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The Modification of Crossing over in Maize by Extraneous 
Chromosomal  Elements 1 

P. M. NEL 

D e p a r t m e n t  of B o t a n y ,  I n d i a n a  Unive r s i ty ,  B looming ton ,  I n d i a n a  (USA) 

Summary. Five regions of the maize genome were tested for their  response to endogenous factors influencing recombi- 
nation. These included heterochromatic t3 chromosomes and abnormal chromosome t0 as well as the sex in which 
recombination occurred. 

The frequency of recombination in the proximal  A~-Bt and Bt-Pr segments o5 chromosome 5 was increased in the 
presence of t3 chromosomes, with the male meiocytes showing a greater response than the female meiocytes. In  addition, 
experiments involving 0, t, 2 and 4 B's revealed a dosage effect of B chromosomes on crossing over in chromosome 5. 
Recombinat ion in the proximal  Wx-G115 interval of chromosome 9 was found to be sl ightly higher than normal in male 
flowers when two 13 chromosomes were present. This increase was accompanied by  a decrease in the adjacent  Sh-Wx 
segment. Crossing over in the distal C-Sh segment and in the C-Sh-Wx-Glls regions of female flowers was unaffected 
by  B's. 

Comparisons of plants  heterozygous for abnormal chromosome 10 (KI0 kl0) and homozygous for the standard chro- 
mosome 10 (kt0 kt0) showed tha t  abnormal  10 greatly enhances crossing over in the A~-Bt and Bt-Pr segments of 
chromosome 5. In  contrast  to the finding with B's, the effect is greater in female than in male sporocytes. KI0  showed 
no significant effect on recombination in the C-Sh-Wx-GI15 region of chromosome 9 except in male sporocytes, where 
there was a slight increase in the Sh-Wx region of 0 B KI0  k10 plants  and a possible interaction with 13 chromosomes to 
raise the level of recombination between Wx and G115. The fact tha t  the regions adjacent  to the centromere of chromo- 
some 9 show li t t le or no response to the presence of KI0  indicates tha t  the proximal heterochromatin of this chromo- 
some differs qual i ta t ively from tha t  of other maize chromosomes. This conclusion is supported by  a comparison of the 
effects of 13 chromosomes, K10 and sex on crossing over in chromosomes 5 and 9. 

Introduction 

S u p e r n u m e r a r y  ch romosoma l  e l ements  can m o d i f y  
crossing over  in a n u m b e r  of d i f ferent  organisms.  In  
recen t  years ,  B chromosomes  have  been r e p o r t e d  to  
a l t e r  ch i a sma  frequencies ,  the  va r i a t i on  in ch i a sma  
frequencies  and /o r  the  d i s t r i b u t i o n  of c h i a m a t a  in 
the  A chromosomes  of Myrmeleotettix maculatus 
(Barker  t960;  John  and  H e w i t t  1965 a, b ;  and  Hewi t t  
and  John  t 967), Melanoplus di//erentialis di//erentialis 
( A b d e l - H a m e e d  et al. t970),  rye  (Jones  and  Rees  
t967;  Ze6evid and  Paunov id  t969),  Lolium (Cameron 
and  Rees t967),  Puschkinia libanotica (Bar low and  
Vosa t968),  maize  (Ayonoadu  and  Rees t968) and  
Triticum speltoides (Simchen et al. 1971). 

The use of l inkage  e x p e r i m e n t s  to  s t u d y  the  effects 
of B chromosomes  on crossing over  has  so far  been 
conf ined to  maize.  Hanson  (1965, t969) d i scovered  
t h a t  13's caused  a s l ight  increase  in the  a m o u n t  of 
r ecombina t i on  in the  Gle-LgrA 1 region of chromoso-  
me 3 and  the  Yg~-C1-Shl-Wx region of ch romosome  9. 
A more  s t r i k ing  effect of B chromosomes  was r epor t -  
ed b y  Rhoades  (t968). He  t e s t ed  r eco mbina t i on  in 
p l an t s  homozygous  for a t r anspos i t i on  (Tp9), in 
which a piece of ch romosome  3 was inse r t ed  in to  the  
shor t  a rm of ch romosome  9, and  he te rozygous  for the  

1 Dedicated to Dr. M. M. Rhoades on the occasion of 
his seventieth bir thday.  

f l ank ing  marke r s  C and  Wx. W h e n  13's were present ,  
the  a m o u n t  of r e c ombina t i on  be tween  C and  Wx was 
more  t h a n  doubled ,  the  increase  be ing  co r re l a t ed  wi th  
a r educ t ion  in crossing over  in the  a d j a c e n t  Yg-C 
segment .  W a r d  (t972) has  r ecen t ly  o b t a i n e d  evidence 
t h a t  th is  e n h a n c e m e n t  is caused  b y  bo th  euch roma t i c  
and  h e t e r o c h r o m a t i c  regions of the  13 chromosome.  

Chromosomes  possessing an e x t r a  piece of chro-  
m a t i n  have  been  found  to enhance  crossing over.  
Genera l ly ,  the  s u p e r n u m e r a r y  segment  is p a r t i a l l y  
or c omp le t e ly  he t e roc h roma t i c  and  is loca ted  at  or 
near  the  end of the  chromosome.  Of these  chromo-  
somes, the  mos t  i n t ens ive ly  s tud i ed  is the  a b n o r m a l  
ch romosome  10 (Kt0)  which is found  in some s tocks  
of maize.  I t  differs f rom the  n o r m a l  ch romosome  
10 (kt0)  in the  d i s t a l  pa r t  of the  long arm,  where  i t  
has  an add i t iona l ,  l a rge ly  he t e roch roma t i e ,  segment .  
A b n o r m a l  10 increases  r e c ombina t i on  in the  p r o x i m a l  
Gle-Lg ~ segment  of ch romosome  3 (Rhoades  and  
D e m p s e y  t957,  t966) while in ch romosome  10 i tself ,  
enhanced  cross ing over  in t he  cen t romere  regions 
(Miles 1970; Rhoades  and  D e m p s e y  t 970) is accompa-  
n ied  b y  a decrease  in the  d i s t a l  segment  of the  long 
a rm (Rhoades  t942,  t952;  K i k u d o m e  1959). Marked  
increases  in ch iasma  and  r e c ombina t i on  frequencies  
due  to  K t 0  were obse rved  in p l an t s  he te rozygous  for 
s t r u c t u r a l  r e a r r a n g e m e n t s  b y  D e m p s e y  and  Rhoades  
(1961) and  Rhoa de s  and  D e m p s e y  (t966). In  add i -  
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tion, interaction between abnormal 10 and hetero- 
chromatic knobs can influence crossing over in the 
v i c i n i t y  of t h e  k n o b s  ( K i k u d o m e  1959;  R h o a d e s  a n d  
D e m p s e y  t966) .  

E x t r a  c h r o m o s o m a l  s e g m e n t s  h a v e  also b e e n  
r e p o r t e d  t o  inc rease  r e c o m b i n a t i o n  in Drosophila 
melanogaster (Suzuk i  1963), Phryne  cincta (Wolf  1963, 
1968) a n d  Chorthippus parallelus ( J o h n  a n d  H e w i t t  
1966;  H e w i t t  a n d  J o h n  t 968 ; a n d  W e s t e r m a n  t 969). 
I n  e a c h  case,  t h e  e f fec t  was  an  i n t e r c h r o m o s o m a l  one.  

T h e  p u r p o s e  of t h e  s t u d y  r e p o r t e d  h e r e  was  to  
d e t e r m i n e  t h e  e f fec t s  of B c h r o m o s o m e s  a n d  a b n o r m a l  
t 0  on c ross ing  o v e r  in t h e  p r o x i m a l  r eg ions  of ch ro -  
m o s o m e s  5 a n d  9. 

Materials  and M e t h o d s  

Genetic Markers 
The A ~-Bt-Pr region of ch romosome 5 spans the  centro-  

mere, w i th  A~ at  a posi t ion be tween  0.13 and 0.23 in the  
shor t  a rm (Phillips 1969) ; Bt is in the  long a rm and close 
to the  cen t romere  (Rhoades  1936), while the  cytological  
posi t ion of Pr is a p p r o x i m a t e l y  0.4 in the  same a rm 
(Phill ips 1969). 

The  chromosome 9 markers  C1, Shl and Wx are located 
dis ta l ly  on the  short  arm, wi th  C a t  app rox ima te ly  0.75 
(in t he  f i f th  of 20 chromomeres ,  McClintock 1943), Sh 
distal  to  0.7 (Li 1950) and Wx approx in la te ly  in the  middle  
of the  arm (McClintock 1951) ; Gl~5 is in the  long a rm distal  
to 0.1 (Dempsey  and Smi rnov  1964). 

Determination of Recombination Values 
The  control  and exper imenta l  p lants  used in all tes t -  

crosses were sibs. Recombina t ion  was tes ted  in bo th  
male  and female flowers. To ensure suff icient ly large 
progenies  when  the  less vigorous tes ter  s tocks were used 
as female  paren ts  in testcrosses,  each F~ p lan t  was usual ly  
crossed to  two tes ter  p lan ts ;  in such cases the  recombina-  
t ion f requency  was based on the  combined  da ta  f rom the  
two  ears. In  ch romosome 5 tests,  r ecombina t ion  in the  
B t - P r  region was calcula ted f rom the  A 2 classes only, 
since a z kernels  lack aleurone color  and cannot  be d i rec t ly  
classified for Pr and pr. 

I t  was necessary to correct  the  recombina t ion  values  
when  C-Sh-Wx-Glls/c-sh-wx-glm5 plants  were used as 
males in testcrosses.  Sprague (1932) found t h a t  occasion- 
a l ly  sperm from one pol len tube  ferti l izes the  egg, while 
sperm f rom ano ther  pol len tube  m a y  uni te  wi th  the  polar  
nuclei.  As a result ,  the  genetic cons t i tu t ion  of embryo  
and endosperm m a y  differ. The  pol len grains f rom 
C-Sh-Wx-Gl~5/c-sh-wx-gl~5 plants  include a mix tu re  of 
genotypes .  Since Gl~5 is a seedling character ,  C and Sh 
endosperm trai ts ,  and Wx more easily scored in the  endo- 
sperm than  in ma tu re  plants ,  he terofer t i l iza t ion  could 
cause errors in the  ca lcula t ion of r ecombina t ion  percent-  
ages when  one t ra i t  is classified in the  endosperm and 
the  o ther  in the  seedling. Recombina t ion  be tween  C, Sh 
and Wx is no t  affected b y  he terofer t i l iza t ion  because all 
th ree  charac ters  are scored as endosperm phenotypes .  

Recombina t i on  values  for the  Wx-Gl~5 segment  were 
correc ted  by  the  fol lowing method .  The  endosperms of 
kernels  produced  in testcrosses of Wx-Glls/Wx-glm5 male 
paren t s  were  classified for Wx. Afte r  germinat ion,  the  
appa ren t  r ecombinan t  p lants  were marked  in the  seedling 
stage, i.e. Gl~5 seedlings in the  wx class and g115 seedlings 
in the  Wx class. The  number  of ac tual  recombinan ts  
was obta ined  a t  m a t u r i t y  by  scoring the  pol len for Wx. 
The  difference be tween  the  apparen t  and ac tual  recom- 
b inants  is a means  of obta in ing  the  f requency  of p lants  

misclassified as recombinan ts  because of heterofer t i l iza-  
t ion.  The  correct ion was carried out  by  subt rac t ing  the  
misclassified p lants  f rom the  r ecombinan t  classes and 
adding t h e m  to the  parenta l  classes. The  p ropor t ion  (p) 
of parenta l  types  erroneously  classified as r ecombinan t s  
was then  calculated according to the  formula  

No. of misclassified p lants  
P = Tota l  no. of appa ren t  parenta ls  " 

+ no. of misclassified p lants  

On the  assumpt ion  t h a t  the  same propor t ion  of cross- 
over  plants  was incorrec t ly  scored as being nonrecombi-  
nant ,  the  remaining  plants  in the  r ecombinan t  classes 
represent  a f ract ion (1 -- p) of the  t rue  recombinants .  
The  crossover  classes were d iv ided by  (I -- p) to  give 
correc ted  numbers .  The  va lue  of p is a sl ight  underest i -  
ma te  bu t  the  error  is so small  as to have  a negligible effect 
on recombina t ion  frequencies.  

Statistical Analyses 
With in  groups, the  homogene i ty  of the  recombina t ion  

fract ions for each region was de te rmined  by  means  of chi- 
square cont ingency  tables, compar ing  the  numbers  of 
r ecombinan t  vs. nonrecombinan t  individuals.  In  the  
absence of significant  heterogenei ty ,  the  da ta  were pooled. 
Differences be tween groups were tes ted  for significance 
using 2 • 2 chi-square  cont ingency  tables.  

If  one or  bo th  groups showed significant  he te rogene i ty  
for recombina t ion  in a par t icular  region, the  fol lowing 
procedure  was adopted.  The  recombina t ion  percentages  
for the  individual  families wi th in  each group were con- 
ve r ted  to angles, using the  arcsin t ransformat ion .  The  
values  were no t  weighted because no corre la t ion was 
observed be tween  fami ly  size and recombina t ion  fre- 
quencies, and also because the  family  to ta ls  f rom which 
t h e y  were calculated were large, being greater  than  100 
in near ly  all cases. Where  t he  var iances  calculated f rom 
the  t ransformed da ta  were homogeneous  according to the  
F- tes t ,  means  were compared  using the  formula  

s + ~  

where  s is an es t imate  of the  s tandard  dev ia t ion  based 
on bo th  samples joint ly,  ~1 and x2 are the  means  and nl 
and n~ the  numbers  of recombina t ion  values  in the  first  
and second groups, respect ively.  

If  the  var iances  differed significantly,  the  formula  used 
w a s  

+ sA 
$r ~12 

where  s~ and s~ are the  var iances  of the  two  groups.  Values 
of t" larger t h a n  

s~ t, s~ t_~2/s~_~ s~ 

were judged to be significant,  t 1 and t 2 being the  values  of 
S tuden t ' s  t for n~-- I and n2 -- I degrees of f reedom at 
the  chosen level of significance. 

Recombina t ion  percentages  in bold pr in t  in the  tables of 
results  represent  the  pooled values for the  families con 
cerned bu t  signify t h a t  he te rogene i ty  was present  and 
significance was tes ted by  calcula t ing t or t'. 

Resul t s  and D i s c u s s i o n  

E//ect o / B  chromosomes 
T h e  ef fec ts  of 13 c h r o m o s o m e s  on c ross ing  o v e r  in 

t h e  p r o x i m a l  r eg ions  of c h r o m o s o m e  5 a re  s u m m a r i z e d  

Theoret. Appl.  Genetics, Vol. 43, No. 3]4 
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Table 1. Crossover values from an Fa family having the 
genotype A~-Bt-Pr/az-bt-pr and segregating for the presence 

of B chromosomes and abnormal lo 

Chromosome constitution No. of No. of 
plants progeny 

Percent 
recombination 

A-Bt Bt-Pr 

F i used as female parents 
0 B's  k l0  k l 0  9 3721 6.t 18.1 
2 B's  k l0  k l0  9 3848 8.1* 21.1" 
0 B ' s K a 0 k l 0  9 3368 16.9"* 32.9 ** 
2 B ' s K l 0 k l 0  9 3882 18.8"* 36.2** 

Faused as male parents 
0 B's  k l 0  k l0  9 3069 12.1 27. 5 
2 B's kf0  k l0  9 3437 18.8"* 31.5 
0 B ' s K l 0  k l0  9 3448 25.1"* 38.1"* 
2 B ' s  K l 0 k l 0  9 3329 25.5** 40.7** 

*/** Significantly different from 0 B's kl0 kl0 value for the 
same sex, at 5 % and 1% levels, respectively. 

in Tab les  I and  2. A compar i son  of the  d a t a  for the  
B vs. no-B classes shows c lea r ly  t h a t  the  presence of 
B chromosomes  resul t s  in inc reased  crossing over,  
desp i t e  the  presence of he te rogeneous  crossover  va-  
lues wi th in  mos t  of the  classes and  the  fact  t h a t  some 
of the  differences are  no t  s t a t i s t i c a l l y  s ignif icant .  
I t  also appea r s  t h a t  the  increases  are  p r o p o r t i o n a l l y  
la rger  in t he  shor t  A2-Bt  segment  t h a n  in t he  longer  
B t - P r  in te rva l .  The  p r o x i m a l  h e t e r o c h r o m a t i n  
su r round ing  the  Bt locus cons t i tu t e s  a la rger  pro-  
po r t ion  of the  A~-Bt  t h a n  of the  B t - P r  region,  which 
inc ludes  a g rea te r  a m o u n t  of more  d i s t a l l y  l oca t ed  
ch romat in .  Thus,  the  effect of the  B ' s  m a y  be more  
p ronounced  in the  p r o x i m a l  regions close to  t he  cen- 
t romere .  

Rhoades  (1941) d i scovered  t h a t  r e c o m b i n a t i o n  in 
the  p r o x i m a l  regions of ch romosome  5 is h igher  in 
male  t h a n  in female game te s ;  the  va lues  for the  no-B 
classes agree wi th  th is  f inding.  Upon  the  i n t r o d u c t i o n  
of B chromosomes ,  the  abso lu te  increases  in r ecombi -  
na t ion  are g rea te r  in the  male  sporo-  
cytes ,  r esu l t ing  in an accen tua t ion  of 
the  differences be tween  the  va lues  for 
the  two sexes.  

An  e x a m i n a t i o n  of Tab le  2, where  
the  n u m b e r  of B chromosomes  ranges  Chromosome 
f rom none to  four, r evea l s  a dosage constitution 

effect of B ' s  on crossing over  in two 
closely r e l a t ed  families.  The  t o t a l  
a m o u n t s  of crossing over  for bo th  
regions in p l an t s  used  as males  a re :  
no-B,  3 8 - - 3 9 % ;  t B ,  47%;  2 B ' s ,  52 - -  
54%;  and  4 B ' s ,  61%,  while the  in- 
creases in p l an t s  used as females  are  
smaller .  Dosage  effects of B chromo-  
somes have  been found  for the  C - W x  
region of Tp9  homozygo te s  (Rhoades  
t968) and  the  Gle-Lg 2 segment  of chro- 
mosome 3 (Rhoades ,  unpubl i shed) .  

Table 2. Effect of B chromosomes on crossing over in the  
A2-Bt and Bt-Pr regions of chromosome 5 

No. of B Percent 
Family chromo- No. of No. of recombination 
No. somes plants progeny 

A-Bt Bt-Pr 

Fiused as female parents 
537 o 8 2897 5.9 15.9 

t 8 2797 6. 9 18.1 
2 10 3197 8.8* 24.7** 

536 0 4 1529 8.2 23.0 
2 10 3493 9.6 22.3 
4 10 3527 lO.7 25.3 

Faused as m ar  parents 
537 0 10 4675 11.1 26.6 

1 8 4505 15.1 3t.8 
2 10 5814 17.7" 34.6* 

536 0 5 2764 13.4 26.0 
2 10 4812 18.1" 35.8** 
4 10 4829 23.6** 37.6** 

*/** Significantly different from no-B value for the same 
sex, at 5% and 1 o//o levels, respectively. 

The  dosage effects on ch iasma  frequencies  in micro-  
sporocy tes  r e p o r t e d  b y  A y o n o a d u  and  Rees (1968) and  
on r e c ombina t i on  in the  Gl~-Lg-Ai -Et  (chromosome 3) 
and  Y g - C - S h - W x  (chromosome 9) regions s t ud i ed  b y  
Hanson  (1965, t969) were c o m p a r a t i v e l y  small .  

Inc reas ing  numbe r s  of B chromosomes  have  been 
obse rved  to  have  a zigzag effect on r e c ombina t i on  in 
rye  (Jones and  Rees 1967), Listera (Vosa and  Bar low 
1970) and  maize  ( C h a n g ' a n d  K i k u d o m e  19711, b). 
I n  the  l a t t e r  case, crossing over  was increased  in the  
B z - W x  region and  decreased  in t he  d i s t a l  Y g - S h  
segment  when odd  number s  of B 's  were p resen t  and  
ch romosome  9 was homozygous  for a smal l  t e r m i n a l  
knob.  E v e n  numbe r s  of B chromosomes  had  no 
effect.  W h e n  ch romosome  9 was he te rozygous  for 
t e r m i n a l  knobs  of di f ferent  sizes, odd  number s  of B ' s  

Table 3. Crossover values from an F a family having the genotype C - S h - W x -  
GllJc-sh-wx~liz and segregating for the presence of B chromosomes and 
abnormal 1 o. Male values for the Wx-Gla5 region are corrected for heterofertili- 

zation. Uncorrected values are shown in parentheses 

Percent recombination No. of No. of 
plants progeny C-Sh Sh-Wx Wx-Gl 

F 1 used as female parents 
0 B ' s k l 0 k l 0  8 2735 4.3 18.8 6.7 
2 B's  k l 0  k l0  8 2744 3.5 19.1 8.9 
0 B ' s  K l 0 k l 0  8 2690 4.2 19.7 7.1 
2 B's  Kf0 k l0  8 2667 4.6 21.0" 9.1* 

Fi used as male parents 
0 B's  k l0  k l 0  8 2468 4.2 23.3 8.9 (9.8) 
2 13's k l 0  k l0  8 2291 4.6 19.6"* 14.1"* (15.3) 
0 B's  K l 0  k l0  8 2025 4.3 26.6* lO. 5 (11.5) 
2 B's  K10 k l0  8 2448 4.5 21.0 17.7"* (19.2) 

*/** Significantly different from the 0 B k l 0 k l 0  value for the same sex, 
at 5 % and 1% levels, respectively. 
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Table 4. Analysis of recombinants from the testcross c-sh-wx-glls ~• 
x C-Sh-Wx-Glls/C-sh-wx-glm~ 6. Frequencies of nonrecombinants classified 
as recombinants when scoring endosperms for Wx and seedlings for G115 

No. of Apparent Actual No. of non- Chromosome families No. of No. of recombinants constitution tested recombinants* recombinants** in column 3 

0B ' s  kl0 kl0 7 121 108 13 
2 B's kl0 kl0 6 i69 151 18 
2 B's KI0 kl0 6 236 216 20 

Total t 9 526 475 51 

* Based on classification for Wx in endosperms of progeny kernels. 
** Based on classification for Wx in pollen of progeny grown to maturity. 

enhanced recombination in both regions. However, 
the chromosome 5 results presented in Table 2 do not 
show any clear evidence of a zigzag effect. 

The results from the chromosome 9 testcrosses are 
summarized in Table 3. There is no evidence from 
either the male or female gametes that B's have any 
effect on recombination in the C-Sh region, which is 
the most distal of the three studied. A similar state- 
ment can be made for the S h - W x  region in the female 
gametes. Plants with 2 B chromosomes showed lower 
crossover values for S h - W x  in the male gametes than 
did their 0 B sibs. This may represent a compensatory 
decrease for the enhanced crossing over in the proxi- 
mal Wx-G115 segment since the total recombination in 
the Sh-G115 interval is the same in 0 B and 2 B plants 
within the k l0  and Kt0  groups. 

Where F 1 plants were used as males, recombination 
between Wx and Gl~5 appeared to be higher in plants 
with B chromosomes (2 B's k l0  k t0  and 2 B's KI0  
kl0) than in no-B sibs. Since the differences could 
have been caused by a change in the frequency of 
heterofertilization induced by B chromosomes rather 
than by modification of crossing over, plants were 
grown m the field and the frequencies of apparent 
and actual recombinants were determined as 
described in the section on Materials and Methods. 
A 2 • 2 chi-square test failed to reveal any significant 
difference between the proportions of misclassified 
nonrecombinants to actual recombinants in the 
0 B k l0  kt0, 2 B kl0  k l0  and 2 B Kt0  kl0  classes 
(Table 4). The data were therefore pooled to obtain 
a common correction factor and the recombination 
values for the Wx-G115 region were reduced by the 
fraction 5t/526 representing the proportion of non- 
recombinants among plants originally classified as 
recombinants on the basis of endosperm and seedling 
traits. 

Table 3 reveals that  B chromosomes do in fact 
enhance crossing over in the Wx-G115 region by about 
58% in male sporocytes of the 2 B kl0  k l0  class and 
that  the increase is not the result of heterofertiliza- 
tion. As was true for chromosome 5, the megasporo- 
cytes show little, if any, increase attributable to B's. 
Hanson's (1965, 1969) data also show a differential 
effect in the two sexes; in plants with one to four B's 

recombination was increased in the 
proximal Gl~-Lg region of chromo. 
some 3 by 6% and 25 % in female and 
male sporocytes, respectively. Another 
feature of Table 3 is that  there is con- 
siderable heterogeneity of crossover 
values within groups for the proximal 
Wx-Gll~ interval but none in the C-Sh 
and S h - W x  segments. 

From the above experiments and 
from the recombination studies of Han- 
son and Rhoades, it may be concluded 
that  B chromosomes increase the fre- 

quency of crossing over in the proximal regions of 
three chromosomes (3, 5 and 9) and that  they have 
a dosage effect. In the more distal regions which have 
been tested so far, B's influence recombination to 
a lesser degree or not at all. The C - W x  region in the 
distal half of 9 S appears to be an exception when the 
effect of B's is followed in Tp9 homozygotes (Rhoades 
1968). It  is true that  B's more than doubled the 
amount of recombination in the C - W x  region of Tp 9 
homozygotes and caused a compensatory reduction 
in the adjacent Yg~-C interval at the tip of the short 
arm. However, in these plants the C - W x  region is 
expanded by an insertion of chromatin from chromo- 
some 3 and the region cannot be considered typical. 
A B chromosome-induced redistribution of exchanges 
from distal to more centrally located regions in the 
short arm of chromosome 9 has been noted by Han- 
son, Rhoades and Chang and Kikudome. Shifts in 
the distribution of chiasmata have also been reported 
in rye (Jones and Rees 1967) and Puschkinia libano- 
tica (Barlow and Vosa t970). To what extent the 
increases caused by B's in the proximal regions of 
maize are accompanied by corresponding decreases 
in other portions of the genome, is not known at 
present. The increased chiasma frequencies in pollen 
mother cells when B chromosomes are present (Ayo- 
noadu and Rees 1968) do not favor compensation 
alone ; increased chiasmata would be expected follow- 
ing enhancement in proximal regions only if crossing 
over remains essentially unchanged in other regions. 

Ef/ect o /A  bnormal Chromosome lo 

The effects of abnormal t0 on crossing over in 
chromosome 5 are more striking than those of B 
chromosomes. In the presence of Kt0, crossing over 
is greatly increased in both the A2-Bt and Bt-Pr 
regions in the sporocytes of both sexes (Table t). 
A similar enhancement has been reported by Robert- 
son (t968). However, in contrast to the findings with 
B's, abnormal 10 is more effective in female than in 
male cells, the increases in the total amount of 
recombination between A 2 and Pr being approxima- 
tely t06% and 60% respectively. Here, as before, 
the A2-Bt segment is the more responsive of the two 
intervals. When B chromosomes and abnormal 10 
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are both present, the increase in recombination found 
in the female gametes is the sum of the increments 
contributed by  each factor, i.e. the enhancement is 
additive. A contrary  situation apparent ly  exists in 
the male gametes where the increase in recombina- 
tion is less than additive in plants with K t 0  and B's. 
However,  too much reliance cannot be placed on 
slight differences in recombination values, which are 
subject to sampling errors as well as variat ion in 
exchange frequency. 

The results obtained for chromosome 9 (Table 3) 
differ strikingly from the chromosome 5 data. Sur- 
prisingly, abnormal  10 has no significant effect on 
crossing over except in male sporocytes, where there 
is a small (14%) increase in the S h - W x  region of 0 B 
K t 0  k l0  plants and a possible interaction with B 
chromosomes in 2 13 K t 0  k t0  plants to raise the level 
of recombination between W x  and Gllv No informa- 
tion is available on the frequency of heterofertiliza- 
tion in 0 B K I 0  k l0  plants used as males. Recombi- 
nation percentages for the Wx-Glls  region were cor- 
rected for heterofertilization by  means of the factor 
obtained from the 0 B k l0  kt0,  2 B k t0  k l0  and 2 B 
K t 0  k l0  sibs, on the assumption tha t  it did not 
differ great ly from the corresponding value in the 
0 B K I 0  k l0  class. 

In Kikudome's  (t959) s tudy of the short arm of 
chromosome 9, plants heterozygous for the terminal  
wd deficiency and a small, medium-sized or large 
terminal  knob were used. Upon the addition of KI0 ,  
recombination between wd and wx was raised from 
26.9%, t 7 . 7 %  and t2 .7% to 31.5%, 26.8% and 30-3%, 
respectively, for the three kinds of knobbed-knobless 
heterozygotes. There was thus an interaction be- 
tween K t 0  and the knobs, with the heterozygote con- 
taining the smallest knob showing the least increase 
in recombination. An increase of only 16% in the 
total  amount  of recombination in the Y g - C - S h - W x  
region was induced by  K I 0  plants heteromorphic for 
the medium-sized and small knobs. I t  is possible 
tha t  K t 0  has no effect on crossing over in the distal 
half of 9 S except when the homologues are hetero- 
morphic. There is relatively little change in recom- 
bination when the homologues differ only slightly in 
knob size. Presumably in the lat ter  compounds 

crossing over m a y  already occur at a max imum rate 
which cannot be further enhanced by  Kt0 .  Sporocy- 
tes from five plants of the F 1 family in Table 3 were 
examined and the two homologues proved to be very 
similar morphologically, being heterozygous for a 
small and a very small terminal  knob or chromo- 
mere. Thus, the absence of enhancement by  K t 0  in 
the distal regions of 9 S may  be due to the structural  
similarity of the two homologues. 

Since abnormal  t0 has been shown to increase 
crossing over in the centromere regions of 3 L (Rhoa- 
des and Dempsey t957, 1966), chromosome t0 (Miles 
t970, Rhoades and Dempsey t970) and chromosome 5, 
the question arises as to why the proximal regions of 
chromosome 9 show little or no response to the pre- 
sence of KI0 .  The regions surrounding the centro- 
meres of maize chromosomes are heterochromatic and 
normally show low rates of crossing over per unit 
of pachytene length. When the homologous chromo- 
somes are structural ly similar, the proximal regions 
are the most responsive to abnormal  t0 and con- 
siderable enhancement  of recombination occurred in 
these segments in chromosome 5. The heterochro- 
matic centromere regions of Drosophila are also sus- 
ceptible to factors affecting crossing over. The in- 
fluence of environmental  agents such as temperature,  
nutrition, aging of the female, and irradiation is 
greatest  on exchanges adiacent to the centromere 
(Swanson t957). The consistent behavior  of proximal  
heterochromatin in response to crossover inducers in 
both  maize and Drosophila emphasizes the uniqueness 
of the Wx-Gla5 region of chromosome 9- I t  is pro- 
posed tha t  the heterochromatin of chromosome 9 
differs quali tat ively from tha t  of other maize chro- 
mosomes and a review of the effects of B's, K t 0  and 
sex on crossing over in different parts  of the genome 
supports this contention. 

A summary  of the results on crossing over in chro- 
mosomes 5 and 9 is presented in Table 5. In each of 
the regions tested, three variables are present:  the 
number  of B chromosomes (0 vs. 2), inclusion of ab- 
normal 10 in the genome, and the sex in which re- 
combination occurs. All of these may  affect crossing 
over and the da ta  indicate tha t  different parts  of the 
genome respond differently to these factors. Crossing 

Table 5. Summary of crossing over in chromosomes 5 and 9 as influenced by B chromosomes, abnormal to and sex. From 
Tables 1 and 3 

Percent increase in recombination 
Factor affecting 
recombination A~- Bt Bt- Pr C- Sh Sh- W x Wx-G1 

B's* 32.8 55.4 16.6 14 .5  --18.6 9.5 1.6 --15.9 32.8 58.4 
KI0* 177.0 107.4 81.8 38.5 -- 2.3 2.4 4.8 14.2 6.0 18.0 

Male vs. female 
meiocytes** 98.4 51.9 --2.3 23.9 32.8 

* o B kl0 kt0 class for the same sex used as standard. 
** For 0 B k l 0 k l 0  plants. 
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over in the C-Sh region in a euchromat ic  segment  of 
9 S is no t  marked ly  affected b y  addi t ion  of B's  or KI  0; 
the  same ra te  of exchange was found  in  bo th  sexes. 
Thus ,  the ch romat in  ly ing be tween  the C and  Sh 
genes is s table  and  insensi t ive  to the three var iable  
factors. Only  when  s t ruc tu ra l  differences cause a 
physical  i n t e r rup t i on  in pai r ing is crossing over in the 
C-Sh  i n t e rva l  suscept ible  to modif icat ion.  

An in t e rmed ia t e  degree of responsiveness  to cross- 
over inducers  is exhib i ted  by  the Wx-G115 prox imal  
region. Crossover va lues  are higher in the presence 
of B's  and  in the  male gametes ,  and  there is also a 
somewhat  higher ra te  of exchange in p l an t s  wi th  K t  0. 
The p rox imal  regions of chromosome 5 were b y  far 
the most  sensit ive.  There  were sizeable increases in 
crossing over in  the male gametes  and  in K t 0  k l 0  
plants ,  and  cons is ten t ly  higher values  were ob ta ined  
when B's  were present .  The correla t ion of the  degree 
of response to all three factors inf luencing  crossing 
over indica tes  t ha t  qua l i t a t ive  differences in chro- 
m a t i n  exist and  t h a t  at  least three types  of response 
can be dis t inguished.  

I t  has been  suggested t h a t  the  increased recombi-  
n a t i o n  in the  p rox imal  regions induced  b y  K I 0  is due 
to a re laxa t ion  of ch romat in  which is no rma l ly  t igh t ly  
coiled and  unab le  to undergo  close synapsis .  More 
i n t i m a t e  pa i r ing  is found  be tween  s t ruc tu ra l ly  dissi- 
mi la r  homologues  upon  in t roduc t ion  of K t 0  in to  the  
genome and  a higher ra te  of exchange follows (Rhoa- 
des and  Dempsey  t966). No cytological  s tudies  are 
avai lable  on the mechan i sm b y  which B 's  operate  to 
increase ch iasma frequencies,  b u t  there  is some 
evidence t h a t  the  role of B 's  m a y  be different  from 
t h a t  of KI0 .  Studies of crossover e n h a n c e m e n t  in 
chromosome 5 indica te  t ha t  B's  are more effective in 
the  microsporocytes  while K t  0 produces higher values  
in the megasporocytes .  I n  addi t ion,  13 chromosomes 
have  a dosage effect whereas the  avai lable  da t a  in- 
dicate  t ha t  K t 0  does no t  (Rhoades a nd  Dempsey  
1966). 
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