Since the chromosomes a t  e a r ly  metaphase I I  are  lo n g er than  a t  e i th e r  

the  preceding d ia k in e s is , o r subsequent l a t e  metaphase I I  s ta g e s , i t  i s  

suggested th a t  an in te rp h ase  probably in te rv en es  between metaphase I  and 

I I .  As long ago as 1916, Wenrich described  a d if fu se  stage  between th e  

f i r s t  and second sperm atocyte oi fh rynow ertix .

I t  was shown th a t  chromosomes a t metaphase I I  can be karyotyped using  

th e  s tandard  c r i t e r i a .  Caution i s  requ ired  in  in te rp re t in g  chromosome arm 

le n g th ,a s  there  may be considerably  extended p a ra c e n tr ic  secondary con­

s t r i c t i o n  reg ions o r, a l te rn a t iv e ly ,  there  may be le n g th  red u c tio n s  due 

to  co ilin '? . Arm ro ta t io n  (ELate 51a) may a lso  be p re s e n t, cex chromosomes
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in  man could  be id e n t i f ie d  by th e i r  compact c o ilin g  which made them 

appear he teropycno tic . This was a lso  observed f o r  the Y and the sh o rt 

arm of the X in  the Syrian hamster, as w ell as fo r  mouse sex chromosomes.

Ohno (1962) had suggested th a t  the human .X and Y chromosomes were p o s i t iv e ly  

h e tero p y cn o tic  a t  metaphase I I .  Hamster metaphase I I  c e l l s  were o f 

p a r t i c u la r ly  good q u a lity  and a "karyotype" was p repared  which d if f e r e d  

in  d e t a i l  from th a t  o f Gal ton  and Holt (1964.), who used f o e ta l  m ito tic  

c u ltu re s .

Many of the metaphase I I  chromosomes showed what might be in te rp re te d  

as a double stranded  nature  of each chromatid (P la te  54-h). M u lti-s tran d ed n ess  

v ersus s in g le -s tran d ed n ess  in  chromosome s tru c tu re  i s  too la rg e  a su b jec t 

to  d iscu ss  here. However, using the l ig h t  m icroscope, o th e rs  t h a t  have 

observed "half-ch rom atids"include: Nebel (1932) in  T red e sca n tia . Man ton  

(1945) in  Todea and Maguire (1968) in  maize, the l a t t e r  au tho r using  

Nomarski in te rfe re n c e  microscopy. Trosko and Wolff (1968) found th a t  try p s in  

d ig e s t io n  s tu d ie s  enhanced the ha lf-ch ro m atid s  in  V ic ia  fab a  L. .

I t  was in te re s t in g  th a t ,  of those c e l ls  chosen as s u ita b le  f o r  

karyotyping  (w ith chromosomes w ell spread and most d i s t i n c t ) ,  6J+% were 

Y -bearing and 36£ X -bearing. I t  was assumed th a t  th e  c e l l s  bearing  Y 

chromosomes were d i f f e r e n t  in  some way, such as having le s s  co n tra c te d  

o r l e s s  d iffu se  chromosomes and so were more l ik e ly  to  be photographed, 

r a th e r  than  th a t  there  was a d i f f e r e n t ia l  v i a b i l i t y .  However, th e re  does 

seem to be an excess of males conceived, and a t  b i r th  (Robinson, Goad,

Puck and H arris  1969). The po in t could p o ss ib ly  be so lved  by sco rin g  

metaphase I I  c e l l s  of a l l  q u a l i t ie s ,  using flu o rescen ce  m icroscopy. Hven 

then  the r e s u l t s  might no t be conclusive, since flu o rescen ce  on metaphase 

I I  c e l l s  i s  u n re l ia b le , as the spreads are so pale  (Pearson- and Bobrow 

1970b). There was no evidence of no n d is ju n c tio n  in  over 4.5O metaphase I I  

c e l l s  analysed.

A most in te r e s t in g  fin d in g  in  exam ination of metaphase I I  spreads
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in  man concerned the in d iv id u a ls  carry ing  la rg e  polymorphisms of 9 nnd 

16. The popu la tion  w ith  long and sh o rt long arms in  the chromosomes, 

concerned, can only be explained as rep re se n tin g  c y to lo g ie s !  evidence of 

c ro ss in g  over between the secondary c o n s tr ic t io n  reg ion  and the  centrom ere, 

a t  an e a r l i e r  s tag e . The th ree  popu la tions were q u ite  d i s t i n c t  (a  fe a tu re  

only apparen t w ith a la rg e  d iffe ren ce  between the  homologues because of 

v a r ia t io n  due to  co iling)*  showing crossing  over had n o t occurred  w ith in  

the  secondary c o n s tr ic t io n  region i t s e l f .

614. SPERMIOGBNESIS

This involved condensation o f chrom atin from the acrosomal end (P la te

59) end then the excess cytoplasm passed down the t a i l  o f th e  sperm (P la te

60 ). The l a t t e r  process has also been described  by Beeman (1970) in  the  

anaspidesn opisthobranch P h v llap ly sia  ta v lo r i  D ali. Condens a.tion o f the 

chrom atin has been demonstrated by the DNA becoming p ro g re s s iv e ly  more 

r e s i s t a n t  to  h ea t d en a tu ra tio n  (R L ngertz ,G ledh ill and Darzynkiewicz 1970). 

B inding of actinom ycin D a lso  decreases w ith  sperm m atu ra tion  (G le d h ill

1970) maybe owing to  s te r ic  exclusion  of actinom ycin D by n u c lea r p ro te in s . 

Gledh i l l  (1970) described  d iffe ren c es  in  the amount of DNA in  e ja c u la te d  

sperm from f e r t i l e  and i n f e r t i l e  males. Sperm w ith  an abnormal morphology 

had a g re a te r  binding cap ac ity  of actinomycin D than normal sperm.

X and Y bearing  sperm atids o r spermatozoa could n o t be d is tin g u ish e d . 

In  many cases, bodies th a t might be in te rp re te d  as sex chromosomes were 

shown, but they could p o ssib ly  be explained  by he tero p y cn o tic  regions in  

o th e r chromosomes, or in te rfe re n c e  p a tte rn s  (Vm Duijn I9 6 0 ). In  lo c u s ts  

50$ of sperm atid n u c le i demons-crate a h e teropycno tic  X (Henderson 1964). 

This was n o t observed in  the p resen t study.

Using the r e s u l t s  of sem inal a n a ly s is  a sso c ia te d  w ith  t h i s  s tudy , 

the  only ab n o rm alitie s  were oligosperm ia and low m o ti l i ty .  H ollander,
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Bryan and Gowen (i960) reported  abnormal sperm forms causing i n f e r t i l i t y  

in  the mouse. Donald and Hancock (1953) described  a change of sperm' 

morphology in  b u l ls ,  r e s u lt in g  in  a lo s s  of rep roductive  fu n c tio n , and 

which wa.s caused by a recessiv e  gene. Blom (1966) re p o rte d  1+0% o f sperm 

t a i l s  s tro n g ly  c o ile d , fo lded to g e th er o r s p l i t  in to  f ib r e s  in  a bu ll*

In  a d d itio n , normal h is to lo g ic a l  t e s t i s  se c tio n s , bu t low m o ti l i ty  o f sperm 

were rep o rted  in  two of i t s  male s ib l in g s .

6.15 PBS- AND POST̂ REDUCTICN OF TH3 SIX CHROMOSOMES

No evidence was found of p o s t-red u c tio n  o f the H and Y in  man, 

hamster o r mouse. Wahrman and R itte  (1963) w hile n o t observing a chiasma 

b etween th e  X and Y, showed p o st-red u c tio n  a t  anaphase I I  in  Anodemus 

sv lv a tic u s  L. w ith  p re -  and p o s t-red u c tio n  e x is t in g  in  d i f f e r e n t  c e l l s  of 

the  same animal in  Apodemus m ystacinus Danford and A lston.

6.16 POLYPLOIDY

There are sev e ra l rep o rts  of po lyp lo id  germ c e l l s  in  man (see 

Chapter l ) .  Indeed, in  th i s  study, th e re  were many spreads th a t  appeared 

p o ly p lo id , w ith  chromosomes of the same c o n tra c tio n  and appearance. The 

same was observed fo r  the lo c u s t , ham ster, and mouse but in  a h igher 

p ro p o rtio n  of c e l l s .  However, karyotyping apparent " te tra p lo id "  sp reads, 

a t  a l l  s tag es  of m eiosis su ita b le  fo r  a n a ly s is , showed th a t  u su a lly  two 

complete complements could be d is tingu ished ,w h ich  were on e i th e r  s ide  of 

a c e n tra l  region,w here th e re  was sometimes an overlap . This suggested the 

presence of ad jacen t synchronous c e i l s  and was considered s tro n g  evidence 

a g a in s t te tra p lo ia y , a t  l e a s t  in  these  c e i l s .

Matthey (1952) described  po lyp lo id  c e l l s  in  the  ham ster. H ulten, 

Karlman, L indsten and T ill in g e r  (1970) were more cau tio u s  and d esc rib ed , 

in  the male Chinese ham ster, "apparently" p o ly p lo id  sperm atogonial metaphase
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and a lso  f i r s t  and second metaphase spreads. They claim ed in te r p r e ta t io n  

was d i f f i c u l t .  I f  te tra -a n d  octop lo id  c e l l s  d id  e x is t  they  could be- formed 

by endom itosis, non-reduction  or fu s io n  of d ip lo id  c e l l s .  Hexaploidy could 

only be explained  by fusion  or unequal seg regation  o f a h igh ly  p o ly p lo id  

c e l l  in  a m u ltip o la r d iv is io n 7lik e  th a t  described  in  m ito s is  of h ic ro tu s  

a g r e s t is  L. by Pera and Schwarzacher (1969). I t  has not been d esc rib ed  

fo r  germ c e l l s .  Pogosianz and Brujako (1969) upheld the ex is ten ce  of 

po ly p lo id  c e l l s  in  mammalian m eiosis in  the lemming snd h a iry -fo o te d  

(D jungarisn) ham sters.

Ford and Evans (1971) claimed they found convincing po lyp lo idy  in  

th e  mouse because of un iform ity  of appearance and c o n tra c tio n  o f the  

chromosomes. Their main argument ag a in s t i t  was th a t  th e re  were never 

m u ltiv a le n ts  in  such spreads a t d ia k in e s is , a s  would be expected i f  th e  

spreads o r ig in a te d  from polyp lo id  germ c e l l s .  Pogosianz and Brujaxo (1970) 

a lso  noted  th a t  m u ltiv a len ts  were no t formed in  the D jungarian ham ster, 

b u t in te rp re te d  th is  as fu s io n  n e c e s sa r ily  occurring  p o s t- s y n a p tic e lly . 

M u ltiv a len ts  a t  d ia k in e s is  were no t seen in  the  m a te r ia l in  the  p re se n t 

in v e s t ig a t io n . D u trillau x  and Gueguen (1971) had claim ed m u ltiv a le n ts  in  

p o ly p lo id  metaphase I  c e l l s  in  human m a te r ia l.

Although they were never p a r t ic u la r ly  sought, Ford and Evans (1971) 

never found te t r a p lo id  c e l l s  a t zygotene o r pachytene in  t h e i r  study .

They were n o t observed in  th e  p resen t in v e s t ig a tio n , in  s p ite  of a rig o ro u s 

in v e s t ig a t io n  o f the prophase s tag es . In  r e a l  po lyp lo idy  homologous p a ir in g  

would be expected. Homologous p a ir in g  in  tr iso m ic  c e l l s  can be observed 

(Hungerford e t  a i .  1970) and so te tra p lo id y  should be obvious a t  pachytene. 

IJhitehouse (1963) rep o rted  a switch in  p a ir in g  p a r tn e rs  w ith  te t r a p lo id s ,  

a lso  b e a u ti fu l ly  dem onstrated by Becek e t  a l .  (1967) in  p o ly p lo id  fro g s .

Moens (1970) p resen ted  e lec tro n  microscope evidence o f sw itches in  a x ia l  

cores o f synaptinem el complexes in  a u to te tra p lo id s  of Lilium Iongiflorum  C ro ft. 

An = AS, a t prophase. Therefore th e re  i s  no ground fo r  assuming th a t  c ro ssin g
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Evidence fo r  r e a l ,  as opposed to apparen t, te tra p lo id y  was p resen ted  

by White (1970) in  the A u stra lian  Morabine grasshopper. In  th i s  th e re  

has been a fu sio n  between the  o r ig in a l  sex chromosomes and autosomes.

A "neo-X" alone u su a lly  shows negative  heteropycnosis. However, te t r a p lo id  

sperm atogonia show 2 neo-X 's and 2 neo Y 's , one of the  neo-X 's being 

heteropycnotic^ as i s  usual fo r  one of the  2 X 's in  som atic c e l l s  o f female 

mammals. Thus a c lo se  in te ra c t io n  i s  shown, which i s  p o ss ib ly  only exp lained  

by r e a l  te tra p lo id y . Fatau (1963) end Sumner, Robinson and Evans (1971) 

rep o rted  d ip lo id  spermatozoa in  man. H ered itary  co n d itions a f fe c tin g  

sperm atogenesis was suggested by the  d iscovery  of m u lti n u c lea ted  g ia n t 

c e l l s  in  the e ja c u la te  of two b ro th e rs  w ith  m aturation  a r r e s t ,  by 

Weyeneth (1956).

In  th i s  s tudy , most mature spermatozoa were l o s t  to  the su p ern a tan t. 

However, p o lyp lo id  spermatozoa would be h eav ie r and should be observed 

in  the a i r -d r ie d  p re p a ra tio n s . Only a very few of those  observed could 

p o ss ib ly  have been "d ip lo id  sperm", and these  were c e r ta in ly  n o t as f re q u e n tly  

seen as were "polyploid" metaphase spreads. Sumner (1971) measured, w ith  

Feulgen and densitom etry , sperm from fo u r i n f e r t i l e s  aged 23-27 and found 

a range o f 0.7A£> to  1 ,53% po lyp lo id  sperm w ith  a mean o f 1 .02% bu t was 

c r i t i c a l  o f whether they  were a c tu a lly  involved  in  causing  t r ip lo id y .

This i s  a lso  much low er th an  the p ro po rtions o f "po lyp lo id" spreads 

dem onstrated. Pogosianz and Brujako (1971) a t t r ib u te d  p o ly p lo id  conceptions 

to  po ly p lo id  gametes. T rip lo id  zygotes are common in  man (C arr 1965).

However, Penrose and Delhanty (1961) showed th a t  a t r i p lo id  ab o rtu s  had 

re s u lte d  from digyny, since two of th re e  s e ts  of chromosomes resembled 

the m o th er's . Schindler and Mikamo (1970) p re fe rre d  double f e r t i l i s a t i o n  

to  exp lain  a iandry . An increase  in  the numbers of p o ly p lo id  embryos 

fo llow ing  delayed insem ination  in  p ig s  (Eomsel-Helmreich 1961) a lso  suggests 

t h a t  th is  i s  more l ik e ly .



I f  the  spreads are no t r e a l ly  p o ly p lo id , the synchrony of ad jacen t 

c e l l s  needs to  be explained , likew ise th e i r  c lu s te re d  occurrence in  s i r -  

d r ie d  p re p a ra tio n s . Lima de F aria  snd N ordqvist (1962) d esc rib ed  the 

d is in te g ra t io n  of synchronous c e l ls  caused by t r i t iu m  la b e l l in g .  Faw cett,

I to  and £Lautterback (1959) repo rted  clumps o f 32 c e l l s  la b e l l in g  synchronous! 

in  v a rio u s  sp ec ie s , w ith  in te r c e l lu la r  b ridges shown in  the e le c tro n  

microscope to  connect the c e l l s .  H eslop-H arrison (1966) d esc rib ed  cytoplasm ic 

connections between angiosperm m eiocytes. Dyer, Pnby and Skalko (1968), 

in  a f in e  s tru c tu re  study, described  in te r c e l lu la r  b rid g es  between developing 

oocytes from mouse fo e ta l  o v aries . Connected oocytes seemed to  be a t  

th e  same stage  of development.

In  anim als, po lyp lo idy  i s  u su a lly  a sso c ia ted  w ith  a fu n c tio n a l ro le ,  

f o r  example, fo r  massive BNA sy n th esis  in  nurse c e l l s  (B ier 1965). 

A utoradiography showed th a t  RNA is  tran sp o rted  over cytoplasm ic b rid g es  

which extend between oocytes and nurse c e l l s .

I t  i s  suggested th a t  polyplo idy  i s  no t as common in  germ c e l l s  as 

was desc rib ed  in  some s tu d ie s . In s tead , many cases o f apparent po lyp lo idy  

a re  due simply to  the  presence of ad jacen t synchronous c e l l s .

6 . 1 7  UNSTAINED REGIONS

Regions o f spreads th a t  appeared"white" but w ith  a d e f in i te  s tru c tu re  

were observed a t  most s tag es  of m eiosis throughout the study, both  in  

human and o th e r m a te ria l (P la te s  19c, 34-b and 82a).

Since no s p e c if ic  s ta in s  were used, i t  was d i f f i c u l t  to  say what 

th e se  areas rep resen ted . However, th e re  seemed to  be a c lo se  a s s o c ia tio n  

w ith  centromere reg ions and such patches might w ell have been sp in d le  

p ro te in s . A small halo i s  sometimes observed a t  each s ide  o f the  centromere 

a t  m ito tic  metaphase. Kaufman (1926) observed p a ired  chromonemata surrounded 

by an achrom atic m atrix  a t  the  centromere reg ion  in  T rad escan tia .
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^•18 CHIASMA ANALYSIS AND CONJUNCTION OF THE SEX CHROMOSOMES 

AT DIAKINESIS

VARIATION IN TOTAL CHIASM COUNT,

Chiasma counts in  c e l l s  from each in d iv id u a l showed a normal 

d is t r ib u t io n  about a mean. F o rty -fiv e  in d iv id u a l means v a rie d  from 44.62 

to  63.80. For "con tro ls"  the average fig u re  was 51.11 OD 2 .97 , p rov id ing  

a g en e tic  map len g th  fo r  the human male of 2 ,556 centim organs. Compared 

the o th e r male m a te r ia l, the spread of c e l l  counts was f a r  g re a te r  in  man, 

where the  standard  d ev ia tio n  (average f ig u re )  was 4*43. For a lo c u s t ,  

s tandard  d ev ia tio n  was 1 .59 , a Syrian ham ster, 1 .83 , and fo r  a male mouse 

1 .5 8 . T herefore , in  man, i t  i s  im portant to  o b ta in  a mean from sev e ra l 

c e l l s  fo r  th e  f ig u re  to  be re le v an t.

I t  i s  d i f f i c u l t  to  compare chiasma counts ob tained  in  th i s  study 

w ith  o th e r re p o rts  (see Chapter l ) ,  which have o fte n  been perform ed on 

few c e l l s ,  from few in d iv id u a ls , and by d i f f e r e n t  o b serv ers , w ith  the 

a d d itio n a l disadvantage th a t  th e i r  p rep a ra tio n s  were no t comparable. Where 

f ig u re s  f o r  standard  d ev ia tio n  are a lso  g iven, they  are  u su a lly  sm alle r than 

was found here . F o r, example, in  the males w ith  a low chiasma count rep o rted  

by H ulten, E liasson  and T i ll in g e r  (1970) the mean was 23.6 w ith  a standard  

d ev ia tio n  o f only 1 .3 . No cases where most o f the  c e l l s  had low chiasma 

counts were found h e re , although an occasio n al c e l l  could show an unusually  

low count (P la te  52). With such a la rg e  v a r ia t io n  of means shown here , in  

a sm all p o p u la tio n , i t  might be expected th a t  low chiasm ate in d iv id u a ls  

re p o rted  by o th e rs  would be ra re  extremes in  a spectrum . However, H ulten, 

E liasso n  and T i l l in g e r  (1970) found th e i r  two cases in  a s e r ie s  o f only  51 

consecu tive  p a t ie n ts .

On c y to lo g ic s l grounds, the human female oocyte p re p a ra tio n s  g e n e ra lly  

show a low er chiasma count than do male sperm atocyte p re p a ra t io n s . Henderson 

and Edwards (1968) estim ated  the female t o t a l  chiasma count to  range between
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36 and 4-2; J a g ie l lo ,  K am icki and Ryan, e s ta b lish e d  the mean va lue  to be 

between 4-6 and 51; Yuncken (1968) estim ated  the  mean to  be 52, w hile 

Edwards (1970) described  15 oocytes as having counts ranging from 37 to  

4-8. Oocyte p rep a ra tio n s  are poor by comparison w ith  sperm atocyte p re p a ra t io n s , 

snd a lso  numbers of c e l l s  are n e c e s sa r ily  sm aller, so d a ta  cannot be compared. 

Linkage s tu d ie s , however, suggest t h a t  th e re  i s  more c ro ssin g  over in  the  

female (Cook 1965, Renwick and Schulze 1965).

There was no c o rre la tio n  of t o t a l  chiasma count w ith  age. Hulten 

and L indsten (1970) and Jacobs (1970) rep o rted  a s l ig h t  in c rease  in  chiasma 

count, i f  anyth ing , w ith age while Edwards (1970) rep o rted  l i t t l e  evidence 

o f an age e f f e c t .  A decrease in  chiasma count and an in c re a se  in  frequency
i

of u n iv a le n ts  has been found in  mouse oocytes w ith in c re ase  in  m aternal 

age (Henderson and Edwards 1968). The recom bination frequency  in  some 

lin k e d  genes in  mouse d ec lin es  c o n s is te n tly  w ith  m aternal, bu t no t p a te rn a l 

age (Edwards 1970). However, i t  must be remembered th a t  p o s itio n in g  o f 

th e  chiasm ata r a th e r  than a change in  number could ex p la in  th e se  r e s u l t s ;  

lo c a t io n  could become p ro g ressiv e ly  fu r th e r  towards the ends o f the 

chromosomes w ith  in c reas in g  age.
I

When an in d iv id u a l had a lower to tail chiasma count th e  decrease was 

re f le c te d  throughout the complement, according to  th e  s iz e  of the chromosome 

(F igure 9 ) , bu t w ith  the G’s u su a lly  showing a t l e a s t  one chiasma. There
: . • , I

were only  3 c e l l s ,  out of 1,152, th a t  showed a G p a ir  as u n iv a le n ts .

K je ss le r  (1966) d id  n o t f in d  any autosomal u n iv a le n ts  in  h is  study. Rees 

(1957) found an ex cep tiona l male lo c u s t w ith a low chiasma frequency and 

many u n iv a le n ts . Data p lo tte d  w ith those from i t s  s ib  showed the co n d itio n
-  " I

of asynapsis was not the same fo r  a l l  c la s se s  o f chromosomes, but wras J
r e la t iv e ly  g re a te r  fo r  the la rg e r  chromosomes, w hile sm all chromosomes 

were unable to become com pletely asynap tic .

The mean chiasma count in  60 c e l l s  from c o n tro ls  was ju s t  s ig n if ic a n t ly  

h ig h er a t  a d ia k in e s is  stage s l ig h t ly  e a r l i e r  than th a t  u su a lly  used f o r
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sco rin g  chiasm ata: 53.30 SD 5.57, compared w ith  a s l ig h t ly  l a t e r  s tag e :

51.22 SD 5.09. I t  i s  su rp ris in g  th a t the  d iffe ren c e  was no t more. Obscuring 

of chiasm ata wa.s th e re fo re  small over the range a c tu a lly  used. The mean f o r  

la .te r  d ia k in e s is  i s ,  in  f a c t ,  h igher than th e  o v e ra ll mean fo r  the  analysed 

stage  (5i . l l ) .  This can be a t t r ib u te d  to  b ia s  by using  sm aller numbers 

o f c e l l s  and by talcing more c e l ls  from some p a tie n ts  than o th e rs .

"T erm inalisation" has been avoided here (fo r  human m a te r ia l)  in  

p re fe ren ce  to "co n trac tio n  causing obscuring" to  explain  a lo v e r  count 

a t  l a t e r  s tag es  of d ia k in e s is . Mather (194-0) looked on te rm in a lis a t io n  

as v i r t u a l ly  an " a l l  o r nothing" event. However, the term i s  s t i l l  very  

much used (Dupraw 1970) and indeed i t  seemed l ik e ly  th a t  the p rocess occurred  

in  the lo c u s t ,  b u t probably not in  the ham ster.

T o ta l Chiasma Count in  "Controls" and I n f e r t i l e s

The t o t a l  chiasma count was s ig n if ic a n t ly  lo ite r fo r  "co n tro ls"  

compared w ith i n f e r t i l e s :  51.11 HD 2.97 and 54*23 SD 3 .5 0 , re sp e c tiv e ly .

L uciani (1968) a lso  rep o rted  a d iffe ren c e  in  mean count in  c o n tro ls  (47.5)

.and in  i n f e r t i l e s  (48.5) bu t the number of p a tie n ts  he examined was sm a lle r . 

There are  sev e ra l p o ssib le  exp lanations fo r  the r e s u l t s  found in  the 

p re se n t survey:

1 . The i n f e r t i l e s  o ften  had fewer d ia k in e s is  c e l ls  a v a ila b le  fo r  an a ly s is  

compared w ith  c o n tro ls . Every care was taken to  use p re p a ra tio n s  of 

comparable q u a li ty . However, any f a i lu r e  to  do so should r e s u l t  in  a 

low er, no t h igher count, so the r e s u l t s  might r e f l e c t  an over-com pensation.

2. The i n f e r t i l e  popu la tion  had a lower mean age (30.59) compared w ith

c o n tro ls  (39 .57), but no c o rre la tio n  of chiasma count w ith  age was

shown here and, indeed, o thers have found an in c re ase  w ith  age.

3. Cohen p u t forward a hypothesis in  1967, which he e lab o ra te d  in  1969,

to  exp la in  the v a s t numbers of sperm th a t  a re  needed to  e f f e c t  one

su ccessfu l f e r t i l i z a t i o n  (he quoted 3 .5  x 10 f o r  men). He c a lle d
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th i s  gametic redundancy, and observed th a t  i t  in c reased  as th e  number 

of chiasm ata ty p ic a l fo r  th a t species in c reased . For example, D rosoph ila , 

w ith  no crossing  over in  the male, has h a lf  i t s  sperm e f fe c t iv e  in  

f e r t i l i z a t i o n .  He proposed th a t in ex ac t chiasma form ation  u su a lly  

le ad s  to  a minor in te rp o la tio n  or d e le t io n , so only say 2 gametes out 

of the whole e ja c u la te  could ever be su ccessfu l in  f e r t i l i z a t i o n .

A h igher chiasma count a sso c ia ted  w ith i n f e r t i l i t y  would be c o n s is te n t 

w ith  th i s  hypo thesis. A sm all in crease  might be a l l  th a t  i s  n ecessary  

to  render in e f fe c tiv e  the few good sperm. I t  could a lso  ex p la in  i n f e r t i l i t y  

in  some cases where th e re  i s  no apparent reason f o r  i t .  The hypo thesis  

p o in ts  to  a balance mechanism working a g a in s t in c rease  in  chiasma count 

and i t s  evo lu tio n ary  advantages (Maynard Smith 1971).

CHIASMA COUNTS FOR INDIVIDUAL BIVALENTS.

E stim ates of the number of chiasm ata per b iv a le n t are only  m eaningful 

i f  th e - id e n t i f ic a t io n  of the b iv a le n ts  i s  a ccu ra te . M istakes are, however, 

l e s s  se rio u s  when the b iv a le n ts  to  be d is tin g u ish ed  ca rry  the same number 

o f chiasm ata. A mean must id e a l ly  be taken from sev e ra l c e l l s  to  a s c e r ta in  

the sm all d iffe re n c e s  in  p a r t ic u la r  b iv a le n ts .

Adding the means fo r  each b iv a le n t gave a s l ig h t ly  h igher t o t a l ,

51.91, than th a t  estim ated  fo r  co n tro ls  51.11 &nd th e  same fo r  i n f e r t i l e s ,  

55. 64. compared w ith  54-23. This may be a t t r ib u te d  to  the sm alle r numbers 

o f c e l l s  used, as much as th a t  the q u a li ty  of the karyotyped spreads was 

su p e r io r .

Microscope an a ly sis  may be considered more e f f i c i e n t  f o r  counting 

chiasm ata since i t  i s  p o ssib le  to  ad ju s t the fo cu s . However, w ith  chiasm ata 

p e r  b iv a le n t th i s  i s  no t p o ss ib le , since some of the  in d iv id u a l b iv a le n ts  

need to  be compared d i r e c t ly  w ith o th e rs  fo r  the  purpose of id e n t i f ic a t io n .  

O btaining photographs in  optim al focus was f a c i l i t a t e d  w ith  a i r - d r ie d  

p re p a ra tio n s , since the chromosomes e f f e c t iv e ly  l i e  in  the  same plane .
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Caspersson, Hulten e t  a l .  (1971) s ta te d  th a t ,  a t  l e a s t  in  some 

b iv a le n ts  chiasm ata were no t randomly lo c a l is e d . No measurements fo r  p o s i t io n  

o f chiasm ata a t  d ia k in e s is  were taken in  the human m a te r ia l in  th i s  study.

Beadle (1932) and Baker (1958) showed th a t  c ro ssing  over was reduced towards 

th e  centromere p o s itio n . Here, the p resence, a t  metaphase I I ,  o f evidence 

o f c ro ssin g  over between the p a ra ce n tr ic  c o n s tr ic t io n  reg io n  and the 

centrom ere, shows th a t  crossing  over can occur ad jacen t to  the  l a t t e r .

White (19/+2) described  how chiasmata seem to  occur most fre q u e n tly  a t  o r 

n ea r the ju n c tio n  of h e te ro - and euchromatin.

Various d i f f i c u l t i e s  had to be met in  perform ing chiasma a n a ly s is , 

and the es tim atio n  of chromosome len g th , a t  whatever s tag e , i s  a lso  d i f f i c u l t .
i

The p lo ts  o f two d if f e r e n t  estim ates  of m ito tic  chromosome le n g th s  (Ferguson- 

Hrnith e t  a l .  1962, G ilb e rt and Muldal 1971) a.gainst chiasma count per 

b iv a le n t fo r  the same person, compered w ell (F igure 8 ) . Pachytene chromo­

some le n g th s  would be more accurate because they  are g re a te r  than  m ito tic  

le n g th s  (and sm all d iffe ren c es  might become a p p a ren t) , a lso  secondary 

c o n s tr ic t io n  reg ions are n o t u su a lly  extended a t  pachytene.
I

The number of chiasm ata per b iv a le n t was roughly in  p ro p o rtio n  to  

chromosome len g th . However the graphs showed too many chiasm ata in  th e  

sm aller b iv a le n ts  and too few in  the la rg e r .  An apparent d e fic ien c y  in  

th e  la rg e r  b iv a le n ts  due to obscuring o f chiasm ata i s  very  l ik e ly .  The 

estim ated  number of chiasm ata in  the sm aller chromosomes i s  p robably  more 

accu ra te  because where one or two chiasm ata are p re se n t, accompanied by a 

" ro ta tio n "  of the f re e  arms, th e re  can be l i t t l e  doubt of the  t o t a l .  For 

th i s  reason chiasma a n a ly s is  in  the mouse i s  e a s ie r  in  s p i te  of the  b iv a le n ts  

being l e s s  d i s t in c t .  Obe (1969) showed the recom bination freq u en c ies  

o f human leukocyte chromosomes in  chem ically induced tra n s lo c a tio n s  to  be 

r e la te d  to  the r e la t iv e  len g th s  of the groups.

Home b iv a le n ts  rep ea ted ly  showed a h igher number o f chiasm ata compared 

w ith  t h e i r  neighbours, fo r  example 10 and 20, which share an absence of



194

secondary c o n s tr ic t io n  (Figure 1 ). Nine end 16 u su a lly  showed a lower 

number bu t probably owing to  en overestim ation  of the m ito tic  le n g th  due 

to  the a t te n tu a tio n  o f the secondary c o n s tr ic t io n  reg io n s .

GENETICS AND CHIASMATA#

Genetic e f fe c ts  which give r i s e  to  abnormal chromosome behaviour

during  m eio tic  d iv is io n  are known in  a range of organism s. The g en e tic

c o n tro l o f synapsis i s  p a r t ic u la r ly  w ell known (Wald 1936), bu t m ainly

f o r  p la n ts .  For example Soost (1950) rep o rted  an asy n ap tic  m ajor gene

mutant in  the tomato and K il le r  (1963) an asynap tic  maize w ith  p r e f e r e n t ia l

red u c tio n  in  the number of chiasmata in  the long arms. In  p la n ts ,  supernum erary

chromosomes can in c rease  number o f chiasm ata (Hanson 1969). Feldman (1966)

showed th a t  in  wheat the long arm of 5B preven ts p a ir in g  of homologues.

In  quadruple dose i t  s l ig h t ly  reduces chiasma frequency, w hile 6 doses cause

co n sid erab le  asynapsis of homologues, p reven t some p a ir in g  and induce a

high frequency o f in te rlo ck ed  b iv a le n ts . He concluded th a t  $B re g u la te s

th e  p re -m e io tic  a sso c ia tio n  of homologues, and suggested th a t  6 doses may

suppress a l l  p re -m e io tic  a sso c ia tio n  causing random d is t r ib u t io n  of the

chromosomes in  the p re -m eio tic  nucleus. In hybrid  Beta procunbens X B.

v u lg a r is . Nagl (1969) found asynchronous condensation o f b iv a le n ts  and a
.red u c tio n  of chiasma frequency in  d ip lo ten e  and d ia k in e s is ,  a lthough pachytene 

p a ir in g  had appeared normal.

There are many m utants of Drosophila a f fe c t in g  synapsis and d is ju n c tio n  

a t  m eiosis (S andler, L indsley, N ic o le t t i  and Trippa 1968). As f a r  as 

human m a te r ia l i s  concerned, there  i s  very l i t t l e  evidence fo r  g en e tic
’ ' fil

f a c to r s  p lay ing  a p a r t  in  d iso rd e rs  of human m eiosis (R iley  1966). A 

supposed desynap tic  mutant of men was found to  have reduced r a te s  of DNA 

sy n th e s is  and a d e f ic ie n t  DNA re p a ir  system in  h is  m ito tic  c e l l s  (Pearson 

e t  a l .  1970). Genes a ffe c tin g  synapsis may be mutants e f fe c t in g  the  

enzyme systems th a t  determ ine the breakage o r union o f chromosomes, o r the
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sy n th es is  of DMA during  recombination (Ratnayake 1968, Howell and o te rn  

1971).

OTHER AGENTS AFFECTING CHLASMA.TA.

V arious p h y sica l and chemical agents a f fe c t  recom bination and chiasma 

fo rm ation ; trea tm ent i s  e ffe c tiv e  during the S phase before  le p to te n e  and 

during  m eio tic  DNA sy n thesis  a t zygotene/pachytene. Suzuki (1965) showed 

th a t  actinom ycin D modified crossing  over in  D rosophila. Heat can a f f e c t  

chiasma form ation . Henderson (1962) showed th a t  a heatshock o f 4-0°C caused 

a red u c tio n  in  chiasma frequency and asynapsis in  S ch is to cerca  g re g a ria  

Forsk. S p ir a l is a t io n  was a lso  a ffec ted . Maguire (1967b) no ted , in  maize 

tr a n s lo c a tio n  heterozygo tes, departure  from co n tro l recom bination le v e ls  

induced by heat trea tm en t in  p re-m eio tic  in te rp h a se , when DNA sy n th es is  

occu rs. There i s  a reduction  of chiasm ata when the tem perature i s  in c re ase d  

from 26°C to  37°C as a shock in  e a r ly  pachytene to  Goniaea sperm atocytes 

(Peacock 1968). Westerman (1967) showed 2 ra d io s e n s it iv e  p e rio d s  in  

S ch is to cerca  g re g a r ia : a decrease in  chiasma frequency a t  m eio tic  DNA 

s y n th e s is , and an in c rease  a t  lep to ten e  and e a r ly  zygotene (the sm all 

b iv a le n ts  n o t responding a t e i th e r  tim e). Reddi, Reddi and Rao (1965) 

induced c rossing  over in  the c la s s ic a l ly  achiasmate male D rosoohila by 

trea tm en t w ith  an ovarian e x tra c t.

CONJUNCTION OF TEE SEX CHROMOSOMES,

This study did no t unequivocally  dem onstrate w hether tru e  chiasm ata 

occur between the human X and I  chromosomes. There was c e r ta in ly  one 

d ia k in e s is  c e l l  where there  appeared to  be a chiasma (P la te  A4a )j resem bling 

th a t  observed in  the auto some s. This c e l l  showed a s tre tc h e d  sex b iv a le n t, 

which i s  probably the reason io r  d e ta i l  being v is ib le  h e re , and no t in  

o th e r  c e l l s .  However, the sex b iv a len t i s  prone to  anomalous behaviour



and a lthough th i s  i s  the most convincing example to  d a te , i t  must be 

in te rp re te d  w ith cau tion .

In the ham ster and mouse a lso , th e re  was no evidence o f sex chromosome 

c ro ssin g  over, except fo r ad jacent p o s itio n in g . Falek and G h ia re ll i  (1968) 

counted one chiasma when the X end Y were in  a sso c ia tio n . I t  was probably

the fe a tu re  of the X and Y being found as u n iv a len ts  th a t  was rep o n sib le

f o r  P a in te r  (1921, 1923, 1924.) to  suggest the d ip lo id  complement was 48 .

Twenty fo u r  elem ents, doubled, r e s u l ts  in  the  fig u re  48 .

D espite  the  apparent v a r ia b i l i ty  of sex chromosome morphology, a l l  

p la c e n ta l  mammals re ta in  an XX/XY sex determ ining mechanism (G o rin -F red eric

1969). The X and Y probably evolved by gradual d i f f e r e n t ia t io n  from a 

homologous p a ir  of chromosomes (Ohno 1967). To achieve th i s  d i f f e r e n t i a t io n ,  

one of th e  p a ir  must accumulate the f a c to rs  governing development o f one 

sex, the o th er th a t  o f the opposite sex or become in e r t  in  a sex determ ining  

c ap ac ity . This- w il l  be accomplished only i f  c ro ssing  over i s  p revented  

in  the heterogam etic  sex through the e n tire  course of phylogeny, a t  l e a s t  

in  the m a te ria l responsib le  fo r  sex determ ination . There i s  no reason 

why c rossing  over could not occur in  a sm all homologous reg io n . On each  

s id e  o f the p u ta tiv e  chiasma shown in  P la te  44a * f in e  fo cu ssin g  showed two 

h e teropycno tic  reg io n s . Heterochromatin does n o t u su a lly  e x h ib it  c ro ssin g  

over (Brown 1966) and th is  might provide a mechanism th a t  would p reven t 

any recom bination th a t would upset sex determ ination .

Crossing over i s  common in  the sex chromosomes of some anim als, 

e s p e c ia l ly  those in  the process of sp ec ia tio n . For example, in  C rice tu s  

g riseu s  Milne-Edw. th e re  i s  presumably a tra n s lo c a tio n  o f the sex 

chromosomes to  a homologous p a ir  of eutosomes and up to  2 chiasm ata a re  

shown in  the ’’sex chromosomes” (Ohno and N eiler 1962).

Wahrman and R itte  (1963) showed chiasmaua as w e ll as end to  end 

a s so c ia tio n  f ig u re s  in  Aoodemus m ystacinus Danford and A lston. The male 

o f the A lt ic id  b e a tle  Gvrsvlus volksm eriae F. has the only  fu n c tio n a l sex
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q u ad riv a len t known (A irkki 1968) and i s  assumed to  be 2 re c ip ro c a l t r a n s ­

lo c a tio n s  between a la rg e ly  or to t a l ly  heterom orphic autosome and both 

neo-X and neo-Y.

evidence i s  strong fo r  crossing  over between the sex chromosomes but 

cannot be proven fo r man (Ford 1963). Grossing over invo lv ing  too much 

m a te r ia l has been put forward to  exp lain  the ex istence  of t e s t e s  in  t r u e  

herm aphrodites (Ferguson-Smith, Johnston and Weinberg I960, Ferguson-Sm ith 

1965, 1966, 1970). Fluorescence does n o t rev ea l any o f the  f lu o re sc in g  

p a r t  o f th e  Y on e i th e r  X of XX m ales, which might be expected i f  the 

sh o rt arms of the X and Y are involved in  p a ir in g  (Pearson and Bo brow 1970a). 

F u rth er evidence fo r  homology between the X and Y comes from karyo type- 

phenotype c o rre la tio n s  in  p a tie n ts  w ith s tru c tu ra l  sex chromosome aber­

ra tio n s  (Ferguson-Smith 1965, 1966). Abnorm alities of sex chromosomes can 

provide c y to lo g ic a l evidence of a chiasma being involved in  sex chromosome 

a s so c ia tio n . Chandley (1970) rep o rted , in  a case w ith  a r in g  Y, th a t  the 

X and Y chromosomes occurred as u n iv a len ts  in  those d ia k in e s is  c e l l s  where 

the  Y was p re se n t. M cllree , P rice  e t  s i .  (1966) rep o rted  a case w ith  an 

XO/X d ic e n tr ic  Y, which showed m ostly separa ted  h/X. I t  was assumed th a t  

the  sh o r t arms were d e le ted . However an a sso c ia tio n  d id  occur in  low f r e ­

quency, which p o ss ib ly  dem onstrates th a t  long arm p a ir in g  i s  p o s s ib le . In  

a case w ith  an XO/X p e r ic e n tr ic  Y, w ith sh o rt arms presumed p re se n t, th e re  

was no abnorm ality  in  p a ir in g . The p e r ic e n tr ic  Y was found (w ithou t the 

X0 l in e )  in  a l l  h is  male r e la t iv e s  and the fa th e r  (M cllree, P rice  e t  a l .  

1966).

In  the "desynaptic mutants'* in  man, i l l u s t r a t i o n s  fre q u e n tly  show the 

X and Y p a ired  end to  end, y e t very few chiasm ate in  the  autosomes (Pearson 

e t  a l .  1970). This makes the argument, th a t  a s so c ia tio n  i s  caused by a 

chiasma, le s s  acceptable  un less d i f f e r e n t  ru le s  govern i t s  p resence. In  

male D rosophila , which lack s  chiasm ata or g e n e tic  c ro ss in g  over, a th re a d ­

l ik e  connection may be observed between the X and Y chromosomes in
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D rosophila sperm atocytes (Cooper 1964.).

I t  i s  assumed th a t  the sex chromosomes remain e f f e c t iv e ly  in t a c t  

in  the heterogam etic  sex by the precocious condensation o f the  sex p a i r
*  A

during  the synaptic  stages of m eiosis. The sex chromosomes of the human 

female are isopycno tic  throughout m eio tic  prophase, which occurs l a t e  in  

fo e ta l  l i f e  (Ohno, Makino, Kaplan and K inosita  1 9 o l).

In  the few spreads observed in  the e a r ly  s tag es  of homologous p a ir in g , 

a prom inent sex v e s ic le  o r heteropycnotic  sex chromosomes were never observed, 

though th i s  may have been due to chance. Heterochrom atin i s  c la s s ic a l ly  

a sso c ia te d  w ith re com binational in a c t iv i ty  and so i t  i s  p o ss ib le  th a t  the  

sex chromosomes- undergo any crossing  over a t  th i s  tim e. At pachytene th e re  

was always one sex v e s ic le .  I f  th e re  was no homologous p a ir in g , i t  would 

seem u n lik e ly  th a t  the sex chromosomes would a sso c ia te  in  a sex v e s ic le ,  

so th i s  could be taken as c ircu m stan tia l evidence f o r  a t  l e a s t  homologous 

reg ions on the X and Y.

The sex v e s ic le  i s  so dense a t  pachytene th a t  i t  i s  d i f f i c u l t  to  see 

th e  sex chromosomes, and even more d i f f i c u l t  to  c la r i f y  t h e i r  p a ir in g .

Ford (1969) found no evidence fo r  a chiasma a t  pachytene, in  man. The 

presence of a synaptinem al complex i s  g e n e ra lly  (but no t always) a sso c ia te d  

w ith  c ro ssin g  over (see Chapter l ) .  f o la r i  (l969)has found a common 

synaptinem al complex in  the sex v e s ic le  of the  mouse a t  a stage when complexes 

were developed by the autosomes, and S o la ri and Tres (1970) from lOOoS 

s e r i a l  sec tio n s  found a minute synaptinem al complex of 0 .4  to  0 .8  jim le n g th  

in  man, a t  zygotene to  mid pachytene. I t  became o b l i te r a te d  by l a t e  

pachytene and was a t t r ib u te d  to a homologous reg ion  on the X and Y chromosomes.

There are th re e  main hypotheses th a t might ex p la in  the presence of 

the  sex chromosomes as u n iv a len ts  in  d ia k in e s is  c e l l s ;

1 . Technique. Hypotonic p re trea tm en t and a ir -d ry in g  might be considered  

re sp o n sib le . However, in  th is  study, p re p a ra tio n s  made u sing  technique
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“F" (w ithout hypotonic p re -trea tm en t) showed th a t  among the  few w ell 

spread d ia k in e s is  f ig u re s , separated  X/Y c e l l s  were as f re q u e n tly  

observed as in  p rep ara tio n s  by o ther methods. Technique d id  seem to  ■ 

be im p lica ted  by find ing  the X/Y c e l ls  in  clumps. This a lso  em phasises 

the n e c e s s ity  to score sev e ra l c e l ls  to  make the sep ara ted  X/Y 

percentage meaningful. However, such a r e s u l t  might eq u a lly  be 

in te rp re te d  as the c lo n a l production of a s in g le  sperm atogonia! stem 

c e l l .  The presence of a chiasma might then be a p ro p e rty  in h e re n t to  

the clone. Since a whole range of va lues 0% to  51% sep a ra ted  X/Y were 

ob ta ined  over a l l  p a t ie n ts ,  using as n e a rly  as p o ss ib le  the same 

techn ique, th is  was a lso  considered evidence th a t  p re p a ra tiv e  a r te f a c t  

was n o t resp o n sib le .

2. Precocious D is ju n c tio n . E liasson  e t  a l .  (1967) found, in  the dog,
■

th a t  the  X and Y were separated  more o ften  a t  l a t e  metaphase than, 

a t  d ia k in e s is . Hughes-Schrader (1969) found sex chromosomes could 

segregate  p recociously  in  m antisp ids. King and Breams (1936) and 

Ferguson-Sm ith (1964b). mentioned precocious d is ju n c tio n  of the X and 

Y in  man. This study showed th a t  i t  was n o t a fe a tu re  f o r  humans, a t 

l e a s t  over the  range used here fo r  d e ta i le d  a n a ly s is  (Table 17 ). In  

the mouse, the  s i tu a t io n  may be d i f f e r e n t .  Scoring a wide range o f 

d ia k in e s is  stages and tak ing  the mean chiasma count o f c e l l s  w ith  

chromosomes as XY, XY gap, X Y and X/Y (P la te  96) , th e re  was a p ro g ress iv e

decrease in  chiasma count, which might be in te rp re te d  as a tre n d
. ’ ’■ ;  * -  : ’ ' ,  : * ■ > * • • .  • ’ ‘ ’ ‘ r  . ’ ' • • v  *' ’

asso c ia ted  w ith  chromosome co n trac tio n  as d ia k in e s is  p roceeds. There 

are many n:ore X Y and XY gap co n fig u ra tio n s  in  mouse by comparison 

w ith  ruan.

3 . Lower Chiasma Count o e r C e ll. Xbether the  sex chromosomes are  found

as u n iv a len ts  might depend on the number o f chiasm ata shown by the c e l l .  

There was a negative  c o rre la tio n  of p ro p o rtio n  of sep a ra ted  X/Y w ith  

in c rease  in  mesn chiasma count, in  '‘c o n tro ls ”. For lr0 cases showing
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a t  l e a s t  one separa.ted X/Y c e l l  the mean chiasma count fo r  seo a ra ted  

X/Y c e l l s  was compared w ith th a t  fo r  ad jacen t XY c e l l s ,  and scored as 

to  whether v a lues were h igher or lower than  fo r  XY c e l l s  (Table 1 6 ).

I t  would be expected, by chance, th a t  in  h a lf  of the  c e l l s  the count 

would be h igher. In f a c t  only 12 out of 4-0 c e l l s  had h igher counts, 

a s ig n if ic a n t  d iffe ren c e , so c e l l s  w ith  sep a ra ted  X/Y tended to  have 

a low er chiasma count. This was only by about one chiasma, since  

adding one to  each separated  X/Y mean ad justed  the score to  17 h igher 

and 23 low er, n o t 'S ig n if ic a n tly  d i f f e r e n t .

V a ria tio n  in  P roportion  of  Separated X/Y C ells

There was such an enormous range in  th e  p ro p o rtio n  o f sep a ra ted  X/Y 

c e l l s  shown between cases ( in  "co n tro ls"  0% to  50%), P rev io u sly  re p o rted  

f ig u re s  (mainly from squash techniques) a l l  f a l l  w ith in  th i s  range (see 

Chapter l ) .

Perhaps f ig u re s  presented  here tend  to be h igher. This could be 

a t t r ib u te d  to b e t te r  spreading w ith the a ir -d r ie d  techn ique, and th e re fo re  

more accura te  id e n t i f ic a t io n  of a l l  the chromosomes, to  enable the  f i n a l  

f ig u re  to  be a f u l l  e s tim ate . There was a p o s i t iv e  c o r re la t io n  o f sep ara ted  

X/Y c e l l s  w ith in c rease  in  age in  " co n tro ls" , a lthough  the  reason  f o r  th is  

i s  no t c le a r .  The age e f f e c t  ra th e r  ru le s  ou t th a t  v a r ia t io n  in  the s ize  

o f the homologous p a ir in g  segments on the X and Y chromosomes could have 

been re sp o n sib le , but i t  would be in te r e s t in g  to  compare a f a th e r  and son 

in  th i s  re sp e c t, where the Y‘s , a t  l e a s t ,  would be common to  bo th . Kodeni 

( 1 9 5 8 )  rep o rted  a high f ig u re  of separa ted  X/Y c e l l s .  He most l i k e ly  

used o ld e r  m a te rie l since "cancer of the p ro s ta te "  cases were in c luded . 

K je ss le r  (1966) did  no t f in d  the frequency of sep a ra ted  X/Y in  i n i e r t i l e s  

d i f f e r  ing  s ig n if ic a n t ly  from c o n tro ls . In th e  p re sen t s tudy , the  "controls" 

had a h ig h er mean percentage X/Y, 2 1 .84. bD 11 .16 , compared w ith  i n f e r t i l e s .

11.74, SD 16.11, which could be explained by the  age d if f e r e n c e ,  b u t v a r ia t io n
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i s  large anyway.

The in c rease  in  the p roportion  of separa ted  X/Y in  the  mouse a ffe c te d  

by m uscular dystrophy, i s  d i f f i c u l t  to  ex p la in . I t  i s  u n lik e ly  to  be caused 

by precocious d is ju n c tio n  of the sex chromosomes, since th e re  was an o v e ra ll  

in c rease  in  chiasma frequency XI to  X /l. I t  i s  p o ss ib le  th a t  on ly  the  

sex chromosomes are a ffec ted . The normal v a r ia tio n  in  th e  p ro p o rtio n  of 

sep ara ted  X/Y in  mouse i s  la rg e , so perhaps i t  i s  no t p o ss ib le  to  draw any 

p a r t ic u la r  conclusions. The unaffected  '‘co n tro l"  was a s ib l in g  and p o ss ib ly  

a heterozygous c a r r ie r  fo r  muscular dystrophy. The a n a ly s is  should be 

rep eated  f o r  sev e ra l anim als, using age-matched co n tro ls  from the same 

s t r a in ,  unequivocally  n o n -c a rrie rs  of m uscular dystrophy. The in c re ase  

in  p ro p o rtio n  of separa ted  X/Y c e l l s  was the only e f f e c t  observed on 

chromosomes. A d iffe ren ce  in  p roportion  of separa ted  1/ Y c e l l s  in  mice 

was found by Schr&der, Hslkka and Brummer-Korvenkontio (1970) i I+Jo in  a 

mouse s t r a in  f r e e  from ectrom elia  in fe c tio n , 10$ in  a s t r a in  harbouring  

l a t e n t  in fe c t io n . They, suggested the d iffe ren c e  could be a t t r ib u te d  to  

the  s t r a in  o r the  v iru s . D ifferences a sso c ia ted  w ith  m uscular dystrophy 

have been found, but u su a lly  with re sp e c t to  p ro te in s . Das, W atts and 

W atts (1971) found an a lte re d  e ry th ro cy te  a c e ty lc h o lin e s te ra se  in  a ffe c te d  

mice.

6.19 MATURATION ARREST

The cond ition  termed “m aturation a r r e s t"  of sperm atogenesis was 

extrem ely common among in f e r t i l e  cases, as f re q u e n tly  observed as was 

an absence of germ c e l l s .  Where m aturation  a r r e s t  was severe,som etim es on ly  

a few c e l l s  reached the prophase of f i r s t  m eiosis. The m ild e r forms were 

seen in  h is to lo g ic a l  sec tio n s  to  have fev e r sperm than  expected , "hypo- 

sperm atogenesis", but a ir -d r ie d  p rep ara tio n s  of such m a te r ia l rev ealed  

c e l l s  in  degenera tion  w ith lo ss  of n u c lea r s tru c tu re  and the chrom atin 

clumped in to  g lobu les.
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In  "norm al'1 sperm atogenesis c e l l s  in  degenera tion  are  o c c a s io n a lly  

observed (Beaumont and Mandl 1963* S w ie rs tra . and Foote 1963). The m eio tic  

s tag e s  o f c e l l s  in  degeneration could fre q u e n tly  be recognised  in  the a i r -  

d rie d  p rep a ra tio n s  (P late  61), and i t  was found th a t  where degenera tion  

occurred , a l l  s tages were in  f a c t  involved,even though the degenera tion  

had been assigned to  a p a r t ic u la r  stage in  h is to lo g ic a l  s e c tio n s . I t  was 

shown th a t  e stim ating  the p roportions o f c e l l s  a t  sperm atogonial m etaphase, 

d ia k in e s is  and metaphase I I  was o ften  m isleading in  dem onstrating m a tu ra tio n  

a r r e s t  and i t  i s  d i f f i c u l t  to see why, though easy to  understand  an a r r e s t  

a t  the sperm atid stage being missed. A p o ss ib le  exp lana tion  w i l l  be d iscu ssed  

l a t e r .  The number of degenerated c e l l s  in  p ro p o rtio n  to  t o t a l  metaphase 

s tag e s  was considered more valuable in  a ssess in g  the  co n d itio n  in  a i r -  

d r ie d  p re p a ra tio n s . '

There are many re p o rts  of abnormal m ito tic  karyotypes being  accompanied 

by sperm atogenic a r r e s t  in  man. In  the  p re sen t survey, m ito tic  a b n o rm a litie s  

u su a lly  re s u lte d  in  an absence of germ c e l l s  r a th e r  than a d iso rd e r  of 

m eio sis . Most of the cases of m aturation  a r r e s t  were a sso c ia te d  w ith  a 

normal 4.6 , XY karyotype, as was found by Raboch, E ngelberth  and Chrz (1969) . 

K je s s le r  (1970) in te rp re te d  degeneration a t  e a r ly  prophase of prim ary 

sperm atocytes in  a 4.6 , XI man,as suggesting a hidden p e r ic e n tr ic  in v e rs io n . 

P rep a ra tio n s  from one of the  tra n s lo c a tio n  h e te rozygo tes , EA690217, showed 

a s ig n if ic a n t  p ro po rtion  of c e lls  in  degenera tion . I t  remains p o ss ib le  

th a t  in  some of the  very  e a r ly  m aturation a r r e s t s ,  where no d ia k in e s is  

an a ly s is  could be p e rfo r  med, th e re  were tra n s lo c a tio n s  n o t apparen t a t  

m ito tic  metaphase. M cllree, P rice  e t  a l .  (1966), in  two p a t ie n ts  w ith  

m u ltiv a le n ts  a t d ia k in e s is , showed an a r r e s t  between d ia k in e s is  and 

metaphase I I .

H ult6n, S liasso n  and T ill in g e r  (197C) found m atu ra tion  a r r e s t  a t  

th e  sperm atocyte le v e l in  two males w ith  a low chiasma count and in te rp re te d  

the  asynapsis and the m aturation a r r e s t  as a g en e tic  f a c to r .  They b e liev ed
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the  asym m etrical b iv a le n ts , presumptive m u itiv a le n ts , u n iv a le n ts , fragm ents 

and d e sp ira lisa /tio n  were connected w ith the m atura tion  a r r e s t .  Pearson 

e t  a l .  (1970) a lso  found m aturation a r r e s t  in  two males w ith  an o v e ra ll  

low chiasma count. In th is  study, th e re  were no cases w ith  a very  low 

chiasma count, and th e re  was no in d ic a tio n  th a t  m atu ra tion  a r r e s t  was 

a sso c ia te d  w ith a lower count, Weyeneth (1956) suggested sperm atogenic 

a r r e s t  wa.s m ostly of a genetic  n a tu re , since he had seen the co n d itio n  in  

two b ro th e rs . S im ila rly , genetic  fa c to rs  were suggested as being  involved  

by T o n u tti, W eller, Schuchardt and Heinke (i960 ), and in  o th e r  organisms 

by R iley  and Law (1965). Sinks (1955) described  a guinea p ig  m utant s t r a in  

w ith  sperm atogenic a r r e s t .  Menzies (1957) desc rib ed , in  the J f r ic a n  mouse 

Mastomys. sperm atogenic a r r e s t ,  which was caused by a s in g le  p a i r  o f genes 

and a sso c ia te d  w ith  pale coat colour.

In  th e  p resen t study, t e s t i s  sec tio n s  from the mouse a ffe c te d  w ith  

m uscular dystrophy, showed a p ic tu re  ra th e r  l ik e  a m atu ra tion  a r r e s t .

However, i t  was unusual in  th a t no degeneration  was v is ib le  in  the  a i r - d r ie d  

p re p a ra tio n s , so the s i tu a tio n  was perhaps no t eq u iv a len t. Gonads in  e c to p ic  

p o s itio n s  may o fte n  be considered as having an 3}a r r e s t n fo r  example, 

Severinghaus (194-2) described  i t  in  a human in te rs e x  w ith  t e s t e s  below 

th e  la b ia .  This i s  probably a secondary e f f e c t  ra th e r  than d e fe c tiv e  

gene a c tio n , since a r r e s t  may also  be found as a consequence o f o r c h i t i s  

( in c rea se  in  s c ro ta l  tem perature) as in , fo r  example, GMG7G0362.

G riffen  and Bunker (1967) described  in te r ru p te d  m eiosis r a th e r  l ik e  

th a t  seen in  m aturation  a r r e s t  in  the germ c e l l s  of i r r a d ia te d  mice. White 

(1935) described  X-ray k i l le d  c e lls  e x h ib itin g  pycnosisj the  e f f e c t  was 

ap p aren tly  much l ik e  in  m aturation a r r e s t ,  a lthough no i l l u s t r a t i o n  was 

g iven . Lima de F a ria  and Nordqvist (1962) rep o rted  d is in te g ra t io n  of t r i t iu m -  

la b e l le d  spermatocytes, l ik e  in m aturation a r r e s t ,  in  K elanoolus. Here, c e l l  

degenera tion  was shown in  a radiation-dam aged case, a lthough  ra d ia t io n  was 

te n  months p r io r  to  biopsy.



204

Hybrids may also appear, a t m eiosis, to  possess c h a r a c te r i s t ic s  s im ila r  

to  m atura tion  a r r e s t .  Crew and K oller (1936) rep o rted  a f a i lu r e  of m eiosis 

a f t e r  a normal f i r s t  metaphase in  a C airina X Anas hybrid  duck. T r u j i l lo ,  

S te n iu s , C h ris tian  and Ohno (1962) s ta te d  th a t  m eiosis d id  no t extend beyond 

e a r ly  m eio tic  prophase in  the mule. Mott, Lockhart and Higdon (1966) in  

the hybrid  duck Muscovy X White Pekin showed th a t  m eiosis went to  the  f i r s t  

s tag e , but synapsis d id  not occur since i t  was hindered by d if fe re n c e s  in  

chromosome morphology, so breakdown follow ed.

6.20 MEIOSIS AND TRANSLOCATION H5TER0ZYG0TES

There was no c le a r  dem onstration of tra n s lo c a tio n  chromosome homologous 

p a ir in g , in  the form of a cross-shaped pachytene c o n fig u ra tio n . This was 

la rg e ly  owing to  the fac t, th a t  technique "Mn, the b e s t  f o r  pachytene 

p re p a ra tio n s , was n o t used in  the e a r l i e r  p e riod  of the work. The pachytene 

appearance of tra n s lo c a tio n  heterozygotes has been d escribed  in  maize 

(McClintock 1930, Rhoades 1930) and in  mouse (Pord and Evans 1971), b u t 

n o t in  man. The s i tu a t io n  in  man would be p a r t ic u la r ly  in te r e s t in g  s in c e  

i t  would in d ic a te  the exchange p o in ts  in  each of the chromosomes invo lved .

Balanced and unbalanced complements could be dem onstrated a t  metaphase 

I I  (P la te s  68 and 73), but counts were too few to a sse ss  the p ro p o rtio n s  o f 

c e l l s  a t th i s  stage l ik e ly  to  give r is e  to  abnormal gametes. The n a tu re  

of metaphase I I  chromosomes made scoring d i f f i c u l t ,e s p e c ia l ly  when sm all 

changes in  chromosome len g th  were involved.

T ran slo ca tio n  chromosomes could be id e n t i f ie d  a t  d ia k in e s is  by 

karyo typ ing  the b iv a le n ts , since in  the cases s tu d ied , a q u a d riv a le n t was 

formed in  every c e l l .  To form a q u ad riv a len t, th e re  must be a minimum of 

th re e  chiasm ata (Ford and Evans 1971), one of which must occur in  a t r a n s ­

lo c a ted  segment. I t  i s  hard to see why, in  a l l  the  m a te r ia l ,  a chiasma 

always d id  occur in  a t  l e a s t  one of the tra n s lo c a te d  segments g iv ing  the  

q u ad riv a len t co n fig u ra tio n , e sp e c ia lly  where such sm all amounts o f m a te r ia l
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appeared to  be involved. One might expect homologous pachytene p a ir in g  but 

n o t the in v a r ia b le  occurrence of a chiasma. Chandley (1970), in  a t.(C,G) 

he tero zy g o te , saw a t  d ia .k inesis a q u ad riv a len t, o r a t r i v a le n t  + u n iv a le n t, 

the presence o f the l a t t e r  dem onstrating th a t  c rossing  over occurs in  a t  

l e a s t  one of the  tran s lo ca te d  segments, in  p re fe ren ce  to  th e  o r ig in a l  

chromosome. The case had a lower than usual chiasma count (4-1.5) and had 

m ito tic  chromosomes apparen tly  normal. Chandley (1970) a lso  rep o rted  a case 

w ith  an a d d itio n a l small m etacen tric  which was never p a ired  a t  d ia k in e s is .

Mosaicism fo r  a germ c e l l  l in e  carry ing  a tra n s lo c a tio n  might have 

been overlooked in  the in f e r t i l e  popu la tion , e sp e c ia lly  f o r  cases where few 

c e l l s  could be analysed. As abu tting  b iv a le n ts  could be scored in  e r r o r  

f o r  q u a d riv s le n ts , a tra n s lo c a tio n  was not counted as such u n le ss  observed 

in  p a r t ic u la r  chromosomes in  more than one c e l l .  Edwards (1970) s ta te d  t h a t . 

mosaicism was unusual in  the s t ru c tu ra l  anomalies of the autosomes and was 

f a r  le s s  common than the 10$ mosaicism rep o rted  among tr iso m ic s . This 

should a lso  imply th a t  the tra n s lo c a tio n  occurs during m eiosis ra th e r  than  

embryogenesis. Ford (1970) did however re p o r t a mouse th a t  was considered  

mosaic f o r  a re c ip ro c a l tra n s lo c a tio n .

The mean chiasma count fo r  the  fo u r tra n s lo c a tio n  he terozygo tes 

(51.72 SD 3.44.) was n o t s ig n if ic a n tly  d i f f e r e n t  from th a t  of c o n tro ls  

(51,11 SD 2 .9 7 ), and the  mean proportion  o f sep ara ted  X /l c e l l s  was n o t 

unusual a t  8.99%3D 3 .62 . K jess le r (1966) found a low er mean count compared 

w ith  o th e r  i n f e r t i i e s  in  a t(D ,D ), and Chandley (1970) in  a t(C,G) h e te ro ­

zygote.

In  th e  p re sen t study, the d e sc rip tio n  of the types of q u ad riv a len t 

formed was presen ted  in  term s of the number of chiasm ata in  m a te r ia l  from 

each of the  tra n s lo c a tio n  chromosomes. This was considered  more in s t r u c t iv e ,  

s ince  chiasm ata are the fa c to rs  responsib le  f o r  any p a r t i c u la r  c o n fig u ra tio n . 

This study showed a s l ig h t  in c re ase , i f  anyth ing , in  the number of chiasm ata 

in  the b iv a le n ts  involved in  any tra n s lo c a tio n . In  EA690217, w ith  presumably
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th e  l a r g e s t  amount o f m a te ria l exchanged, the e f f e c t  on chiasma count 

was s l ig h t ,  bu t th e re  was an in c rease  in  the  sm aller o f the two chromosome 

p a ir s  involved . I t  i s  subm itted th a t  th e  counts fo r  the whole q u ad riv a len t 

were more accu ra te  than  those f o r  each chromosome p a ir  t r e a te d  s e p a ra te ly , 

s in ce  numbers could be in fe rre d  from the type of c o n fig u ra tio n  formed.

As was shown in  the sec tio n  on chiasma a n a ly s is , th e re  i s  probab ly  an under­

e stim ate  of chiasm ata e sp e c ia lly  in  the la r g e r  b iv a le n ts . A p o ss ib le  s l ig h t  

in c re a se  in  chiasm ata in  chromosomes w ith  s t r u c tu r a l  rearrangem ents was 

re p o rted  by Hulten and L indsten (1970). Here, the number o f chiasm ata 

in  the q u a d riv a len t appeared to  in c re ase  w ith  in c re a s in g  t o t a l  chiasma

count in  th ree  cases (Tables 26, 27 and 28). However, H   seemed to

show a rev erse  tre n d , which can probably  be a t t r ib u te d  to the  sm alle r number 

of ce lls , analysed and the sm all range of chiasma numbers shown by the  

q u a d riv a le n t (Table 25).

T ran s lo ca tio n  has been a sso c ia ted  w ith  i n f e r t i l i t y ,  and o ligosperm ia 

(Bddk, Sentesson and Z e tte rq v is t  1961, Bauchinger and Schmid 1970). In  

a female t(B ,C) heterozygote  th e re  was a re p o r t  of prim ary  amenorrhoea 

(Mann, Valdrnanis, Capps and P in te  1965). K o lle r and Auerbach (194-1) in  

m ice, and Henricson and Bilckstrflm (19&4) -̂n th e  boar, re p o rte d  semi- 

s t e r i l e  tra n s lo c a tio n  he terozygo tes, w hile Lyon and M eredith (1966) 

d esc rib ed  reduced t e s t i s  s ize  and l i t t e r  s ize  in  mouse tra n s lo c a t io n  h e te ro ­

zygotes. F e r t i l i t y  i s  no t always a ffe c te d  and in  the cases s tu d ie d  h e re , 

th e re  appeared l i t t l e  reason to  suggest th a t  i t  was. There was some c e l l  

deg en era tio n  in  £1690217 and a previous i n f e r t i l i t y  in v e s t ig a t io n  fo r  

BW680009 ( in c id e n ta l ly , w ith  a high chiasma count of 5 6 .8 6 ); the cases 

were, however, a sc e rta in ed  through abnormal o ffsp r in g . The f e r t i l i t y  

o f t(D,G) and t(D,D) heterozygo tes i s  u su a lly  c lo se  to  normal (Penrose 

1970).
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6.21 I&DIATIOI'I-Dil-'iA.OSD CASE

In  case B370G34-9, the m ito tic  p ic tu re  9 months a f t e r  a ra d ia tio n  

acc id en t, showed 8% abnormal c e l l s ,  in c lu d in g  d ic e n t r ic s ,  fragm ents, r in g  

chromosomes and breaks. Such f in d in g s  resemble previous re p o r ts  on such 

acc id en ts  ( fo r  example, Dolphin e t  a l .  1970). P e r s is te n t  damage v is ib le  

in  m ito tic  p re p a ra tio n s  might be expected since sm all lymphocytes are long 

l iv e d  in  man ( L i t t l e ,  Brecher, Bradley and Bose 1962).

H is to lo g ic a l sec tio n s  of t e s t i s  taken 10 months a f te r  the  acc id en t 

showed reduced sperm atogenesis, and damaged tu b u le s  w ith  few germ c e l l s .

This s ta te  was in  turn  re f le c te d  by a severe o ligosperm ia, l i r - d r i e d  

p re p a ra tio n s  showed many c e l l s  in  degenera tion , confirm ing a type of 

"m aturation  a r re s t"  th a t  was a lso  p re se n t. As was fre q u e n tly  found in  

o th e r c ases , the m aturation  a r r e s t  was no t revealed  by the metaphase 

po p u la tio n  f ig u re s  (Table 32).

In  m eio tic  a i r -d r ie d  p re p a ra tio n s , th e re  were no d e te c ta b ly  abnormal 

c e l l s  a t  sperm atogonial metaphase, prophase of f i r s t  m eiosis o r metaphase I I .  

Most of the  d ia k in e s is  c e l l s  were a lso  normal, bu t th e re  was a h igh  number 

o f c e l l s ,  in  the 4-0 analysed, w ith 22 elem ents (3 ). In  an a n a ly s is  of th i s  

kind an odd c e l l  w ith  apparen tly  22 elem ents may be found and can u su a lly  

be a t t r ib u te d  to  two b iv a le n ts  a b u ttin g . Here, however, one c e l l  d e f in i te ly  

showed a tra n s lo c a tio n  con fig u ra tio n  (.Plate 74-b) and in  two o th e r  c e l l s  they  

were suspected . Karyotyping suggested th a t chromosome 14- was involved  in  

e l l  th re e  c e l l s ,  once w ith  an 11, tw ice w ith an 8. Hecht and Kimberling 

(1971) showed the  p reference  fo r  14- to  be involved in  Pobertsonian  

rearrangem ents. The two c e i l s  believed  to  have 8/ 14. t r a n s lo c a t io n s  may 

have been products of a s ing le  sperm atogonial stem c e l l .  P roducts o f any 

of the tra n s lo c a tio n  co n figu ra tions could r e s u l t  in  abnormal concep tions, 

i f  th e re  was no s e le c tio n  a t a l a t e r  s tag e . The products o f germ c e l l  

rep o p u la tio n  were being examined, so any abnormal stem c e l l s  would always 

be p re se n t, un less  th e re  was s e le c tiv e  p re ssu re  a t  t h i s  s tag e  a lso .
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T o tal chiasma count was 4-8.54 CD 4*75 which was low er than  the  c o n tro l 

mean (51.11) but w ith in  the range accepted as normal (SD 2 .9 7 ). The. p ro portion  

o f c e l l s  w ith  separa ted  A/Y was a lso  normal a t  17,50%, In  the  measurements 

o f chiasm ata per b iv a le n t, a decrease in  count f o r  number 15 remained 

unexplained, but was probably no t s ig n if ic a n t .  Mather (1934) scored a 

s ig n if ic a n t  in c rease  in  chiasm ata in  an thers of V ic iafaba  L. 24 days 

p o s t - i r r a d ia t io n ,  which he considered  as showing the s e n s i t iv i ty  of p re -  

m eio tic  s tag e s .

6.22 TIMING OF TKS STAGES OF MIOSIS

As described  here and elsewhere (h e ita lu  197^), the pachytene stage  

i s  more fre q u e n tly  observed in  o ld e r gonads. In f a c t ,  th e re  are  in d ic a tio n s  

t h a t  the whole of e a r ly  pro phase i s  lo n g er in  o ld e r  men. I t  appears th a t  

th e  len g th  of time occupied by each stage  v a r ie s  w idely between in d iv id u a ls  

and even d i f f e r e n t  c e l l s  of th e  same in d iv id u a l. Causes of v a r ia t io n  could 

be age, g en e tic  c o n s t i tu t io n  or environment; th ese  w i l l  be d iscu ssed  l a t e r .

Lima de F a ria  e t  a l .  (1968) found some v a r ia t io n  between in  v i t r o  

c u ltu re s  of m a te r ia l from 14. p a t ie n ts  aged 26 to  79. In one p a t ie n t  pachy­

tene  c e l l s  had la b e l le d  a f te r  10 days ra th e r  th an  th e  u su a l 12, a sm all, 

bu t p o ss ib ly  im portan t d iffe re n c e . lounger p a t ie n ts  o fte n  had la b e l l in g  

a t  l a t e  pachytene and d ip lo ten e  a f te r  14 days and o ld e r  p a t ie n ts  mid 

pachytene a t  15 and 16 days. These f ig u re s  were ob tained  from " in  v i t r o "  

s tu d ie s  but they are comparable w ith the f ig u re s  of H e lle r and Clermont 

(1963, 1964) fo r  the "in  vivo" s i tu a tio n .

Any v a r ia t io n  in  tim ing could exp la in  many unsolved problems in  

m eiosis . Scoring metaphase s tages was considered  thoroughly u n re lia b le  

fo r  d e te c tin g  "m aturation  a r r e s t"  in  m eiosis; th i s  would be exp la ined  

i f  the time spent a t  each stage v a rie d  between in d iv id u a ls .  The le n g th  

of time spen t a t the  stage when c ro ssin g  over occurs could determ ine the  

number of chiasm ata in  any c e l l .  Any delay  in  o rd er to  cooe w ith  the  p h y s ica l
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d i f f i c u l t i e s  of p a ir in g  in  tra n s lo c a tio n  chromosomes from h e te ro zy g o tes? 

m ight exp la in  the in c rease  in  count in  the q u ad riv a len t.

S lizy n sk i (1961) noted th a t  the tim es of appearance o f le p to te n e  and 

d ic ty o ten e  in  mouse oocytes depended on g en etic  c o n s t i tu t io n .  Reader and 

S o la ri (1969) showed a longer d u ra tio n  of zygotene-pachytene w ith  dearie’s 

X-autosome tra n s lo c a tio n  in  the mouse. -Smith and King (1968) found th e re  

was r e la t iv e ly  le s s  time spen t a t  zygotene o r pachytene in  the s t r a in  C3G 

D rosophila female homozygote, where the  form ation  of chiasm ata i s  a f fe c te d . 

H ulten, E liasson  and T il l in g e r  (1970) suggested premature desynapsis (before 

c ro ss in g  over) to  exp la in  males w ith a low chiasma count. Ayonoadu and 

Rees (1968) showed, in  rye , th a t  a d d itio n  of B chromosomes a l t e r s  le n g th  

o f S and so the in flu en ce  on chiasma count could be a tim ing  e f f e c t .

6.23 ENVIRONMENTAL AND EXPERIMENTAL FACTORS EFFECTING MEIOSIS

Leblond, S te inberger and Roosen-Runge (1963) d esc rib ed  a v a r ie ty  

o f environm ental f a c to r s :  such as in fe c t io n , p h y sica l and m ental s t r a in ,  

m a ln u tr it io n  and drugs,w hich a ffe c te d  sperm atogenesis, g iv in g  changes 

in  sperm count and morphology. Tobias (1956) a t t r ib u te d  th in g s  l ik e  sex- 

hormonal balance, o r d iu rn a l p e r io d ic i ty  as p rov id ing  s tim u li  th a t  re g u la te  

sperm atogenesis.

Change in  tem perature i s  the most obvious v a r ia b le  th a t  might a f f e c t ,  

f o r  example, tim ing o r chiasma count. The h igher tem perature i s  p robably  

the fa c to r  th a t  i s  reponsib le  fo r  a r r e s t  of m eiosis in  ec to p ic  t e s t e s .

G onial c e l l s  o f explanted  mammalian gonads e i th e r  f a i l  to e n te r  m eiosis , 

o r  m eiosis i s  a r re s te d , in d ic a tin g  th a t  com pletion of m eiosis i s  dependent 

upon s tim u li e x te rn a l to  the t e s t i s  (M artinovitch  1939). Hunter and 

Manning (1969) measured the subcutaneous s c ro ta l  tem perature to  be about 

1°C below th a t  of th e  c e n tra l t is s u e .  McLeod and H otchkiss (194-1) estim ated  

s c r o ta l  tem perature to  be 35°C and found th a t  a r t i f i c i a l l y  e le v a tin g  the  

tem perature  above 37°C fo r  4.5 m inutes caused azoospermia in  an a d u lt male,
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which was follow ed by a recovery period  of reduced sperm count th a t  could 

l a s t  fo r  over two months. M ills  (1919) s ta te d  the.t fe v e rs  depressed number 

and m o ti l i ty  of sperm. Rathore (1970) found, from mating t r i a l s  w ith  

Merino rams, th a t  a heavy s c ro ta l  wool cover was a sso c ia ted  w ith  reduced 

f e r t i l i t y .  Henderson (1963) rep o rted  reduced chiasma fo rm ation  in  the
jjH

D esert lo c u s t  a f te r  trea tm en t a t 4.0°C. Church and Wimber (1969) gave 

g rasshoppers a h eat trea tm en t of 4-2 °C and four days l a t e r  the  chiasma 

frequency dropped. I t  was normal again  on the s ix th  day, then i t  dropped 

again . The counts in  the la rg e r  chromosomes were a ffe c te d , n o t those in  

th e  sm aller chromosomes. N olte , Desi and Meyers (1969) d esc rib ed  a 10°C 

in c re ase  in  tem perature in  the lo c u s t as g iv ing  an in c re ase  in  chiasma 

frequency.

Hormones are o th e r v a r ia b le s  th a t  might a f f e c t  sperm atogenesis.

N olte e t  a l .  (1969) found a pheromone a f fe c t in g  chiasma count and o p era tin g  

a t  the  5 th  nyraphal in s t a r  in  the lo c u s t . My experim ents in v o lv in g  the  

use of hormones are d i f f i c u l t  to  in te r p r e t .  MacLeod, Pazianos and Ray 

(1964.) d escribed  r e s to ra t io n  of sperm atogenesis by menopausal gonadotrophins. 

P a r t ic ip a t io n  of gene products in  chiasma form ation  i s  dem onstrated by the  

in d u c tio n  o f  c ro ssin g  over in  Drosophila, males fo llow ing  trea tm en t w ith  

ov arian  e x tra c t  (Reddi e t  a l .  1965). W illiam s, Runyon and Hagen (1968') 

pe rfu sed  canine t e s t i s  w ith p rogesterone, which caused s tic k y  degenera tion  

and improper spreading  and clumping of chromosomes. T esto ste ro n e  produced 

no change, w hile w ith  oestrogen , chromosome fragm en ta tion  and s p l i t t i n g  o f 

b iv a le n ts ,  in c lu d in g  the XI, occurred in  le p to te n e  and zygotene. Human 

ch o rio n ic  gonadotrophin caused e longation  of the pachytene b iv a le n ts  and 

d isappearance of chromosomes. H eller and Clermont (196k) found th e  d u ra tio n  

o f co n stan ts  in  the m eio tic  cycle was no t a ffe c te d  by norethandro lone 

o r  ch o rion ic  gonadotrophin.

Nolte e t  a l .  (1969) found CÔ  d id  not a f f e c t  chiasm ata in  the lo c u s t .

Kahn (1970) showed th a t  male CFI mice kept f o r  e ig h t weeks (p r io r  to  mating
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w ith  fem ales kept under c o n tro l cond itions) in  low er oxygen co n cen tra tio n  

and in c reased  CÔ  co n cen tra tio n , gave o ffsp rin g , the fem ales o f  which 

showed c o n s is te n tly  h igher mean haemoglobin co n cen tra tio n  than c o n tro ls .

Males d id  no t show any d iffe re n c e . An experim ental environm ent imposed 

on s i r e s  p r io r  to  mating w ith co n tro l fem ales in flu en c in g  sperm in  a 

manner which produced the phenotypic changes described  in  female o ffsp ringy  

re q u ire s  an ex p lana tion .

Chemicals can experim entally  a f f e c t  sperm atogenesis. On the whole 

chem icals are more in c lin e d  to  a f f e c t  m ito tic  chromosomes than  m e io tic . 

Mitomycin C produces breaks and rearrangem ents and q u a d r ira d ia ls  in  

leukocyte  chromosomes (German and La Rock 1969). Egozcue and I rv in  (1969) 

te s te d  e f f e c t  of LSD on m ito tic  and m eio tic  chromosomes of mice and monkeys. 

There was no in c rease  in  chromosomal damage in  bone marrow and te s t e s ,  

but a s ig n if ic a n t  in c rease  in  the number of chromosomal breaks and 

rearrangem ents in  blood both in  v i t r o  and in  v ivo . However, Skakkebaek 

and B eatty  (1970) t r e a te d  mice over a 5 week p e rio d  (tw ice a week) w ith  

LSD, when m eio tic  p rep a ra tio n s  two days a f t e r  th e  l a s t  in jec tio n ,sh o w ed  

obvious in c rease  in  the frequency of s t r u c tu r a l  changes in  the chromosomes 

compared w ith  co n tro ls  and there  was a v isu a l d iffe re n c e  in  sperm heads.

A dler and Rdhrbom (1969) found no e f f e c t  a t  metaphase I  in  male mice 

a f t e r  chronic c a ffe in e  trea tm en t. K lassen, Chang and Side (1969) showed, 

in  th e  grasshopper, th a t  apholate  damage in  sperm atogonia p e r s is te d  and 

was seen in  sperm atocytes. Legator, Palmer, Green and F e te rsen  (1969) 

induced chromosome breaks in  r a t  sperm atogonial c e l l s  fo llow ing  the  in je c t io n  

o f low doses 1 mg/kg of cyclamate m etab o lite  cyclo hex amine over a 5 day 

p e rio d .

Treatm ents have to  be d ra s t ic  before m eiosis i s  d is ru p te d , b u t i t  

i s  p o ss ib le  th a t  s l ig h t  environm ental f lu c tu a tio n s  could be re sp o n sib le  

f o r  v a r ia t io n  in ,  fo r  example, chiasma count.
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6.24 NONDISJUNCTION

In both m ito tic  and m eio tic  a n a ly s is , th e re  was very  l i t t l e  evidence 

o f no n d is ju n c tio n  as shown by the presence of e x tra  chromosomes. Loss o f 

chromosomes i s  le s s  s a t i s f a c to ry  evidence. Very few c e l l s  w ith  abnormal 

chromosome complements were seen a t m eiosis. C e lls  w ith  elem ents m issing 

were f a r  l e s s  freq u e n tly  observed than a t  m ito tic  metaphase.

One d ia k in e s is  c e l l  showed an e x tra  I  w ith  a l l  the  sex chromosomes 

sep ara ted  X/Y/Y, b u t th i s  was in  the radiation-dam aged p a t ie n t .  Nondis­

ju n c tio n  of the Y 's in  m eiosis was much r a r e r  than  th a t  e s ta b lish e d  by 

flu o rescen ce  s tu d ie s  on sperm, suggested to be 1.4/° by Pearson and Bobrow 

(1970b). These au thors claimed a YY b iv a le n t a t  d ia k in e s is  in  one poor 

p re p a ra tio n  and a lso  in  some second m eio tic  metaphases. Barlow and Vosa 

(1970) queried  some fluorescence  sco res , s ince  when th e re  were two F bodies 

th e re  were sometimes two t a i l s .  I t  i s  p o ss ib le  th a t  some XYY c e l l s  a t  

d ia k in e s is  may have been missed. I t  seems th a t  w ith  the  4 7 ,XYY c o n s ti tu t io n , 

the  two Y 's u su a lly  form a b iv a le n t, w ith  the X p re sen t as a u n iv a le n t 

(Hultdn and Pearson 1971). This g ives a c e l l  w ith  24 elem ents th a t  could 

be scored simply as separa ted  X/Y. I t  seems u n lik e ly  th a t  a Y u n iv a len t 

would be confused w ith  a Y b iv a le n t, i f  the s tandard  o f the p re p a ra tio n  

i s  high and i f  the expected s ize  of the Y i s  known from m ito tic  a n a ly s is . 

Hulten and L indsten (1970) never observed sep ara ted  X/Y/Y s o  perhaps the 

c e l l  l ik e  th i s  observed here , was ra th e r  unusual.

Sumner e t  a l .  (1971) presumed th a t  n o n d is ju n c tio n  o f the autosomes 

was le s s  freq u en t than Y non d is ju n c tio n , as i f  i t  were n o t so , more 

than  h a lf  o f a l l  the sperm produced would be aneuplo id . Ohno, Kaplan and 

K in o s ita  (1959) found no sex chromosome ad d itio n  o r lo s s  ou t o f 2,192 m eio tic  

f ig u re s  exejnined in  the mouse. ELiasson e t  a l .  (1967) d id  n o t f in d  aneuploid 

c e l l s  w ith  e x tra  chromosomes in  studying m eiosis in  th e  dog. The X but 

no t the Y could be d is tin g u ish ed  a t metaphase I I  and o u t of 157 c e l l s
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examined a t  th i s  s tag e , a l l  had 39 chromosomes except two, in  which random 

lo s s  was assumed. I t  i s  p o ssib le  th a t  c e l l s  would be more s e n s it iv e  

to  chromosome lo s s  than  c e l l s  in  m ito s is , i f  a g re a te r  p ro p o rtio n  of the 

chromosome complement was ac tiv e  in  m eiosis. E pstein  (1969) found a l l  

the oocytes from XO mice showed G6P Dehydrogenase a c t iv i ty  o f one h a lf  

th a t  of normal XX female mice, so the in a c t iv a t io n  of the X does not occur 

in  th e  oocyte o f the  mouse.

Aneuploid zygotes have o ften  been used as evidence fo r  n o n d is ju n c tio n  

o f chromosomes a t  the f i r s t  and second m eio tic  d iv is io n , o r both  ( fo r  

example, G reenstein , H a rris , L u zza tti and Cann 1970). This f i e l d  has been 

reviewed by F r /la n d , Sanger and Race (1968), who g e n e ra lly  supported the 

id ea  th a t  m istakes can occur during  gam etogenesis. Using sex -lin k ed  

m arker genes i t  can be dem onstrated th a t  n o n d is ju n c tio n  may indeed occur 

a t  th e  f i r s t  m eio tic  d iv is io n  in  normal male mice, but i s  ve ry  ra re  

(R u sse ll and Chu 1961).

There are  s p e c if ic  genes causing non d is ju n c tio n  a t  m eiosis in  maize and 

Drosoohila. ("White 1942). In  man, th i s  might be d e tec te d  by fa m il ia l  incidence 

o f n o n d is ju n c tio n . So f a r  th is  has not been found (Juberg and Davis 1970) 

but th e re  have been connections proposed between o th e r chromosome anom alies 

and n o n d is ju n c tio n ; f o r  example, in  a 47,XYY fa th e r  and h is  abnormal progeny 

(Hauschka, Hasson, G o ldstein , Koepf and Sandberg 1962) and a t(D,D) 

heterozygote  and h is  mongoloid and XXXXY progeny (A tk ins, B artsocas 

and P o r te r  1968). Evens (1967) a t t r ib u te d  non d is ju n c tio n  to  p e rs is te n c e  

of the  nu c leo lu s  p reven ting  sep ara tio n  of b iv a le n ts  a sso c ia te d  w ith  i t ,  

bu t th e re  was no evidence here of a c ro ce n tric  n o n d is ju n c tio n  th a t  might 

support such a hypo thesis . N ondisjunction , and th e re fo re  lo s s  o f the 

e x tra  X, may ex p la in  the  few c e l l s  th a t  were undergoing sperm atogenesis 

in  two of the K lin e fe l te r  cases. In the creeping v o le , M icrotus oregoni 

Bachman, XO i s  a normal fem ale, but XX oogonia may be produced by s e le c t iv e  

n o n d is ju n c tio n  (Ohno, J a in c h i l l  and B tenius 1963).
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There may be cy to lo g ica l evidence p o in tin g  to  the  o r ig in  of e x tra  

chromosomes. For example, a trisom y 13 c h ild  had two Dp- chromosomes which 

were shown by t r i t iu m  la b e l l in g  to  be 13 's .  The mother c a r r ie d  one 13p-, 

and the f a th e r  had normal 1 3 1 s , so both chromosomes in  the c h ild  must have 

come from the mother and the n o n d isjunc tion  presum ably occurred  a t  

-metaphase I I  (F erguson-S nith  p .c . 1971). Both Y 's  in  47,XYY cases must have 

come from the  fa th e r .  N ondisjunction invo lv ing  the autosomes i s  more freq u en t 

in  the female than in  the male (Court-Brown, Law and Smith 1969). I f  non­

d is ju n c tio n  was caused by lagg ing  a t  c e l l  d iv is io n , i t  would be expected 

th a t  the female would show l e s s ,  since  gamete to  gamete invo lved  about 20 

d iv is io n s  compared w ith  th a t  in  the male o f 4$ to  60 d iv is io n s , where th e re  

would be more chances fo r  nond isjunc tion  to  occur (Edwards p .c .  1971).

Gametic s e le c tio n  might a l t e r  the p ic tu re .

M istakes do no t have to  occur during gams to  gene s i s ,  a lthough i t  i s  

u su a l to  suggest t h i s .  A l ik e ly  p lace  i s  in  the f i r s t  few d iv is io n s  o f the 

f e r t i l i z e d  egg (Edwards, B av iste r and Steptoe 1969, Edwards, S teptoe and 

Furdy 1970). R eciprocal l in e s  may be lo s t  since only a few c e l l s  from 

the  b la s to c y s t go on to  form the embryo. There i s  some support f o r  zygotic  

e r ro r ;  R u sse ll (1961) favoured lo s s  of p a te rn a l sex chromosomes between 

f e r t i l i z a t i o n  and f i r s t  cleavage, since the frequency of XO o ffsp r in g  in  

mice can be in c reased  by i r r a d ia t io n  sh o r tly  a f t e r  f e r t i l i z a t i o n .

Mather (1938) sa id  th a t nond isjunction  may a r is e  by absence of 

recom bination. The amount of DNA in  sperm atids has been measured by 

densitom etry  in  m a te ria l from males w ith  a low chiasma count and a la rg e  

v a r ia t io n  was found, which p o ssib ly  in d ic a te d  unbalanced complements 

(K ulten, E liasso n  ana T i l l in g e r  1970, Pearson e t  s i .  1970). Weber (1969) 

showed th a t  two e x tra  chromosome u n iv a len ts  in  Zea mays L. d is jo in e d  a t  

random. In the C3G homozygous achiasmate m utant female D rosoph ila , semi- 

s t e r i l i t y  i s  caused by m eio tic  n o n d is ju n c tio n , whether c ro ss in g  over occurs 

o r no t (Smith and King 1968). In the p la n t C olocssia  antiquorum  S cho tt.



th e  normal female has 95$ p o llen  p roduction  end the a sy n ap tic  mutant le s s  

than  20$ (K rishnan, Magoon and Bai 1970). Henderson and Edwards (1968) 

a t t r ib u te d  a decline  in  f e r t i l i t y  and a h igher frequency of chromosomally 

and phen o ty p ica lly  abnormal o ffsp rin g , to  decreasing  recom bination w ith  

in c re a s in g  age, in  the mouse. An in c rease  of n o n d is ju n c tio n  in  o ld e r males 

was no t observed in  th is  study and th e re  was no s ig n if ic a n t  change in  

chiasma count w ith age.

6.25 SELECTION IN GERM CELLS

The overwhelming "norm ality11 shown by analysed c e l l s  in  the p re sen t 

in v e s t ig a tio n , i s  probably in d ic a tiv e  o f the e f f i c i e n t  s e le c t iv e  fo rce s  

in  o p e ra tio n  during  gametogenesis.

I t  i s  suggested th a t  c e l l  degeneration  i s  a sso c ia te d  w ith  s e le c tio n . 

Although degenera tion  was commonly observed in  i n f e r t i l e  p a t ie n ts  w ith  appa­

r e n t ly  normal karyotypes, i t  was a lso  found in  a high p ro p o rtio n  o f c e l l s  

in  cases where c e l l s  w ith unbalanced chromosome complements were expected, 

f o r  example in  the t(Dq+Cq-) heterozygote and the radiation-dam aged.

BS700349* Pomerantzeva (1969), w ith  ra d ia tio n  experim ents on male mice, 

suggested  th a t  s e le c tiv e  e lim in a tio n  of g en e tic  damage occurred n o t only 

a t  the  sperm atogonia! s tag e s , but a t l a t e r  s tag es  of sperm atogenesis. Once 

th e  spem iatogonial popu la tion  had b u i l t  up, to  produce a sperm co n cen tra tio n  

in  the  e ja c u la te  s u f f ic ie n t  to  achieve f e r t i l i z a t i o n ,  i t  i s  p o ss ib le  th a t  

s e le c tiv e  fo rce s  would have e lim ina ted  any abn o rm alitie s  as a r e s u l t  o f 

the  r a d ia t io n .

Evidence fo r  s e le c tio n  is  b e s t dem onstrated in  47,XYY m eio tic  m a te r ia l. 

I t  i s  u su a l fo r  the e x tra  Y to  be e lim ina ted  (Thompson, kelnyk and Eecht 

1967* Melnyk, Thompson, Rucci, Vanaselc end Hayes 1969). Evans, Ford, 

Chaganti, Blank and Hunter (1970) observed 47 chromosomes in  sperm atogonia, 

bu t in  only 2 out of 237 d ia k in e s is  c e l l s  was an e x tra  Y suspected ;

T ettenborn  e t  a l .  1970 d id  n o t observe an e x tra  Y in  m eio sis . A p a t ie n t



p rev io u s ly  found to  have very few YY b iv a le n ts  a t  d ia k in e s is  (15$, Kulten 

1970), was subsequently  found by Kulten and Pearson (1971) using  fluo rescence  

m icroscopy, to  have 45$ YY b iv a le n ts . Since a YY b iv a le n t i s  formed, w ith  

a chiasma u su a lly  on the  sh o rt arms of the Y, i t  i s  p o ss ib le  th a t  o th e r 

s tu d ie s , where fluo rescence  was not used, underestim ated  the  frequency of 

the  occurrence of e x tra  Y chromosomes. Evans e t  a l .  (1970) gave the 

frequency of c e l l s  w ith separa ted  X/Y to  be 6.54$, a 1 to  normal f ig u re  

(mean frequency in  "co n tro ls"  here was 21.84$). ^ h igher f ig u re  might have

been expected had some X/YY's been scored as X/Y. The study  by Hulten 

and Pearson (1971) s t i l l  dem onstrated s e le c tio n , since 49$ o f d ia k in e s is  

c e l l s  had normal XY b iv a le n ts , 3$ X/Y and 3$ XO, and th e  sperm F body count 

was only s l ig h t ly  h igher than normal. D iasio and Glass (1970) found a 

h igher p ro p o rtio n  of spermatozoa con ta in ing  a Y (70$) o r double Y (5$) 

in  1,000 spermatozoa. They favoured s e le c tio n  on the journey  to  the  egg 

sin ce  XYY’s do no t u su a lly  f a th e r  XYY ch ild ren  • (Thompson e t  a l .  1967) o r 

XXY ch ild re n  (which i s  more l ik e ly  i f  i t  i s  assumed th a t  the  two Yr s of 

a Y b iv a le n t would move to opposite p o le s ) . Tsoneva-Maneva, E osajieva and 

P e tro v  (1966) and ih n d eq u is t and H ellstrdm  (1969) re p o rted  XYY fa th e r s  

and sons, bu t since the  ̂ newborn incidence i s  0 .14$  (R a tc l i f f  e e t  a l .  1970), 

the occasio n al re p o r t of th is  na ture  would be expected. A ll types of 

m atura.tion a r r e s t  can be p resen t in  gonads of XYY's (T ettenbom  e t  a l .

1970). This, again , might be a sso c ia ted  w ith  any s e le c tio n .

Skakkebaek, P h il ip  and Hammer. (1969) p resen ted  some evidence fo r  

s e le c tio n  in  germ c e l l s  of a 4 7 ,XXY K lin e fe l te r .  Three out of 8 in fo rm ative  

d ia k in e s is  c e l l s  appeared as XY and 2 as XX/Y. Chandley (1970) found, in  

a case w ith a rin g  Y, th a t  the Y was m ostly absent a t  d ia k in e s is .  S im ila rly  

Lehrnbecher, Lucas, P iccisno  and Jacobson (1970) rep o rted  a supernumerary 

a c ro c e n tr ic  never observed a t d ia k in e s is .

Loss of a chromosome p re sen t in  somatic t i s s u e s  i s  n o t so unusual 

when the male creeping vole M cro tus o reg o ri Bachman, i s  considered .



T his i s  a n a tu ra l gonosomic mosaic w ith somatic c e l l s  XY and germ c e l l s  

YO, the X being l o s t  in  spermatogonia (Ohno, J a in c h i l l  and o ten u is  1963).

Another phenomenon th a t  req u ire s  the in v ocation  o f a s e le c tiv e  

mechanism concerns tra n s lo c a tio n  he terozygo tes. The l a t t e r  have both a 

much sm aller than expected frequency of unbalanced progeny, and an only 

s l ig h t ly  h igher frequency of spontaneous ab o rtio n  (21.7$, Ford and Clegg 

1969) as compared w ith  the frequency in  the g en era l populs.tion (15.0$,

V. H.O. 1966). Also, male tra n s lo c a tio n  he terozygo tes produce a lov/er 

frequency of unbalanced progeny than do female h e te ro zy g o tes . There 

appears to  be a g re a te r  gametic se le c tio n  in  th e  male than  in  the fem ale, 

p o ss ib ly  because o f the  d iffe ren ce  between sperm autogenesis and oogenesis; 

w ith  a l e s s e r  chance, in  the l a t t e r ,  o f s e le c tio n  o p e ra tin g  once the gamete 

i s  formed. With a t(D,G) heterozygote , Hamerton (1970) assessed  the r i s k  

o f unbalanced progeny, when the mother was the c a r r ie r ,  as 10-15$ and fo r  

the f a th e r  0 .5$ . In  th i s  study, a tra n s lo c a tic n  heterozygote  showed a 

la rg e  number of degenerating  c e l l s ,  b u t degenera tion  was shown to  extend 

over a l l  s tag es  of m eiosis, in  sp ite  o f the f a c t  th a t  i t  i s  u n lik e ly  th a t  

s tag es  pre-anaphase would be expressing  many im balances in  the genome.

Cohen's hypothesis (Cohen 1967, 1969) re q u ire s  a massive s e le c tiv e  

fo rc e , a g a in s t any m arg inally  abnormal sperm, to  be in  o p e ra tio n . He 

assumes th a t  most gametes are d e fec tiv e  owing to  in ex ac t c ro ssin g  over, 

g iv ing  minor in te rp o la tio n s  or d e le tio n s  w ith in  the gene. Man produces 

one of the h ig h est numbers o f spermatozoa of any anim al. Most o f th ese  

are d e te c ta b ly  abnormal, and even among ex p erts  th e re  are d i f f e r e n t  

opin ions as to  what a m orphologically  normal sperm i s  l ik e  (Pedersen 1969). 

I t  i s  shown th a t  la rg e  e r ro rs  involv ing  whole chromosomes can be e lim in a ted , 

b u t what about more su b tle  c h a ra c te r is t ic s ?

D if f e re n t ia l  s e le c tio n  w ith re sp e c t to X and Y sperm seems to  occur 

in  a manner a sso c ia te d  w ith the  f a th e r 's  age, f o r  the sex r a t io  g rad u a lly  

a l t e r s  as the  f a th e r  becomes o ld e r (N ovitsk i and Sandler 1956). There i s
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an excess o f female 18- tr iso m ic  newborns and a lso  a sm all excess o f female 

ab o rtio n s  w ith  th i s  trisom y, suggesting th a t  tr iso m ic  18 Y- bearing  sperm 

may be a t  a similar* d isadvantage. Matsunaga and K iraizum i (1962) have 

p resen ted  evidence th a t  sperm com petition lead in g  to  s e le c t iv e  f e r t i l i z a t i o n  

may be resp o n sib le  f o r  an excess of 0 o ffsp rin g  from a f a th e r  heterozygous 

fo r  A and 0, o r B and 0 a l l e l e s .  F a ilu re  o f transm ission  o f L eb er's  d ise a se , 

an autosomal dominant, through the male (Penrose 1970) suggests th a t  s in g le  

genes can a lso  cause h ighly  e f fe c t iv e  s e le c tio n  a g a in s t sperm which c a r ry  

them. Evidence fo r  gametic s e le c tio n  in  mammals comes m ainly from s tu d ie s  

o f abnormal seg rega tion  r a t io s  a t the T locus in  mouse (Braden and U e ile r  

1964., B ennett and Dunn 1967, Beatty 1970).

For Cohen's hypothesis to  agree w ith  o th e r d a ta , i t  i s  n ecessary  fo r  

the  d e fe c ts  in  the sperm to be expressed in  some way f o r  s e le c t iv e  e lim in a tio n  

to  be p o ss ib le . Sperm are g en era lly  be liev ed  to  possess condensed chromatin 

and are la rg e ly  in a c t iv e , re ly in g  f o r  maintenance on o th e r  c e l l s ,  f o r  example, 

S e r to l i  c e l l s ,  during m aturation . T heir n u c le o li  d isap p ear (Yasuzumi,

Sawda, Sugihara, Kiryama and Sugioka 1958). Darzyrkiewicz, G le d h ill and 

R ingertz  (1969) showed th a t  th e re  was a p ro g ressiv e  decrease  in  b inding  of 

t r i t i a t e d  actinomycin D as sperm atid n u c le i m atured. However, some gene 

a c t iv i ty  has been claim ed in  sperm: hone s i  (1965) showed ELIA sy n th e s is  by 

a hap lo id  chromosome s e t  in  mouse; G u llb rin g (1957)showed human sperm can 

m an ifest a phenotype in  ABO and F ellous and D ausset (1970) showed i t  w ith  

re sp e c t to  HL-A an tig en s . Kulangara and B eatty  (1971) showed r e f le c t io n  

of g en e tic  d iffe re n c e s  by an tigens of the  a lb ino  locus in  r a b b i t .  I t  i s  

th e re fo re  p o ssib le  th a t  a range of genes (normal or abnormal) may be 

expressed , although r e s u l ts  might be in te rp re te d  as dem onstrating  sperm 

contam ination by products formed from a l l e l i c  ex p ression  in ,  f o r  example, 

"nurse c e l l s " .

Cohen (1967) p re fe rre d  an an tib o d y /an tig en  type re a c tio n , in  the  

g e n ita l  t r a c t ,  to  e lim ina te  d e fec tiv e  sperm. Cohen (1969) found th a t
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even in  inb red  female mice th a t  accept th e i r  b ro th e r’s skin as a permanent 

g r a f t ,  most o f the same b ro th er’s sperm becomes coated w ith  antibody,* the 

uncoated sperm are presumably those he would c la s s  as the  no n -d efectiv e  

m ino rity . Jackson, Mann and Schull (1969) showed w ith  Xga p o s it iv e  fa th e r s  

and Xg ' negative  mothers the m ale:fem ale r a t io  of -orogeny i s  3*2, and i t
I.

i s  c lo se r  to  u n ity  in  the o th e r  mating c a te g o rie s . For c h ild re n  born a f t e r

the b i r th  o f a f i r s t  daughter, the form er r a t io  i s  even g re a te r . Such

an observation  might accord w ith  an antibody e f fe c t .  As d iscu ssed , th e

human female chiasma counts cannot be compared w ith  those o f th e  male, bu t
- ■ |

a re  probably not much d i f f e r e n t .  I t  would be expected th a t  the count would 

be lo v e r , since th e re  must be le s s  s e le c tio n  involved than in  the  male 

and a la r g e r  number of gametes are “fu n c tio n a l11. Cohen (1969) g lo sses  over

th i s  problem by invoking s e le c tio n  before o v u la tio n .

6 .26 EITFOIE .

The study o f m eiosis has always been c e n tra l  to an understand ing  of 

g e n e tic s . Following the  period  when red u c tio n  d iv is io n  was f i r s t  d iscovered , 

i t  provided a b a s is  fo r  understanding the in h e rita n c e  of m aternal and 

p a te rn a l c h a ra c te rs  by the nex t g en era tio n . The m orphological d is c o /e ry  

o f chiasm ata s im ila r ly  provided a ra t io n a le  fo r  the p rocesses underly ing  

recom bination. At a time when we are beginning to  approach g en e tic  d e fe c ts  

in  iiian a t  th e  le v e l  of m olecular b io logy , the d a ta  o ffe re d  here concerning 

sequence of m eiosis, chromosome morphology, and. chiasma freq u en c ie s  (and 

hence the g en e tic  map len g th  in  man), may serve as fu r th e r  b a s ic  m a te ria l 

towards a human m olecular g en e tics .

To o b ta in  normal m a te ria l can be a problem, but the f a c t  th a t  p a t ie n ts  

p re sen t them selves fo r  treatm ent a t  c l in ic s  does save search ing  f o r  th e  

abnormal in d iv id u a ls . This i s  but one fa c to r  th a t  makes human g en e tic s  

such a f r u i t f u l  f i e ld .



7. SUMMARY

1. Modem c y to lo g ic a l techniques we re adapted and ap p lied  to  human male 

m eio tic  t i s s u e .  M ateria l from 88 cases was analysed. I t  co n sis ted  o f 

“c o n tro ls " , i n f e r t i l e s ,  fo u r tra n s lo c a tio n  he terozygotes and one ra d ia t io n -  

damaged case . The study provided unbiased , b a sic  in fo rm ation  on human 

male m eiosis.

2. By c r i t i c a l l y  examining a l l  s tag es  of m eiosis and s u f f ic ie n t  numbers 

o f in te rm ed ia te  s ta g e s , sev era l new in te rp re ta t io n s  had to  be invoked.

The main one concerned the sequence o f prophase o f f i r s t  m eiosis where

a "d iffu se  stage" was d iscovered. This stage occurred a l t e r  pachytene 

and before d ip lo te n e .

3. I t  was shown th a t  both autosomes and sex chromosomes could be id e n t i f ie d  

a t  v a rio u s  s tag es  of m eiosis by: (a) Their r e la t iv e  s iz e , (b) The p o s it io n  

of centrom ere reg io n s , which were u su a lly  h e te ro p y cn o tic , and (c) The 

p o s it io n  and behaviour of secondary c o n s tr ic t io n s , which were u su a lly  p a le , 

extended according to  chromosome polymorphism.

4-. One chromosome, in  p a r t ic u la r ,  was c o n s is te n tly  d is tin g u ish e d  by i t s  

c h a r a c te r i s t ic  appearance and behaviour.

Evidence th a t  th i s  was the same chromosome, from stage  to  s tag e , 

inc luded : (a) P a racen tric  c o n s tr ic t io n s  remained c o n s is te n tly  v i s ib le ,

(b) Pachytene chromomeres p e rs is te d  in to  d ia k in e s is , and (c) Chiasma 

a n a ly s is  a t  d ia k in e s is  was c o rre la ted  w ith c ro ssin g  over, as dem onstrated 

by a m orphological an a ly s is  of metaphase I I ,  u sing  m a te r ia l from cases 

w ith  extreme heteromorphism a t the p a ra c e n tr ic  secondary c o n s tr ic t io n  reg ion .

Evidence th a t  th is  chromosome was number nine in c lu d ed : (a) C o rre la tio n  

o f s iz e , centromere p o s itio n  and c o n s tr ic t io n  s i t e  w ith  w e ll known m ito tic  

f e a tu re s ,  (b) Behaviour of the p a ra ce n tr ic  reg ion  as a n u c le o la r  o rg a n ise r , 

r e f le c t in g ,  fo r  example, "asso c ia tio n "  in  m ito tic  m etaphase, and (c) 

C o rre la tio n  of m ito tic  heteromorphism of nine and asymmetry of a chromosome
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th roughout m eiosis.

Chromosome 16 was s im ila r ly  id e n t i f ie d ,  using m a te r ia l from a case 

who had extrem ely heterom orphic 16’s.

5. There was l i t t l e  c y to lo g ic a l evidence supporting  th e  ex is ten ce  of 

p re -m e io tic  p a ir in g  of homologous chromosomes.
• I—r' • - ' i

6. A bnorm alities a t  pachytene included: f a i lu r e  of p a ir in g  of p a r ts  of 

homologous chromosomes and, in  one in s ta n c e , of a whole chromosome.

7. The e x is ten c e , a t  d ia k in e s is , of in te r lo c k in g , and sex chromosome 

loop ing  of autosomes, could not be disproved. "Apparent" in s ta n c e s  

in d ic a te d  th a t  most chromosomes seemed capable o f p a r t ic ip a t io n .

8. By a n a ly s is  of 1,152 w ell spread, m id -d iak in esis  c e l l s ,  karyotyping 

441* i t  was shown th a t  la rg e  numbers need to  be scored to  o b ta in  m eaningful 

e s tim a te s  o f chiasma to t a l s ,  owing to  the la rg e  chiasma v a r ia t io n  between 

c e l l s ,  (a) The chiasma count per c e l l  v a ried  from 44*62 to  55.25 in  " c o n tro ls" , 

each w ith  a normal d is t r ib u t io n  of counts about the mean. (b) There was

no c o r re la t io n  of t o t a l  chiasma count w ith age. (c) The t o t a l  count was 

s ig n if ic a n t ly  lower (51.11) in  "co n tro ls"  compared w ith  i n f e r t i l e s  (54*23).

For "co n tro ls"  th is  would give a g en e tic  map le n g th  fo r  the human male of 

2 , 5 5 6  centim organs. (d) The p ro p o rtio n  of c e l l s  w ith  sep a ra ted  X/Y v a ried  

from 0% to  50$ in  "co n tro ls" , (e) There was a p o s it iv e  c o r re la t io n  of 

sep ara ted  X/Y w ith in c rease  in  age in  " c o n tro ls " , and a neg a tiv e  c o r re la t io n  

w ith  chiasma count p e r c e l l ,  (f )  No evidence was ob ta ined  c o n tra ry  to  

th e re  being a chiasma between sm all homologous reg ions on the X and Y chromo­

somes. There was some cy to lo g ica l evidence to  support the ex is ten ce  of 

c ro ssin g  over between the sex chromosomes. (g) The number of chiasm ata 

p e r  d ia k in e s is  b iv a le n t in c reased  in  p ro p o rtio n  to  chromosome s iz e .

(h) Any change in  t o t a l  chiasma count was re f le c te d  in  p ro p o rtio n  throughout 

the whole complement, ( i )  In  only 3 c e l l s  were autosomes p re se n t as 

u n iv a le n ts .



9. There was l i t t l e  evidence of no n d is ju n c tio n  a t  any stag e  of m eiosis.

10. There was l i t t l e  evidence of 11 re a l"  as opposed to  "apparent" po lyp lo idy  

in  germ c e l l s .

11. Segregation of the  sex chromosomes was always p re -re d u c tio n a l.

12. M eiosis in  the tra n s lo c a tio n  heterozygo tes showed l i t t l e  d is tu rb an ce , 

except fo r  p a ir in g  of homologous reg ions of chromosomes. Chiasma counts 

and conjunction  of the sex chromosomes were unrem arkable.

13. The radiation-dam aged case showed evidence of sperm atogonial stem

c e l l  chromosome damage, by the presence of t ra n s lo c a tio n  co n fig u ra tio n s

a t  d ia k in e s is .

14. Abnormal m ito tic  chromosomes were p re sen t in  15$ of i n f e r t i l e  cases. 

Abnormal karyotypes were u su a lly  a sso c ia ted  w ith  an absence of germ c e l l s .
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P late  1. Sections o f t e s t i s .  All show normal sperm atogenesis,
(a) x 250



# 
>

showing an absence of germ ce ll;



P la te  3. Sections o f t e s t i s ,  x 2?0, showing ’’m aturation a rre s t"  
in  sperm atogenesis.
(a) No mature sperm are o re sen t.
(b) Less severe cond ition . A few mature sperm are 

p re sen t.



P la te  4. Sections o f t e s t i s ,  x 250.
(a) Shows p a r t i a l  absence o f germ c e l l s  w ith m aturation 

a r r e s t  in  those tubu les w ith sperm atogenesis.
(b) Shov/s normal sperm atogenesis. The lumen of most 

tubu les i s  blocked w ith c e l l s  in  d iv is io n . This 
type of h is to lo g ic a l  p ic tu re  seems to be c o rre la te d  
w ith fewer m eio tic  metaphases in  a ir -d r ie d  
p rep ara tio n s.
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P la te  5. Sections o f t e s t i s ,  x 250.
(a) From JT700Q05, aged 71. Extensive fib ro u s  

m a te ria l surrounds the  tu b u le s . Spermatogenesis 
i s  a c tiv e .

(b) From GV7700056, aged 53, who had been given 
s t i lb o e s t r o l  in  tne trea tm en t of cancer of the 
p ro s ta te . Spermatogenesis i s  absent.
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P la te  6. M ateria l from DK7000S2 w ith  4 7 ,XXI K l in e f e l te r 1 s syndrome,
(a) M ito tic  metaphase which shows the  d is t in c t iv e  

Y chromosome. A ll G- c e l l s  could th e re fo re  be 
accu ra te ly  scored fo r  the oresence o r absence of 
the Y.

(b) Section of t e s t i s ,  x 250. I t  shows mainly Leydig 
c e l ls  and very few tu b u le s . The condition i s  an 
extreme m an ifesta tio n  o f the K lin e fe lte r  syndrome.



P la te  7. T es tis  sec tio n s  from 47,XXY K lin e fe lte r  AK680180
(a) x 250. One tubule shows sperm atogenesis.
(b) Area with sperm atogenesis. A single sperm 

i s  p re sen t.



P la te  8. Sections o f t e s t i s ,  x 250, showing an absence of 
germ c e l l s , ’

(a) Apparent Leydig c e l l  hyperp lasia . T ils  i s  
a cond ition  u su a lly  assoc ia ted  with 4.7,KYI 
K lin e fe lte r  *s syndrome and i s  from AP690095, 
a 4-6,KX male.

(b) From HC690328 v;ith 45,X0/46,XI mosaicism.



Plate 9. Leucocyte m ito tic  chromosomes from WC680180 w ith  a la rg e  
d e le t io n  of the Y chromosome,
(a) x 1 ,750 . Karyotyped.
(b) E arly  m etaphase, x 4 ,500 . The Y i s  c le a r ly  

shown to  be a sm all m e ta c e n tr ic .



Inc rease  in h e te ro m o rp h ism  o f m ito tic  n in es

XI )l i!

I -  3 (A )« u n a xx«
M UU I* IX»

13 -  1 5 ( D )

n  i s
1 9 - 2 0  (F)
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2 t  _  2 2 ( G )  Y

P la te  10. Heteromorphism in  m ito tic  chromosomes-

(a) x 4 ,250 . Shows th e  range in  heterom orphiam  
of chromosome 9 as dem onstrated  by d i f f e r e n t  
in d iv id u a ls .  At the extrem e r ig h t  are  
homologues from 1-0700362, and second from 
the r ig h t  those  from J3690075.

(b) x  1 ,750 . Karyotype from c o n tro l  HK700139, 
showing extreme heterom orphism  o f chromosomes 
16 .
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H a te  12. T e s tis  t i s s u e  m etaphases.

(a) From KC690328 who showed a com plete absence 
of germ c e l l s  in  t e s t i s  s e c tio n s .  The sp read  
was th e re fo re  co n sid ered  to  be a som atic 
m ito tic  m etaphase,

(b) x 2 ,000 . From a case w ith  germ c e l l s .  This 
could a lso  be a som atic metaphase r a th e r  th an  
a sperm atogonia l m etaphase.



P la te  13 Soerm atogonial m etaphases showing c h a r a c te r i s t i c  
c o i l in g . The two chrom atids o f each chromosome 
are  obscured.

(a) dhows chromosomes l e s s  c o n tra c te d .
(b) Shows s a t e l l i t e s  on the  a c ro c e n tr ic  

chromosomes.
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P la te  H -  Karyotyped sperm atogonia! metaphase, x 2,000. The 
p a ra c e n tr ic  secondary c o n s tr ic t io n  in  one member of 
chromosome p a i r s  1 and 9 i s  elongated , exaggerating 
the o v e ra l l  le n g th .
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P la te  16. Late sper ms. to  gon ia l m etaphase, x 1,500, from HK7iw_j>9 
w ith extrem ely heterom orphic number 16 chromosomes and 
w ith s l ig h t ly  heterom orphic number 9 chromosomes 
(P la te  10b). Lengths of the p a ra ce n tric  c o n s tr ic t io n  
reg ions a t tn i s  stage are g ro ss ly  exaggerated.
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-FIate 17. Exceptional sperm atogonia! metaphases showing p o ss ib le
evidence o f prem eiotic  p a ir in g  in  homologous chromosomes.
(a) x 1,500. Karyotyped. Several chromosomes,which 

may be homologues, are ad jacen t. See, fo r  example, 
the number 9 chromosomes.

(b )  Chromosomes are d i f f i c u l t  to  id e n tify , bu t the 
a f f in i ty  of those o f equal, s ize  i s  c le a r ly  shown.



Plate 18. Leptotene. The d ip lo id  number of chromosomes appesrs 
• condensation then proceeds from the telom eres which 

are to  one side.
(a) Early lep to ten e .
(fc) Late lep to ten e .



"3ouquet s tag e11. Homologous chromosomes p a ir .  There 
i s  no obvious sex v e s ic le ; sex chromosomes cannot be 
d is tin g u ish ed . Centromere regions ere only s l ig h t ly  
more heteropycnotic.
(a) Shows the p a irin g  i s  from both telom eres 

backwards along the homologous chromosomes.
(b) Shows p a irin g  in  homologues i s  almost 

complete.
(c) Shows th a t bouquet telom ere o r ie n ta tio n  

i s  towards an a rea  th a t does no t s ta in .



P late  20. Cells a t a stage of pachytene where chromomeres are 
d is t in c t .  Homologous chromomeres are u su a lly , but 
not always, equal in  s ize . The t in y  chromomeres 
ty p ic a l of the p a ra ce n tr ic  region of chromosome 9 
(see P late 21a) are shown.



P la te  21. Chromosome 9 a t  pachytene.
(a) x, 3,000. A range o f ty p ic a l c o n fig u ra tio n s . 

Below the heteropycnotic  centromere reg io n , the 
p a racen tric  c o n s tr ic tio n  region e x h ib its  a 
shower o f chromomeres.
Upper row: The b iv a le n t a t the extreme r ig h t
shows the chromomeres in  two’ s and fo u rs .
Lower row: The two b iv s le n ts  to the r ig h t
show the long and sh o rt arms separa ted  by a 
gap bridged by fo u r rows of chromomeres.
The middle b iv a len t i s  from CLC700362 known 
to have extreme m ito tic  heteromorphism in  
chromosome 9 (P la te  IC a). The p a ra c e n tr ic  
region i s  enlarged.

(b) Shows the p a racen tric  chromomeres of b iv a le n t 9 
showering towards another heteropycnotic  rer-ion.
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Pachytene cells^from  KK710139 who had heterom orphic 
chromosomes 16 (see P la te  10b). Centrozaeric 
heterochrom atin i s  g re a tly  enlarged in  th is  b iv a le n t 
compared w ith  th a t  in  cases w ith moderately 
heteromorphic and homomorphic number 16 chromosomes 
(P la tes  24 and 2$ re sp e c tiv e ly ) . The b iv a le n t i s  in  
i t s  usual p o s itio n , which is  towards the periphery  of 
the spread .
(a) x 1 ,500. Karyotyped. Shows chromosomes 14 and 15 

a s so c ia t in g  w ith  th e  sex  v e s ic le .  The te lom ere o f 
15 i s  looped round and a lso  appears to  a s s o c ia te .  
This i s  p o ss ib ly  a r e l i c  o f the  bouquet. The s iz e  
d i f f e r e n t i a l  in  the  G 's i s  dem onstrated . Here 
they share  a n u c leo lu s .



P la te  23. Pachytene c e l l s  from HK710139 who had heterom orphic  
chromosomes 16 (P late  10b). The en la rg ed  
centromere reg io n  i s  in  a s s o c ia t io n  w ith  the  
p a ra c e n tr ic  chromomere reg io n  o f b iv a le n t  9.
This behaviour i s  common.

(b) Shows a b iv a le n t w ith  homologues p a r t ly  un p aired . 
This i s  p robably  a r e s u l t  o f ano ther b iv a le n t  p a ss in g  
between the homologues (see  a lso  P la te  3 6 ).



Karyotyped pachytene c e l l ,  x 1,500, from a case w ith  
m ildly heteromorphic chromosomes 16. The centrom eric 
heterochrom etin of b iv a len t 16 i s  s l ig h tly  enlarged.
Four of the 5 acrocen tric  chromosomes are in  a sso c ia tio n
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P late 25. Karyotyped pachytene c e l l ,  x 1,500 from a case w ith 
homomorphic chromosorres 16. The centrom eric 
heterochrom atin of b iv a len t 16 i s  of normal s iz e .



P la te  26. Pachytene c e l ls .
(a) Telomere region of b iv a len t 9 i s  extended and 

i s  in  assoc ia tion  v/ith the sex v e s ic le . The 
c e ll  i s  from HK710139 with d is t in c t iv e  cen tro n eric  
heterochromatin in  b iv a len t 16, which i s  here 
associated  with a nucleo lus.

(b) Acrocentric chromosome centromere regions are 
in  assoc ia tion  with the "th inner" end o f the 
pear-shaped sex v e s ic le . The bunching of the 
pa racen tric  chromomeres on chromosome 9 i s  
a lso  shown.



Plate 27. Pachytene c e l l s  shoving e l l  5 a c ro c e n tr ic  chromosomes 
in  " s a t e l l i t e  a s so c ia t io n " . The sex v e s ic le  i s  n o t 
involved.
(b) A nucleolus i s  in  a sso c ia tio n  w ith regions o f 
chromosomes which include the p a racen tric  
chromomeres of 9«



Plate 28 . Centromeric heterochrom atin  o f  the  a c ro c e n tr ic  
chromosomes a s so c ia tin g  w ith n u c le o li .
(a) O ther bodies are p re se n t which s ta in  as n u c le o l i .

Some ere a t  th e  te lom eres o f b iv a ls n ts .
(b) Long arm telom ere o f  a D b iv a le n t i s  in  a s s o c ia t io n

w ith  the sex v e s ic le .



P la te  29 The p a racen tric  region of chromosome 9 a t pachytene.
(a) Chromomeres "showered” through a. nucleolus.
(b) In a sso c ia tio n  with t-he sex v e sic le .



P la te  30. Heteropycnotic bodies w ithin n u c leo li.
(a) " s a t e l l i t e s ” of an acrocen tric  chromosome.



Plate 31. Telomere association with nucleoli at pachytene.
(a) Nucleolus i s  associated  with p e rt of the long arm 

of a D b iv a len t. Kornologues are separated a t th a t  
p o in t.

(b) The asso c ia tin g  telomere is  from b ivalen t 16.



Plate 32. Cells at pachytene.

(a) bex chromosomes are shown curled in  the sex v e s ic le .
(b) Unstained patches are associated with centromere 

reg ions.



P la te  33. Close assoc ia tion  between pachytene c e lls  and o ther n u c le i
towards which telomeres of some b ivalents are orientaw ed.



P la te  34-. Abnormal p a irin g  a t  pachytene.
(a) In te rm itte n t p a irin g  in  a b ivalen t.
(b) Small region o f a homologue unpaired. This was 

not observed in  o ther c e lls  of the same in d iv id u a l 
and so a sm all inversion  is  unlikely .



P late  35. Abnormal p a ir in g  a t  pachytene.
(a) Short arms of chromosome 9 unpaired.
(b) An e n tire  D chromosome unpaired.



Plate 36. Pachytene c e l l s  showing one b ivalen t passing 
between the homologues of another.
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P late  37. Cells en tering  the d iffu se  stage. The odd configuration  
in  the sex v esic le  i s  probably caused by a tw isting  
of the sex chromosome loop.



C ells e n te r in g  th e  diffuse stage. Centromere re g io n s , 
sex v e s ic le  and the paracentric chromomeres o f number 9 
remain h e te ro p y cn o tic .



Diffuse stage, 
separate and the 
from the looped 
pachytene.

Some homologous centromeres are 
sex b ivalen t i s  beginning to  uncurl 

form, th a t was c h a ra c te r is tic  of



P la te  AO. D iffuse s ta g e .
(a) Chromosome shape i s  lo s t  and some homologous 

centromeres are s e p a r a t e d  by d istances which 
vary in  s ize .

(b) Pre-diplotene d iffu se  stage. Chromosomes ha' 
s ta r te d  to condense.
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P late  41. Diplotene,
Chromosomes are very d iffu se .(a) Early d ip lo ten e .

(b) The b iv a len t to  the r ig h t i s  probably a number 2 ana 
below th is  5 D. Centromere regions are shown as druble 
heteropycnotic bodies in  each homologue. in D ivalent, 2. 
there  'are  f in e  connections between the homologous 
centromere reg ions. Secondary c o n str ic tio n  regions are 
euchromatic. Places where homologues cross no.not, 
n ece ssa rily  rep resen t chiasm ata since b iva len ts  are 
probably tw isted . A cross i s  shown in  the^ secondary 
c o n s tr ic tio n  region of the D, This i s  probably a uiie 
chiasma since " ro ta tio n "  of arms would have occurred
by th is  stage.



P late  12. D iakinesis.
(a) E arly  d ia k in e s is .  Prominent double h e te ro p y en o tic  

centrom ere reg ions e re  shown.
(b) k id  d ia k in e s is . This stage was used fo r  chromosome 

counts and chiasma analysis .

w y  1
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P late  13. D iakinesis.

(a) Karyotype o f  th e  c e ll  shown i n  Plato /,2b. x 3,250.
The to ta l  c e l l  c h ia sm a  c o u n t i s  53. B i v a l e n t  9 shows 
t h r e e  c h ia s m a ta  and i t s  p a r a c e n t r i c  s e c o n d a ry  
c o n str ic tio n  region i s  e u c h ro m a t ic .

(b) Shows the sex chromosomes separated ( l/'L ).
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F late ^ex chromosomes a t d iak in esis .

( a )  x  1 ,7 5 0 .  B etw een  th e  X and Y chrom osom es i s  a  
c o n f i g u r a t i o n  t h a t  might be i n t e r p r e t e d  a s  a  
c h ia s m a .

(b )  The s e x  chrom osom es l i e  a d j a c e n t .  C a r e f u l  
f o c u s s i n g  r e v e a l s  material s p a n n in g  the 
a p p a r e n t  g a p .
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H Late 1 5 . D i a k i n e s i s .

( a )  C e l l  m ig h t be i n t e r p r e t e d  a s  sh o w in g  t h e  p a i r i n g  
o f  t h e  lo n g  a m  o f  th e  Y w i th  t h e  X.

(b )  A G - b iv a l e n t  i s  i n  a  v e r y  c h a r a c t e r i s t i c  p o s i t i o n  
w h ic h  i s  w i th  th e  c e n tro m e re  o f  o n e  ho m o lo g u e  i n  
a s s o c i a t i o n  w i th  a  te lo m e r e  o f  th e  s e x  bivalent.
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P la te  4.6. D iakinesis c e l l s  su itab le  fo r  b iv a len t id e n tif ic a t io n , 

Centromere regions a r e  heteropycnotic.
( a )  The s e c o n d a r y  c o n s t r i c t i o n s  on t h e  lo n g  arm s o f  

chrom osom e 2,  w h ic h  are i n f r e q u e n t l y  o b s e r v e d  a t  
m i t o t i c  m e ta p h a s e ,  a r e  h e r e  e x a g g e r a te d .
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Plate 4 7 .  B i v a l e n t  9  a t  d i a k i n e s i s .  T h e re  w ere  a lw a y s  2 ,  3 o r  
4  c h ia s m a ta .

( a )  x  3 ,5 0 0 .  From v a r i o u s  i n d i v i d u a l s .  The b i v a l e n t s  
a r e  p l a c e d  s h o r t  a im s u p p e rm o s t, s e c o n d a ry  
c o n s t r i c t i o n  r e g io n s  a r e  e u c h r o m a t ic .  D eg ree  o f  
a sy m m etry  o f  th e  b i v a l e n t  r e f l e c t s  d e g re e  o f  
h e te ro m o rp h is m  o f  m i t o t i c  n in e s .
Top ro w : E x trem e  r i g h t  show s a c h ia sc ia  b e tw e e n
th e  s e c o n d a r y  c o n s t r i c t i o n  r e g io n  and th e  c e n t r o m e r e .

(b )  T h e re  a r e  no c h ia s m a ta  i n  t h e  s h o r t  arm , b u t  two 
i n  t h e  l o n g  arm .
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P late  48 . x 2,000. D iakinesis c e l l  k a r y o t y p e d  using n ize  and
centromere p o s itio n . From the degree 01 heteromorphism 
of m ito tic  number 9 chromosomes i t  would be predicted^ 
th a t th is  b iv a len t a t d iak inesis  would be asymmetrical. 
In th is  c e l l  asymmetry i s  re flec ted  in  a bulge ol 
chromomeres below the centromere in  one of the hcmologue: 
These are rem iniscent of the paracentric  chromomeres a t 
pachytene.
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Plate 49. Diakinesis c e l l s  from 11,710139, with heteromorphic

chromosomes 16 (Plate 1Gb). Heteromorphism i s  reflected  
in  asymmetry of bivalent 16. Degree of asymmetry i s  
not as exaggerated as would be shown by a number nines 
with the same heteromorphism (P late 4Se bottom row).
(a) x 1 , 500. Karyotyped.
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ELate 50. D iak inesis .
(a) Possib le in te rlo ck ed  b iva len ts  and uhe XI b iv a len t 

looped through an autosomal b iva len t are shown in  
the same c e l l .

(b) P art of one b iva len t is  stre tched  round another.
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P la te  52. C ells a t d ia k in e s is  w ith a low chiasma count.
(a) x 1.000. Appears a n e u p l o i d  w i t h  too many sm aller

elem ents. A ttenuation of co n str ic tio n  regions could 
be responsib le  fo r  th is .
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P late  53. (a)

(b)

D i a k i n e s i s  c e l l  sh o w in g  th e  f o u r  s t r a n d s  o f  b i v a l e n t s  
and th e  c r o s s o v e r  p o i n t s .  The c h r o m a t id s  o f  th e  ^  
an d  Y a r e  s e p a r a t e d  end th e  s h o r t  arm  p a i r i n g  o f  th e  
Y w i t h  t h e  X i s  show n. T h is  i s  p o s s i b l y  j u s t  p r i o r  
to f i r s t  a n a p h a s e .

E a r ly  m e ta p h a s e  I I .  Chromosome arm s a r e  e x te n d e d  
an d  p a l e .  T h is  s u g g e s t s  t h a t  An i n t e r p h a s e ^ i s  l i k e l y  
to e x i s t  b e tw e e n  a n a p h a se  I  and m e ta p h a se  I I .
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Plate 54. Metaphase II. Chromosomes exhibit co ilin g , but can be 
id en tified .
(a) x 1,750. Y-bearing. Chromosome 5 shows rotation  

of arms.
(b) X-bearing. Each chromatid may appear double at 

th is stage (see chromosome l ) .  Homologous centromeres 
occasionally  move a small distance apart (see chromosome 
3 ).



Plate 5 5 . D i f f e r e n t i a l  a p p e a r a n c e  o f  th e  X chrom osom e a t  m e ta p h a s e  I I .

( a )  dhows th e  X h e t e r o p y c n o t i c .

(b )  dhow s th e  c h r o m a t id s  o f  th e  X l y i n g  c l o s e r  t o g e t h e r  
t h a n  t h o s e  o f  th e  a u t o som es.



Plate 56.

(a)
(b)

(c)
(d)

Chromosome 9 at metaohase II in JB69GC75. This chromosome 
i s  easy to id en tify  because the paracentric secondary 
constriction  region i s  pale and extended in proportion to 
any polymorphism of th is region. The rest o f the chromosome 
i s  packed more uniformly than in other autosomes
Shows chromosome 9 with two "long", long arms.
Shows chromosore 9 with one "long" and one "snort" long 
arm. This is  attributed to crossing over oetween the 
secondary constriction  region and the centromere at an 
ea r lier  stage of m eiosis.
Shows chromosome 9 with two "short", long arms.
Shows the ease of scoring LL when the rest of the 
complement i s  obscure.



P late 57. Karyotyped metaphase I I ,  x 1,750, f:r°® F 70^  w lth 
heteromorphic chromosomes 16 (P late  10b). I ere 
chromosome 16 shows "short" long arms. Nines were 
le s s  heteromorphic and are here probably
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j. • n"p Phnom s. tin  occurs from Condensation oi cnromd



Plate 60 Sperm raaturatio
(a) and (b) Cytoplasm f a l l s  o ff the t a i l .

(c)
rme! of m aturation.Four sperm atids in  v a n °u s  -o •

No s ig n ifican ce  i s  attached o n p
the most mature. This i s  probably an a r te f a c t
caused by the o p tica l system.
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P l a t e  6 1 .  C e l l s  in  d e g e n e r a t i o n .

( a ) A t  p a c h y t e n e .

( b ) P o s s i b l y  a t  t h e  " d i f f u s e "  s t a g e .

1 (c) and ( d )  A t  d i a k i n e s i s .  j



H a te  62 C ells  fro ■m DD690194. who has a sm all Y chromosome.

(a) Leucocyte m ito tic  metaphase, x 3 , 500.

(b) Sper■matogonial metaphase.
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P late 6 3 . C e l l s  f ro m  DD690194- who h a s  a s m a ll  I  ch rom osom e.
The s e x  chrom osom es b e h a v e  n o r m a l ly .

( a )  P a c h y te n e .  The s e x  v e s i c l e  i s  s m a l l ,  b u t  otherv7n.se 
n o rm a l .

(b )  D i a k i n e s i s .  XY a d j a c e n t .

( c )  D i a k i n e s i s .  i j l  s e p a r a t e .
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P l a t e  6 1 . C e l l s  f ro m  DD69019X who h a s  a s m a l l  I  chrom osom e.

( a )  D i a k i n e s i s ,  x  1 ,5 0 0 .  Two b i v a l e n t s  h a v e  a  r a c r y t e :
a p p e a r a n c e ;  i n  one o f  th e s e * h o m o lo g u e s  a r e  no t,

- f u l l y  p a i r e d .

(b )  D i a k i n e s i s ,  x  1 ,5 0 0 ,  T h e re  may be a d u p l i c r w ic n
m o s t o f  chrom osom e num ber 1 ,  e x c e p t in g  tr .e  lo n g  a n  
t e l o m e r e .  T v /en ty -tw o  o t h e r  e le m e n ts  a r e  p r e s e n t ,  
i n c l u d i n g  t h e  X and  Y w h ic h  a r e  a d j a c e n t .

( c )  Y - b e a r in g  m e ta p h a s e  I I .
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P l a t e  65. C ells fro m  K.................   a  t ( 5 q +18p~) h e t e r o z y g o te .

( a )  L e u c o c y te  m i t o t i c  m e ta p h a s e ,  x  2 ,7 5 0 ,  x a r y o ty p e d ,

(b )  K a ry o ty p e d  d i a k i n e s i s ,  x  l , 50u , sh o w in g  s r i n g  
q u a d r i v a l e n t  and two e le m e n ts  " m is s in g  .
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B a t e  6 6 . C e l l s  fro m  EW680009 a  t ( 5 p - 8 q + )  h e t e r o z y g o te .

( a )  L e u c o c y te  m i t o t i c  m e ta p h a s e ,  x  1 ,7 5 0 ?  k a r y o ty p e d .

(b )  K a ry o ty p ed , d i a k i n e s i s ,  x  1 , 500 , sh o w in g  a  r i n g  
qu ad riv a len t an d  tw o e le m e n ts  " m is s in g  . Centromere 
regions are p a r t i c u l a r l y  c l e a r  in  th is  c e l l .
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P l a t e  67. D i a k i n e s i s  c e l l s  from iiv680009? a t(5p-oq+) h e te r o z y g o u e  
sh o w in g  a  q u a d r i v a l e n t .

( a )  W ith  a  d ia g ra m  o f  th e  c o n f i g u r a t i o n .

(b )  The s e x  b i v a l e n t  m orpho logy  i s  p a r t i c u l a r l y  c l e a r .



K / C K  J i
4  5

A  A  A  M l

13 14 15

K) ii 12

18

*  la
19 20

m  ««%

21 22

M



p r
1 -  3(A)

h »  ii
4 _  5(B) 6(C)

( \
X I

\ II II II « it
7 -  12(C)

w\

M H U
13 -  15(D)

1) H
16 -  1

**
is (E) :

Lii ii M  *6
11 -  H(G)

1
Y

<?b f n
(  i  )*

C 1

P la te  69. Cells from JD690204, a t(7p+H q -) heterozygote.
(a) Leucocyte m ito tic  metaphase, x 2,750, karyotyped.
(b) Rather poor pachytene, x 1,500 karyotyped (technique 

"M" not used). This may represent homologous p a irin g  
a t  pachytene.
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P l a t e  7 0 . D i a k i n e s i s  c e l l ,  x  1 ,7 5 0 ,  from  JD 690204, a  t(7 p + 1 4 .q -)  
h e t e r o z y g o t e .  T h ere  i s  a r in g  q u a d r i v a l e n t  an d  tw o 
e le m e n ts  " m is s in g " .



P late  71. D iakinesis c e l l  from JD690204. a t(7p+14-q-) heterozygote. 
A diagram shows the quadrivalent configuration.
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P late 73. Metaphase I I  karyotype, x. 2,000, from EA690217, a
t(llq -15q+ ) heterozygote. There is  a short number 11 
chromosome and a number 15 with possib ly  one "long" 
and one ’"short" long arm which would represent 
cy to log ical evidence of crossing over.
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P late  74-. M aterial from BS700349 who had rad ia tio n  damage.

(a) Section of t e s t i s ,  x 250.
(b) Abnormal d iak in esis  c e l l  karyotyped. A quadrivalen t 

demonstrated the presence of a rec ip rocal tran s lo ca tio i 
in  th is  c e l l .  Chromosomes 8 and 14- may be involved.

(c) Another d iak in e sis  c e l l  with 22 elements including a 
possib le  quadrivalen t.



Plate 75. Locust c e l ls .
(a) Possibly a spermatogonial metaphase showing 

pre-ir.eiotic pa iring  of homologues a t centromere 
regions. (This could be a f i r s t  anaphase and 
sex chromosome complement does not c la r ify  the 
p o in t .)

(b) Leptotene. Chromosomes are condensing and pa iring  
from telomeres s itu a ted  a t one side, me X chromosome 
is  heteropycnotic.



P la te  76. Locust. Further pa iring  of homologues gives a "bouquet" 
configuration .
(a) X chromosome ex h ib its  an odd appearance and has 

s id e  processes.



Plate 77. Locust pachytene c e l ls .  The sex v esic le  i s  heteropycnotic 
and n u c leo li are p resen t.
(b) Centromere regions of homologues seem to repe l 

one another.
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Plate 79. Locust d ip lo tene c e l ls .
(a) Sex chromosome end also  centromere regions axe 

heteropycnotic.
(b) The la rg e s t  b ivalen t shows a t le a s t  6 chiasmata.



Plate 80. Locust d iak in esis  c e l ls . The X is  an unpaired rod and 
is  more deeply stained .
(a) A ll four strands in  each b iv a len t are v is ib le , ihere 

are s tra ig h t  regions where homologues have fa ile d  to 
separate . .

(b) There i s  an apparent gap in  one homologue of a la rg e  
b iv a len t.
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Plate 83* Locust spermiogenesis



P l a t e  8 ^ . S y r ia n  hamster c e l l s .

(a) Spermatogonial metaphase.
(b) Pachytene. The sex vesic le  shows the two regions 

which s ta in  d iffe re n tly . Other heteropycno^ic 
regions tend to associate .

(c) Pachytene. There are double the number of elements; 
two sex v e s ic le s  are present.



Plate 85* Syrian hamster c e lls  in  the d iffu se  stage.
(a) Pachytene, c e l l  en tering  the d iffuse stage.
(b) D iffuse stage. Centromere regions appear as double 

heteropycnotic bodies and homologues are moving apart,
(c) D iplotene. The sex b iva len t has unravelled from the 

sex v e sic le .



F lats 86. Syrian hamster c e l ls  in  d iak inesis .
(a) E arly  d iak in esis . The sex chromosomes and some of 

the short arms and the sm allest b iva len t are
he t  e ropy cno t i  c.

(b) The sex chromosomes are paired , the short arm of 
the X w ith the  long arm of the Y. The long arm of 
the X i s  extended.
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P late  87. Syrian hamster c e lls .
(a) D iakinesis c e l l  with the sex chromosomes separated  

(X/Y). (No hypotonic treatm ent was used m  
preparation  of t l i is  c e l l . )

(b) Metaphase I I  with apparently twice the number of 
chromosomes. K a r y o ty p in g  suggests th a t  adjacent 
c e lls  are present.



Syrian hamster c e lls .
(a) X~bearing meta. ha.se I I
(b) Y-bearing metaphase I I
(c) Maturing spermatozoa.



P late  89. Mouse m ate ria l.
(a) Whole t e s t i s  tubule , x 250 (no s ta in in g ). 

Active spermatogenesis i s  seen through the 
w alls.

(b) Spermatogonial metaphase.
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Plate 90. Mouse c e l ls .
(a) Pachytene. Two adjacent c e l ls .
(b) Diffuse stage. Centromere regions appear double 

and, as the  sex v e s ic le , are heteropycnotic.
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P late  91. Mouse la te  d iffu se  stage or p re -d ip lo ten e . Centromere 
regions are heteropycnotic.
(a) Sex b iv a len t s t i l l  ro lled .
(b) Sex b iv a len t unro lled .
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Plate 92. Mouse d iak in esis  c e l ls ,  X and Y adjacent.

(a) B ivalents show one or two chiasraata.
(b) Heteropycnotic centromere regions demonstrate 

th a t  the long arm of the Y p a irs  w ith the X. 
An autosomal b ivalen t i s  associated  with the 
o t h e r  telomere of the X.
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P late  93. Mouse c e l ls .

(a) Metaphase I .  Chromatid separation shows th a t 
i t  i s  the long arm of the Y which p a irs  with th a t 
of the X.

(b) Adjacent metaphase I I  c e l ls ,  probably products of 
one d iak in esis  c e l l ,  oex chromosomes are 
he te  ropycno t i  c •
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P late  9K* Mouse c e l ls .
(a) X-bearing metaphase I I .
(b) Y-be&ring metaphase I I .
(c) Maturing spermatozoa showing the d i f f e r e n t ia l  

s ta in in g  of the sperm head.
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P late  95. Sections of mouse t e s t i s ,  x 250.
(a) From a mouse with muscular dystrophy.
(b) From unaffected s ib lin g .
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P late  96. Mouse w ith muscular dystrophy. Categories of d iak in esis  
c e lls  are scored according to the behaviour of the sex 
chromosomes.

(a) XY
(b) XY gap 
(0) X^Y

(d) x/ y



ABBREVIATIONS

Ce = centromere region

Di = d ic e n tr ic

F r = "fragment 

N = nucleolus

S = secondary constriction  region

5V = sex v e s ic le

T = telomere

Q = quadrivalent

U. = unstained area

LL = chromosome with two "long11 long arms

LS = chromosome with one "long" and one "short" long arm

SS = chromosome with two "short" long arms

X and Y = sex chromosomes

1 - 2 2  = chromosome or bivalent numbers

A = chromosomes 1 - 3

B = chromosomes U -  5

C = chromosomes 6 - 1 2  (including the X)

D = chromosomes 13 -  15

E = chromosomes 16 -  18

F = chromosomes 19 -  20

G = chromosomes 21 -  22 (including the ..Y)


