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Influence of Chromosomal Gene Position on Intragenic 
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Summary. Chromosome interchanges were used to relocate four alleles of the w x  locus in order to analyze the distri-  
bution of recombination potent ia l  of the maize genome. There are two homotranslocation series: proximal,  inter- 
changes proximal  to wx,  thus moving the w x  locus to varied positions away from a centromere ; and distal, interchanges 
distal  to wx,  thereby lengthening the segment dis tal  to wx .  

t. Among the controls (homoalleles on s tandard chromosomes), derived from outcrosses (heterozygous sources), yield 
more recombination than these combinations in inbred lines. 

2. All heteroallelic, homotranslocation combinations, irrespective of the extent  of the locus-centromere distance, are 
equal or less in recombination frequency than the w x  recombination in the s tandard  chromosome. 

3. Among all heteroalleles on homotranslocations,  there is a positive linear correlation of inter-allelic recombination 
with increasing distance from a centromere but  the value is always less than found in the s tandard chromosomes. This 
also is true for the same heteroallele a t  different positions ; the longer distances show a higher recombination value than  
the shorter wx-centromere distance. 

4. There is no effect of a lengthening distal  segment on w x  interallelic recombination. 
5. The frequencies of W x  pollen grains arising from homoalleles on homotranslocations in most instances (except for 

90/90) are not  significantly different from the frequencies found with s tandard chromosomes. 
6. The reversion frequency of the same homoallele at different positions has no relationship with the wx-centromere or 

wx-breakage-point distance. 
7. Different homoalleles a t  the same position are not equally affected in w x  reversion rate a t  the new position, although 

no t rend is evident  in wx-centromere or wx-breakage-point distance. 
8. The most variat ion in percentage change of the W x  frequency from the controls among different heteroalleles with 

the same homotranslocation is found among interchanges with relat ively short wx-breakage-point distances. 
9. There is a significant environmental  effect; the greatest  change between years is among the heteroalleles with 

higher w x  recombination.  
10. Homoalleles differ from heteroalleles in response to various factors, such as wx-centromere and wx-breakage-point 

distances. This supports the expectat ion tha t  W x  pollen grains arising from homoalleles have a different origin than do 
Wx pollen grains arising from heteroalleles. 

Introduct ion 

Cytogene t i c s  a t t e m p t s  the  cor re la t ion  of genet ic  
and  cy to log ica l  maps ,  which  depends  on an i n t i m a t e  
iden t i f i ca t ion  of cy to log ica l  s i tes  and  de t a i l ed  l inkage  
r e l a t ionsh ips  (Emerson,  Beadle ,  and  Frase r ,  1935; 
Rhoades ,  1950; Anderson ,  K r a m e r ,  and  Longley ,  
1955 a, b ; Phi l l ips ,  1969a, b ; L inds l ey  and  Grell ,  t 967). 
E x a m i n a t i o n  of these  maps ,  where  specific de ta i l s  of 
gene pos i t ion ing  in the  cy to log ica l  ch romosome  is 
known,  qu ick ly  es tab l i shes  t h a t  the  d i s t r i bu t i on  of 
c h i a s m a t a  a long the  l eng th  of the  ch romosome  is no t  
r a n d o m  and  t h a t  the  chance  of ch i a sma  fo rming  in a 
g iven  region is no t  p r o p o r t i o n a l  to  the  phys i ca l  l eng th  
of t h a t  region.  This  a spec t  of r e c o m b i n a t i o n  was 
e x a m i n e d  c r i t i ca l ly  b y  S tephens  (196t).  He  mus te r -  
ed  p e r t i n e n t  ev idence  to  show t h a t  the  i n t e r / e r e n c e  in 

1 These studies submit ted by M. Y. in par t ia l  fulfillment 
of the requirements for the degree of Doctor of Philosophy 
in Plant  Breeding and Cytogenetics. Journal  Paper  No. 
J-7418 of the Iowa Agricul ture  and Home Economics 
Exper iment  Station, Ames, Iowa. Project  No. 1884. 

The authors dedicate this paper  to Professor Marcus 
M. Rhoades on the occasion of this 70h bir thday.  

successive c h i a s m a t a  as m e a s u r e d  b y  c o i n c i d e n c e  

(number  of doubles  o b t a i n e d  over  the  n u m b e r  of 
doubles  expec ted)  is no t  r e s t r i c t ed  to  con t iguous  
regions.  I t  follows t h a t  the re  are  " h o t  s p o t s "  for 
r e c o m b i n a t i o n  even t s  and  t h a t  a h igher  p r o b a b i l i t y  
for c o i n c i d e n c e  of exchange  exis ts  in regions r e m o t e  
f rom the  f i rs t  p o i n t  of exchange .  F r o m  e x a m i n a t i o n  
of the  Weins t e in  da ta ,  S t ephens  (1961) conc luded  
t h a t  the  e x p e c t e d  single c h i a sma  (over 90% of the  
r e c o m b i n a t i o n  occur red  as s ing le -ch iasma  b iva len ts )  
u sua l ly  was l oca t ed  in the  mid reg ion  of the  ch romo-  
some. 

The  depress ive  effects of cen t romeres  on recombi -  
na t ion  f requencies  were e s t ab l i shed  ea r ly  in D r o s o -  

p h i l a  cy togene t i c  s tudies  (Bridges and  Brehme,  t 944; 
Bridges ,  1935, 1937, t938).  In  these  ins tances ,  the  
c on t r a c t e d  genet ic  l inkage  d i s tance  d id  no t  m a t c h  the  
cor respond ing  phys i ca l  l eng th  on a cy to log ica l  map .  
The  d e v e l o p m e n t  of cor re la t ive  l i nkage -cy to log ica l  
m a p s  conf i rmed  the  cen t romere  effect t h a t  was de- 
m o n s t r a t e d  b y  re loca t ing  cen t romere -a s soc i a t ed  chro-  
mosome segments  (Graubard ,  1932; Beadle ,  t932;  
and  Thompson ,  1964). 
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Since the d i s t r ibu t ion  of ch iasmata  is no t  random,  
what  causes localizat ion of "hot  spots"  of recombi-  
na t i on  along the chromosome arm ? An exper iment  
designed to inves t iga te  this ques t ion should uti l ize a 
common un i t  of measure at  several  different  dis tances 
from the centromere.  Fur ther ,  it  should be possible 
to easily canvass  large populat ions .  In t rac i s t ron ic  
exchange events  at the waxy  locus in maize fulfill 
these requirements .  These events  have been ident i -  
fied by  numerous  inves t igators  as the same k ind  of 
events  t ha t  are registered as in tergenic  r ecombina t ion  
events  (Meselson, 1967; Fogel and  Hurs t ,  t967;  
Murray,  1969; Fogel and  Mortimer,  t969;  Fogel, 
Hurs t ,  and  Mortimer,  197t ;  Smith,  F i nne r t y ,  and  
Chovnick, t970;  Chovnick et al., t970;  B a l l a n t y n e  
and  Chovnick,  1971). I n  addi t ion,  in t rac is t ronic  and  
intergenic  reciprocal r ecombina t ion  events  have been 
shown to react iden t ica l ly  to u l t rav io le t  rad ia t ion  and  
x-rays (Esposito, 1968). 

A p re l imina ry  account  of these exper iments  has 
been repor ted  (Yu and  Peterson,  1971). 

1. Materials, Methods, Explanations 
a. Gene Symbols and Defini t ion of  Terms 

Allele or element Description or phenotype 

W x  The nonwaxy starch-producing al- 
lele; expressed in endosperm and 
pollen grains by staining blue black 
with I~-KI solution. 

wx The waxy starch-producing allele; 
recessive to W x ;  expressed ill endo- 
sperm and pollen grains by stain- 
ing red to brownish red with I~-KI. 

wx x or wx y One of the wx alleles specified; x 
(or y) as general term = C, B, 90, 
or H21. 

N Normal chromosomal constitution 
in the genome. 

T l~eciprocal translocation or chromo- 
some interchange present in the 
genome (as contrasted to N): the 
exchange of segments of chromo- 
some 9 and another chromosome. 

Ti One of the translocations specified ; 
i as general term for t, 2 . . . . .  or 
10. 

T/N or N/T Translocation heterozygote; semi- 
sterility results in pollen and ear 
culture. 

Definit ion of  Terms 
Homoallelic 
combination 

Heteroallelic 
combination 

Waxy heterozygote 

Standard 
chromosome 

Proximal 
translocation 

Homozygous for the specific wx 
allele; e.g., wxX/wx x or wxY/wxY. 

Heterozygous for specific wx allele; 
e.g., wz;X lwx y. 

Heterozygous for the wx genotype; 
e.g., w x / W x .  

Normal chromosome 9 in maize 
genome. 

Translocation with the breakage 
point proximal to the wx locus in 
the short arm of chromosome 9. 

Distal Translocation with the breakage 
translocation point distal to the wx locus in the 

short arm of chromosome 9. 

Homotranslocation Homozygous for the specific trans- 
location; e.g., Ti/Ti. 

wx-centromere Physical distance between the wx 
distance locus and centromere in the chro- 

mosome. 

wx-breakage-point  Distance between the wx locus and 
distance breakage point in the translocation 

chromosome. 

Genetic stocks containing the four wx alleles wxC, wxB, 
wx 9~ and wx I~2t (hereafter referred to as C, t3, 90, and 
H21, general terms wxx, wxy) were obtained from Dr. O. E. 
Nelson (University of Wisconsin). The t0 chromosome 
translocation stocks chosen for this study were obtained 
from the Maize Genetics Cooperative, University of 
Illinois. Among the 10 translocations, five involve break- 
age points proximal to the wx locus, and the other five, 
distal to wx (general terms T 1, T~ . . . . .  Ti, etc.). A des- 
cription and an idiogram of the 10 translocation chromo- 
somes are shown in Table I and Fig. 1. The translocation 
chromosomes will be referred to hereafter as interchanges 
or chromosome interchanges. 

b. Development of  the wx Interchange Chromosome Combi- 
nations 

Step 1. The Wx translocation stocks (Table 1), T i - W x /  
T i -Wx,  are crossed to the wxx allele (N-wxx/N-wx x) on 
normal (N) chromosome 9 to recover the heterozygous F 1 
hybrids T i - W x [ N - w x  x. 

T i - W x  N-wx  x T i - W x  
Ti-W--~ X N-wxx  N-wxx " 

The proximal translocation stocks (T 1 -  Ts) are crossed 
to the four wx alleles, C, ]3, 90, and H21 ; one distal stock 
(T6) is crossed to ]3 and 90, and the other four (Tv--T10), 
to alleles C and 90. All kernels from this cross are pheno- 
typically nonwaxy (Wx). 

Step 2. The semisterile (SS) F 1 plants from the step 1 
cross, heterozygous tor waxy and the interchange chro- 
mosome (Ti-Wx/N-wxx) ,  are then backcrossed to the 
same parental wx alleles to recover the desirable crossover 
chromosome strands -- Ti-wxx (Figure I). These events 
occur with a variable frequency and are dependent on the 
wx-breakage-point distance 

TI-WX N-wx  x Ti-wx x 
N-wx~ • N - w x  x N_wx x ( < 1 % ) .  

The proximal wx-linked interchange chromosome is 
derived from a crossover occurring between the Wx locus 
and the breakage point (Fig. 2a), and the distal one is 
obtained if the crossover is in the intersti t ial  segment, 
distal to the W x  locus in chromosome 9 x (Fig. 2b). For 
any confirmed T wx strand, only one isolate was used in 
further crosses. 

The resultant ear culture will include half waxy and 
half nonwaxy kernels. The desirable Ti-wxx/N-wx x com- 
bination is among the waxy (wx) seeds. A large number of 
maize plants (e.g., 102--10 ~ plants from wx progeny of 
step 2) usually are needed to procure a single desired 
Tx-wxx chromosome strand. 

Step 3. The purpose of this step is to isolate the Ti-wx x 
chromosome strand fronl the Ti-wxX/N-wx x genotype. 
The field-identified semisterile plant  is crossed to an 
inbred line ( N - W x / N - W x )  for this isolation. 

Tt-wx x N - W x  Ti-wxX (50%) �9 
N_wx x X N - W x  N - W x  

Theoret. Appl .  Genetics, Vol. 43, No. 3]4 
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I t  is important that no Wx kernel 
is mixed among the wx seeds in plant- 
ing. Most misclassified Wx seeds will 
appear as semisterile plants ; therefore, Chromosome 
wx homozygotes among the selected interchange 
plants are confirmed by examining 1 2 
the semisterile pollen with I , -KI  solu- 
tion. All kernels resulting from the Prox ima l  
step-3 cross are expected to be of the TI 8- -9  539t 
nonwaxy type. T2 5--9  487I 

S tep  4. The desirable heteroallelic T3 5 - -9a  
combination, Ti-wxXjTi-wxY, homozy- T4 6 - - 9 b  
gous for the specific chromosome in- T5 4- -9  8636 
terchange (Ti), is produced by inter- 
crossing the appropriate semisterile Distal  
plants from step 3. T6 8--9  5300 

T7 3 - -9 f  
Ti-wxx Ti-wxY Ti-wxx (25%) �9 T8 6- -9  
N-W~ • N-Wx Ti-wxY T9 7--9 6482 

The homoallelic genotypes, homo- T l0  7--9 7074 
zygous for both the w x  allele and the Standard  
interchange chromosome (Ti-wxx[ 
Ti-wx x) are produced by self- or sib- Chromosome 9 
crossing the semisterile plants within 
individual lines. 

Ti-wx x Ti-wx x Ti-wxX ] 
- -  X - -  

N - W x  N - W x  Ti-wx x ' 

Ti-wx x N - W x  
N - W x '  N--~W-~Wx (1:2:1) " 9~ lo 

Again, the wx kernels (about 25%) Stan~a,'~ 
are usually of the desired types. The :,~o~oso~e 9 ?s ~,~ 

W x  kernels (about 75%) from this 
interchanges 9S wx.~ homoallelic cross canbeused to  further ~o~i~; " r~ . . _ 

identify the translocation. Two-thirds 
of the W x  progeny plants should be TZ ?s w,~ 
semisterile because the proportion of 
genotypes, T i - w x X / N - W x  and N - W x /  T3 ?s w,• 
N - W x ,  is 2:1. 

Step 5, The desirable combination, 
heteroallelic or homoallelic for the wx ?s w,• 
allele and homozygous tor the speci- TS 
fie chromosome interchange is obtain- 
ed from Ti-wxX/ iT-wx y or Ti-wxXJTiwx x oi s : ~ 1 
crosses, respectively, and represent the 
sources of pollen for the recombina- 
tion assay. From each heteroallelic ~t 
line, at least two plants used in the r~ . . . . . .  
tassel collection are outcrossed to  ?L 
normal (N) plants to confirm the pre- r9 
sence of the translocation. 

T~-wx~ N-Wx Ti-wx 000%).  
T-wxv  • N - W x  N - W z  

All the progeny plants from these 
testcrosses should be semisterile. 

To assure a uniform environment for the interchange 
event, seed samples of all the desirable combinations from 
step-4 crosses were alloted to 16-foot rows, with a com- 
pletely randomized design, and planted on the same date, 
May 13, t971. 

c. The Location o f  the wx Locus  and the Length  
()f the Rearranged Chromosome 

The precise position of the wx locus in the short arm of 
chromosome 9 (9S) has never been determined. McClin- 
tock (1941) reported tha t  wx is located at approximately 
the middle of the short arm and is distal to the dark- 
staining third of the arm adjacent to the centromere. I t  
was also placed distal to Ds as illustrated by her photo- 
graphs and diagram (McClintock, 1951). According to 

Table t. The consti tution of  interchange chromosomes 

Mean position Approximate 
of break-point a distances b (u) 

3 4 

Length oi 
chromosome 
(u) 
5 

8L.07 ;9S.33 
5L.7~ ;9S.38 
5L.69;9SA 7 
6LAo;9S.37 
4L.94 ;9S.o9 

8L.85 ;9S.43 
3L.63 ;9S.69 
6L.O6;9S. 73 
7L.Ol ;9S.97 
7L.03 ;9S.8O 

wx-c t  c wx-bk d 

3.61 t.08 24.18 
22.56 0.31 60.31 
25.17 3.55 62.92 

4.1 5 0.46 25.30 
38.79 4.79 70.66 

wx-dte  wx-bk d 

5.89 0.46 39.86 
t9.77 4.48 53.75 
39.73 5.t0 73,70 
42.93 8.80 79.90 
39.61 6.t8 73.59 

wx-c t  ~ wx-dt ~ 
6.18 9.27 43.24 

a from Longley (1961). 
b Modified from 1Rhoades (i950). 
c Waxy-centromere distance. 
d Waxy-break-point distance. 
e VCaxy-distal end distance. 
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Fig. t. The standard and rearranged chromosomes; interchanges involve chro- 
mosome 9 of maize with breakage points proximal (Ti--Ts) and distal (T6--T10) 

to the wx locus (interchanges listed in Table 1) 

Roman and Ullstrup (1951 ), the approximate positions of 
the breakage point of TB-9b is 9S.40. Because the wx 
locus is not uncovered by Tb-9b, i t  can be inferred that  
the cytological distance between wx and the breakage 
point of such a translocation is negligible (Bianchi and 
Borghi, 1966). Genetic data suggest that  the crossover 
distance also is small; the wx locus is about 0.1 map unit 
from the breakage point of Tb-9b (Bianchi, 1968). Rhoa- 
des (personal correspondence) suggested that  the wx locus 
could not be any nearer than 9S.40. Because of these 
considerations, 9S.40 is arbitrarily adopted as the chro- 
mosome position of the wx locus in this study. 

The length of the rearranged chromosomes (Fig. t) is 
determined from the information on breakage points of 
the two chromosomes involved in the interchange. For 

Theoret. A p p l .  Genetics, Vol. 43, No.  3/4 
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H "I 
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Fig. 2 A. The desirable (proximal) cross- 
over events and recovered chromoso- 
mes including the desirable interchange 
chromosome containing wx from the 
translocation heterozygote involving 
chromosone 9 of maize; 9 = standard 
chromosome 9; x = standard other 
chromosome; x g = interchange of x 
chromosome with segment from 9-x 
centromere (the arm length of chromo- 

some 9 and the site of wx are not 
drawn to scale) 
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Fig. 2 B.The desirable (distal) crossover 
events and recovered chromosomes 
including the desirable interchange 
chromosome containing wx from the 
translocation heterozygote involving 
chromosome 9 of maize; 9 = standard 
chromosome 9; x = standard other 
chromosome; 9 x = interchange of 9 
with other chromosome-9 centromere 
(the arm length of chromosome 9 and 
the site of wx are not drawn to scale) 

example,  the  p rox imal  in terchanges  conta in  wx in the 
noncent romere  9S segment,  distal  to the  breakage po in t  
on 9S, and ano ther  chromosome wi th  a centromere,  but  
w i thou t  a segment  of one arm. Thus, the  whole length  
of the  rearranged chromosome will be the  sum of the  
dis tal  9S segment,  plus the main por t ion  of the  chromoso-  
me invo lved  in the  in terchange,  including its centromere .  
The in terchanges  invo lved  wi th  the  breakage po in t  dis tal  
to wx conta in  the long arm and prox imal  por t ion  of the  
short  a rm (including wx) of chromosome 9, as well as 
a dis tal  segment  from the o ther  chromosome involved  in 
the interchange.  The physical  length  (in microns) of 
maize chromosomes and thei r  a rm rat ios are based on 
Rhoades '  calculat ions (t 950), and the posi t ion of breaks 
are f rom Longley ' s  da ta  (1961). The a rm ra t io  of chro- 
mosome 6 is bel ieved to be 3.1:1.0 (Maguire, 1962; 
Rhoades  and Dempsey,  personal  correspondences),  
a l though Rhoades  (1950), Neuffer  et al. (1968), and 
\u  L. Brown (unpublished notes) gave  ra t ios  of 7.1, 7.0, 
and 6.2:1.0 for this chromosome,  respect ively,  t h a t  do 
not  include the  satel l i te  and " g a p "  por t ion  of the  nuclear  
organizer  region (Phillips, personal  communicat ion) .  

d, Pollen Collection and the Recombination A s s a y  

Tassel segments  used in pollen assays are collected the 
day  before anthesis  and consist  of par ts  of the main  spike 
of the  tassel ad jacen t  to freshly shed anthers.  These are 
cured in 70-percent e thanol  for several  weeks before 
staining. The  solution used to stain pollen is a modif ica-  
t ion of t h a t  suggested by Nelson (1968): 25 lnl H~O. 
250 mg KI ,  and 45 mg 12. One drop of Tween 80 is s t i rred 
into  the I.~-KI solut ior ,  which is then  m i x e d  with  0.3 g 
of soluble Baker ' s  gelatin.  Fresh stain is prepared  weekly.  

For  slide preparat ion,  about  60 anthers  (3 from each of  
20 florets) are picked, placed on the  surface of a 3.25" • 4" 
lantern  slide (Esco groundedge cover  glass) conta in ing  
several  drops of stain. The anthers  are cut  apar t  and 
gent ly  pressed so tha t  the pollen grains are released into  
the solution. Af te r  debris  is removed,  the  pollen grains 
are d is t r ibu ted  evenly  in an area  then  covered by a 
50 • 75 mln cover  glass (Corning). The preparat ion,  which 
is ready  for count ing  shows m a x i m u m  different ial  s tain-  
ing a t  this t ime.  A slide m a y  average  more  than  100,000 
pollen grains and f requent ly  can be s tored a few days  by 
coat ing the edges of the  cover  slip wi th  clear nail  polish. 

An AO Cycloptic  b inocular  (Stereoscopic Microscope, 
Series 58) wi th  adequa te  i l luminat ion  under  the slide is 
used for scanning pollen grains. Es t ima t i on  of the  to ta l  
pollen popula t ion  on the slide is obta ined  by mul t ip ly ing  
the  average of t0 counts  f rom randomized  sites on the  
slide by a "cons tan t " ,  940. The grid in the  eyepiece covers 
4 mm 2 ( =  2 m m  • 2 ram) on the  glass s tage of the  b i n o -  
cular (when magnif ica t ion  is set at  25X), which is 1/937.5 
of the  to ta l  area of the  cover  slip, 3750 m m  2 ( =  50 m m  
• 75 ram). Since pollen grains d is t r ibu ted  on the edge of 

the  control  area are l ikely to be counted,  940  has been 
used to compensa te  for this minor  bias. 

2. A D e s c r i p t i o n  o f  t h e  C o m b i n a t i o n s  o f w x  w i t h  
S t a n d a r d  a n d  I n t e r c h a n g e d  C h r o m o s o m e s  

F o u r  w x  al le les  a m d  10 t r a n s l o c a t i o n s ,  f ive  p r o x i -  
m a l  (T1--Ts)  a n d  f ive  d i s t a l  (T6--T10), a re  u sed  in th is  
s t u d y .  W i t h  f o u r  w x  alleles,  C, B,  90, a n d  H 2 t ,  t h e r e  
a re  s ix  poss ib le  h e t e r o a l l e l i c  c o m b i n a t i o n s ,  C/B,  C/90, 
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Table 2. The possible heteroallelic homotranslocation combi- 
nations : the recovered lines (32) ; unavailable ( --)  

Table 3. The Wx frequencies of four parental homoalleles on 
standard chromosomes, both from inbred parents (A) and 

outcrossed parents ( B) a 
Proximal TI T2 T3 T4 T5 Control 

No. of Wx 
C/B X X -- X X X Line Allele frequency s~ b gametes 
C/90 X -- -- X X ~2 ( • t o- s) sampled 
C/H2i -- X - -  - -  - -  X ( x  I o a) 
B/90 X -- -- X X X 1 2 3 4 5 
B/H21 - -  X X - -  - -  X 
90/H21 . . . . .  X A 1 C/C O.95 0.07 633 
Distal T6 T7 T8 T9 TI0 Control 2 B/B 0.77 0.10 647 

3 90/90 0.29* 0.18 680 
B/90 X . . . .  X 4 H21/H2I 1.15 0.58 609 
C/90 -- X X X . X X B 5 C/C O.97 O.37 615 

6 B/B 1.54 0.83 651 
C/H2t ,  B/90, B/H21,  and  90/H2f ,  and,  with five 7 9o/9o 3.86* o.96 596 
prox imal  chromosome in terchanges  (breaks on the 8 H2I/H2t  3.07 0.51 561 

chromosome prox imal  to wx), 30 T-wx combina t ions  
are possible. I n  the distal  series (breaks dis ta l  to wx), 
one B/90 and  four c/9o heteroallel ic combina t ions  are 
tes ted on five chromosome interchanges .  Of these 
35 (30 p rox imal  and  5 distal), t8  are complete  
(Table 2). Inc luded  are 13 of the proximal  series and  
five of the dis ta l  series. 

D a t a  on the f requency of W x  in wx x wx y stocks are 
ob ta ined  from several  allelie combina t ions :  homo- 
allelic, s t anda rd  chromosomes;  heteroallelic,  s t a n d a r d  
chromosomes;  homoallelic,  homot rans loca t ion  chro- 

a Inbred parents = N-wxX/N-wx x • N-wxX/N-wx x, out- 
crossed parents = N-wxX/N-Wx • N-wxX/N-Wx '. 

b sff ~ (s2/n) 112, standard error; where "s 2'' is the sample 
variance and "n" is the number of observations on the mean. 

* Difference is significant at 0.05 level (t-test, for the differ- 
ence of the same homoallele from two parental sources). 

pollen grains. Lines from the inbred  sources (self- 
crossed or sib-crossed) and  from the outcrosses 
(N-wxX[N-Wx ' • N-wxX/N-Wx '') vary.  The value of 
the reversion rate  of a ny  m u t a n t  m a y  be affected 
b y  back mu ta t i on ,  suppressor mu ta t i on ,  and  even 

mosomes;  and  heteroallelic,  ho- 
mot rans loca t ion  chromosomes.  Table 4. The Wx frequencies of heteroallelic combinations on standard (A) and 
The homoallel ic  s t anda rd  serves interchange (B and C) chromosomes of four wx alleles a 

as the control.  The W x  f requency 
Wx frequency ( • t0 -5) c 

values of tile 4 wx homoalleles IAne Allelic - - No. of gametes s~ 
on the s t anda rd  chromosome, combination Observed Adjusted b sampled (• a) 
bo th  from the inbred  source and  I 2 3 4 5 6 
from the crosses of waxy  hetero- 
zygous parents ,  are shown in A 1 C/B 41.0o 39.75 737 5.43 

2 C/9O 88.25 85.84 740 9.76 
Table  3. The r ecombina t ion  fre- 3 C/H21 51.85 49.83 627 4.57 
quencies of 6 heteroallel ic  corn- 4 B/90 0.88 (--1.82) 793 0.43 
b ina t ions  at the wx locus of the 5 B/H21 37.03 35.73 651 5.01 
s t anda rd  chromosome (controls) 6 90/H21 17.88 14.42 783 2.40 
and  18 heteroallel ic  combina-  13 7 T1-C/B 29.43 28.87 751 1.46 
t ions  on in te rchange  chromoso- 8 TI-C/90 33.84 33.33 632 3.39 

9 Tt-t3/90 0.52 o.01 769 0.32 
mes are shown in Table  4. The 1o T2-C/B 26.92 24.18 773 3.37 
W x  frequencies of thehomoal le l ic  11 T2-C/H21 50.68 49.16 734 2.91 
homot rans loca t ions  are shown in 12 T2-B/H21 28.77 26.12 813 3.20 
Table  5. I n  each ins tance,  more 13 Tb-B/H21 30.38 27.66 770 4.08 

14 T4-C/B 41.84 39.31 722 3.94 
t h a n  one-half  mil l ion pollen 15 T4-C/9o 3.04 (--0.98) 1o84 0.94 
grains for each combina t ion  t6 T4-B/9o 35.57 32.06 827 4.66 
(Tables 3 and  5, co lumn 5 ; Table  4, 17 T5-C/B 33.96 33.00 689 2.31 

18 T5-C/90 68.62 67.06 721 1 o.4S 
co lumn 5) from five p lan ts  were t9 T5-B/90 o.71 (--o.34) 7o7 o.44 
sampled  to ob ta in  the wx rever- 
sion results.  C 20 T6-B/9O 1.83 0.39 7tl  0.81 

2t T7-C/9O 44.55 43.55 631 6.8o 
3.  C o m p a r i s o n  o f  t h e  W x  22 T8-C/9o 49.63 47.40 514 2.87 

23 T9-C/9o 47.73 46.32 631 4.4o 
F r e q u e n c i e s  o n  S t a n d a r d  24 TIO-C/9O 59.15 57.07 561 3.64 

C h r o m o s o m e s  

a. Between Inbred and Outcross a A = controls (standard chromosomes), B and C -- proximal and distal interchan- 
Sources of Parental Homoalleles ges. 

b Adjusted = (observed value) -- (P1 + P )/2; adjusted for reversion (figure with 
P a r e n t a l  stocks gave low, bu t  " - "  symbol should be counted as "0"). 

measurable ,  frequencies of W x  c s~ = standard error. 
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Table 5. The W x  frequencies of the four parental homoalleles 
on the proximal (A ) and distal (t3) interchange chromosomes 

No. of 
Wx 

Line Mlelic frequency s,~ a gametes 
sampled combination ( • ~0_.5) ( • t0s)  

t 2 3 4 5 

A t T,-C/C 0.57 0.45 701 
2 T1-B/B 0.56 o.11 716 
3 T1-9O/90 0.46 0.08 864 
4 T2-C/C 1.61 0.42 746 
5 T~-B/B 3.87 1.08 646 
6 T2-H21/H2t 1.43 0.69 838 
7 Ta-B/B I. 73 0.08 636 
8 Ta-I-I21/H2f 3.72 1.55 752 
9 T4-C/C 3.04 0.8t 724 

10 T4-B/B 2.03 0.72 541 
11 T4-90/90 5.00 t.12 580 
t2 Ts-C/C t.48 0.12 677 
t 3 Ts-B/B 0.45 0.06 660 
14 T~-90/90 1.65 0.49 668 

B t5 T6-B/B 1.26 0.43 796 
t6 T~-90/90 1.62 0.46 924 
17 TT-C/C O.90 0.34 557 
18 T7-90/90 1.10 0.t0 544 
t9 Ts-C/C 2.86 1.17 524 
20 T8-90/90 1.60 O.05 56t 
21 To-C/C 0.79 0.09 506 
22 T9-90/90 2.03 O. 74 599 
23 Tlo-C/C 1.80 0.65 61t 
24 Txo-90/90 2.35 0.72 510 

a s~ = standard error. 

contamination from wind-blown pollen grains lodged 
in one of the glumes to be sampled. 

The frequencies of occurrence of W x  pollen grains 
among the four inbred source homoallelic combi- 
nations are from 0.29 to t.15 • 10 -5, and range from 
0.97 to 3.86 • t0 -5 in lines developed from the cros- 
ses of heterozygous for waxy parents (Table 3). 

The frequency of W x  of each individual homoallele 
from the inbred source, in every case, is slightly lower 
than that obtained from outcross sources. The value 
for line N-wxg~ 9~ shows a significant difference 
(t-test) between the two seed origins (Table 3, co- 
lumn 3, lines 3 vs. 7). 

I t  seems that  the variability in genetic background 
does influence the rate of reversion. All the inbred 
source stocks were inbred for no less than 2 gene- 
rations, which made them more homogeneous. The 
parental stocks developed from outcrosses produced 
higher W x  values, which may represent a kind of 
heterosis, the result of the stimulation of the hetero- 
geneous genetic background. 

b. Between Homoallelic and Heteroallelic Combinations 

To compensate for back-mutation (reversion), sup- 
pressor mutation, and other factors, the W x  frequen- 
cy from heteroallelic combinations has been adjusted. 
This was done by using the factor (P1 + P~)/2 as the 
average of W x  arising from homoalleles. The P~ and 
P= represent the frequencies of W x  originating from 

the two homozygous parental stocks (either on stan- 
dard or on interchange chromosomes), which are 
shown in Tables 3-B and 5. The mean of the W x  fre- 
quencies arising from heteroalleles is reduced because 
the W x  frequency of the F 1 cross includes both the 
real recombination between two mutant  sites, as well 
as back mutation, and (or) other factors as expressed 
by the parental stocks (P1 and P2). The adjusted 
values are shown in Table 4, column 4. 

The adjusted recombination frequencies of the 
heteroallelic combinations on standard chromosome 
(Table 4-A, column 4, lines 1--6) range from lower 
(e.g., B/90 combination) than the average W x  fre- 
quency of its two parental homoallelic stocks to 
many-fold higher. Five (of six) heteroallelic combi- 
nations, which show higher recombination values than 
those of the parental mean values, are significantly 
different (Table 6). The other heteroallelic combi- 
nation, B/90, shows a highly significant lower W x  
value than the mean value of the parental W x  only 
because its adjusted figure has been estimated as "0"  
(the adjusted value is negative, --1.82 • 10 -5, which 
should be treated as "0"). Therefore, the alleles used 
in the heteroallelic crosses occupy different sites 
within the wx region in the chromosome. 

Table 6. Comparison of the Wx  frequencies ( • 1o -4) be- 
tween parental homoaUele (average value) and heteroallelic 

combination (adjusted value) on standard chromosome a 

Mean value t-Ieteroallelic Recombination of the combination value two parents 
X-%test 

C/B 39.75 1.2617 **e 
C/90 85.84 2.42 * * 
C/H21 49.83 2.02 ** 
t3/90 0 d 2.70 * * 
13/H2t 35.73 2.31 ** 
90/H21 14.42 3.47 ** 

a Chi-square test (data from Tables 3-B and 4-A). 
b t.26 = (0.97 + 1.54)/2 (from Table 3-B, lines 5--6). 
e ** = significantly different at .01 level. 
cl Any figure compared with 0 is considerated**. 

The adjusted W x  frequencies of the heteroallelic 
combinations (Table 4-A, column 4) are the expres- 
sion of the recombination events within the wx cis- 
tron. It  seems that the hetereoallelic combination, 
C/90, has the highest recombination frequency 
(85.84 X 10-5). Therefore, wx alleles C and 90 should 
be farthest apart among the four alleles in this study. 
Since the W x  frequencies of both combinations C/H2t 
and 90/H2t (49.83 and t4.42 • 10 -5) are lower than 
that of C/90, the location of allele H21 according to 
this data is considered to be between C and 90. These 
results are in agreement with Nelson's (1959). 

The very low recombination value between allelesB 
and 90 (negative, after adjustment) indicates that the 
/3 and 90 alleles lie very close to each other or are 
overlapping in the cistron. Contrary to expectation, 
however, the recombination relationships of these 

Theoret. Appl.  Genetics, Vol. 43, No. 3/4 



M.-H. Yu and P. A. Peterson: Influence of Chromosomal Gene Position on Intragenic Recombination t27 

two alleles with the others are Table 7. Comparison of all Wx  frequencies (•  lo -5) of the heteroalleles 
not similar. The inclusion of the on chromosome interchanges with that of controls a 

B allele does not permit  an ad- " . . . . . .  d' 
ditive evaluation and makes map-  Allele Control 
ping of the wx region difficult. 
The linear order of the wx alleles, C/B (T4) b T5 
deduced from a composite of the 39.75 - 33.o0 
da ta  (Table t3-A, lines t - -6 ) ,  is T5 T1o* 
C-H2t-90(B). C/9o 85.84 67.o6 57.o7 

T7** Tt** 
The adjusted recombination 43.55 33.33 

values of combination B/90, T2 
whether on s tandard chromo- C/H2t 49.83 49.16 

(T4) T6** 
somes (Table 13-A, line 4) or on B/9o o c -- 0.39 
chromosome interchanges (Table T3 T2 
13-B and C, lines 7, t4, 15), are B/H21 35.73 27.66 26.12 
too low to detect a real differ- 
ence. For this reason the hetero- 
allelic combination, B/90, gener- 
ally will not be included for com- 
parat ive  purposes. 

Chromosome interchanges . . . .  
�9 05 .OI 

TI T2** 
28.87 24.t8 10.96 t4.99 
T8** T9** 
47.40 46.32 22.47 29.19 
(T4) 

ti .49 17.71 
TI** T5 

0.01 0 1.68 2.30 

t2.42 17.72 

a Dunnett's procedure, d' ~ t (Dunnett) s/(data from Table 4, colunm 4). 
b (T4) figure is not used for comparison. 
c Any figure compared with 0 is considered to be ** 
* Significant difference from control at 0.05 level. 
** Significant difference from control at 0.01 level. 

4. C o m p a r i s o n  o f  w x  R e c o m b i n a t i o n  V a l u e s  

a. Heteroallelic Homotranslocations versus Hetero- 
allelic Standard Chromosomes 

Recombinat ion at the wx locus has been studied 
both in s tandard  and in interchange (homotranslo- 
cation) chromosomes. The W x  frequencies of the 
interchange chromosome combinations, both the 
proximal  and the distal series (Table 4-B and C, 
column 4), generally are lower than  those of the con- 
trois (Table 4-A, column 4). This is evident among 
the da ta  listed in Table 4, column 4, where 13 of t5 
combinations under consideration (lines 14--16 are 
not included) have values lower than or equal to those 
of the s tandard chromosomes. The recombination 
values of the three combinations, C/B, C/90, and 
B/90, involving T~ (Table 4-B, lines t4- -16)  are not 
consistent with the values of other interchange com- 
binations and will not be discussed further. 

When the recombination values of all interchange 
groups are compared with their controls, significant 
differences are evident in the C/B, C/90 (lower), and 
B/90 (higher) groups (Table 7). By utilizing Dunnet t ' s  
procedure (Steel and Torrie, 1960), it is evident tha t  
the adjusted recombination values of heteroallelic 
combinations, C/B on T 2, and C/90 on T 1, T~, T s, and 
Tg, are significantly lower than those of controls at 
the 0.01 level, and T10-C/90 combination is signifi- 
cantly lower at the 0.05 level. The heteroallelic com- 
binations C/H21 and B/H21 on interchanges T~ and 
T~ (Table 7, lines 3 and 5) are not significantly differ- 
ent from the controls. 

The heteroallelic combination B/90 on the s tandard 
chromosome (control) has an adjusted W x  frequency 
of "zero" (Table 4-A, line 4). Since any figure divided 
by  zero is " inf ini ty",  the values in the B/90 inter- 
change group are interpreted as significantly different 
(higher) from tha t  of the control (Table 7), although 

all three figures in the interchanges are extremely 
small. 

b. The same Heteroallelic Combination at Di/ /erent  
Posit ions 

i. Prox imal  Series. The distribution of the recom- 
bination frequencies of a heteroallelic combination 
among different interchange chromosomes is an in- 
dependent event. Duncan 's  "new multiple-range 
tes t"  (Steel and Torrie, 1960) provides a method of 
comparison with all size differences. This depends on 
the closeness of the means after ranking, with the 
smallest value for adjacent means and the largest for 
the extremes. With this test, the combinations tha t  
show significant differences among interchanges are 
C/B and C/90 heteroallelic groups (Table 8). 

The recombination values of the C/90 heteroallelic 
combination on the relocated positions show highly 
significant differences between T 1 (33.33 • t0 -5) and 
T 5 (67.06 • t0-5); significant differences are found 
between T 5 and T v T s, and T~ (43.55, 47.40, and 
46.32 • 10-5, respectively) as well as between T 1 and 
T10 (57.07 • 10 -5) combinations (Table 8). In  the 
C/B heteroallelic group, a significant difference is 
evident between T~ (24.18 • t0 5) and T 5 (33.00 • 
10-5), and no significant difference is found between 
other interchange pairs. 

From tile distribution of the W x  frequencies of 
C/B and C/90 heteroallelic groups in the chromosome 
interchanges, it seems tha t  the distance between the 
wx locus and the centromere does influence the rate of 
recombination. The linear correlation between the 
wx-centromere distances and the wx-recombination 
frequencies on the rearranged chromosomes, com- 
bined values of the C/B and C/90 combinations, is 
shown by  the solid line in Fig. 3. I t  seems that  the 
longest wx-centromere distance of T 5 (38.79 u) results 
in the greatest  recombination values, and the hetero- 
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Table 8. Comparison of the Wx frequencies ( x  Io -~) of the 
same heteroallelic combination among different homotrans- 

locations a 

Allele Homotranslocations 
70 

C/B T5 TI T2 
33.00 28.87 24.18 
a a 

b b 

T5 T10 T8 T9 T7 Tf 
C/90 b 67.06 57.07 47.40 46.32 43.55 33.33 ~ so 

a a "7 
b b b b 

C C C C 4 0  x 

T6 Tl  T5 
B/90 0.39 0.01 o g 

a a a o 30 

T3 T2 
B/H21 27.66 26.12 L ir 

a a ~,# 2o 

Least  significant ranges (LSR) 

Value 
of "p" I 2 3 4 5 6 

18.57 t8.98 19.34 
25.00 25.53 25.88 

C/B .o5 7.72 8.09 
.0t 10.82 11.40 

C/90 .05 ~7.2~ ~8.f0 
.01 23.35 24.4~ 

B/90 0.5 1.74 t.82 
.01 2.44 2.57 

B/H21 .05 f l .96 
.01 17.39 

a Duncan's new multiple-range test on the adjusted data 
(Table 4, column 4), figures with different letters are signific- 
antly different at 0.05 level; data of T4 group are not included. 

b Among the interchanges TI and T5 are significantly differ- 
ent at 0.01 level. 

�9 C/B 
�9 C/90 
�9 (C/B + C/90) /2  
o C/H21 
�9 B/90 
o B/H21 

&~'~.  0 . . . 0 ~ "  

lo 

i i i  i i i i  i i 

0 3.6l 6.18 lO 2022,5625,]7 30 38.79~ 

T1 T6 T2 T3 T5 
to 

TlO 
~-centromere distance (~) 

Fig, 3. Test of hypothesis of centromere effect on recombi- 
. . . . . . . . .  nation frequency. Correlation between the wx-centromere 

distance and Wx recombination on the rearranged chromo- 
somes; wx-centromere distance from Table 1, Wx frequency 
from Table 4, column 4, lines 7--13 and t7--24 (solid line 
shows the value for the combined averages of the C/B and C/90 

heteroallelic combinations) 

al lel ic combina t ions  in shor t e r  wx-centromere dis-  
t ances ;  i.e., T2, T6--T10, and  T 1 (22.56 u, 6.t8 u, and  
3.61 u), resul t  in fewer r ecombina t i ons  (Table 8 and  
F igure  3). 

This  l inear  cor re la t ion  is also t rue  for the  B / H 2 t  
combina t ion .  T rans loca t ions  T2 and  T3, which have  
s imi la r  wx-cen t romere  d i s tances  (22.56 u and  
2 5 . t 7 u ) ,  show s imi la r  ra tes  of r e combina t i on  fre- 
quencies (26.t2 and  27.66 • t 0  -5, Tab le  8 and  F igure  
3). B o t h  in te rchanges  T~ and  T 3 invo lve  chromoso-  
mes 5 and  9. The  B/90 c o m b i n a t i o n  does not  show 
a s igni f icant  difference in W x  f r equency  among  the  
r e loca t ed  ch romosome  posi t ions.  

if. Distal Series. The s t u d y  of the  d i s t a l  t rans lo-  
ca t ion  series offers an o p p o r t u n i t y  to examine  the  
effect of an e x t e n d e d  d i s t a l  segment  on wx r ecombi -  
na t ion  f requency.  There  are four  d i s t a l l y  l eng thened  
segments  con ta in ing  the  he teroa l le l ic  combina t i on  
C/90 t h a t  can be c o m p a r e d  in severa l  ways  (Table 
4-C, l ines 2 1 - 2 4 ) .  W i t h  D u n c a n ' s  me thod ,  there  is no 
s t a t i s t i ca l  difference among  the  four a d j u s t e d  recom- 
b ina t i on  values,  a l t hough  there  was a h igh ly  signifi-  
can t  difference (X2-test) be tween  the  a d j u s t e d  W x  

values  of T~ and  T10 combina t ions  (55.26 and  
94.52 • 10 -5) in t970 (Table  13-C, l ines t 6 - - t 7 ) .  
This  ind ica tes  t h a t  the  na tu r e  of the  wx locus is not  
in f luenced  b y  the  changing  s i tua t ion  of the  d i s t a l  
s egment  of the  ch romosome  arm,  as long as the  wx- 
cen t romere  re la t ionsh ip  remains  unchanged  on the  
or ig ina l  ch romosome  9. 

c. Homoallelic Homotranslocations versus Homoallelic 
Standard Chromosomes 

F o r  the  homoal le l ic  series, the re  are 24 combina -  
t ions  among  the  t r ans loca t ions  (Table 5) and  four 
combina t ions  among  the  cont ro ls  (Table 3). A m o n g  
the  m u t a n t  homozygotes ,  s izable differences in W x  
f requencies  are found  wi th  the  r e loca t ed  posi t ions.  
Wi th in  each homoal le l ic  group,  a t  leas t  one or  more  
in t e rchange  combina t ions  show numer i ca l l y  h igher  
W x  values  t h a n  t h a t  of the  s t a n d a r d  ch romosome  
(Table 9). This  ind ica tes  t h a t  the  new ch romosomal  
pos i t ion  s t imu la t e s  revers ions  in the  new loca t ion  
wi th in  the  genome.  

In  compar ing  the  W x  f requencies  among  homo-  
alleles of all i n t e rchange  combina t ions  wi th  those  of 
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Table 9. Comparison of the W x  frequencies ( • Io -~) of all 
homoalleles on interchange chromosomes with that of controls a 

Allele Control Interchange chromosomes d' 

.o5 .ol 

T4 T8 TI 0 T2 
C/C 0.97 3.04 2.86 1.80 t.61 2.42 2.94 

T5 T7 T9 TI 
1.48 O.9O 0.79 0.57 
T2 T4 T3 T6 

B/B 1.54 3.87 2.03 t.73 1.26 2.50 3.09 
TI T5 
0.56 0.45 
T4 TlO T9 T5 

90/90 3.86 5.00 2.35 2.03 1.65 2.78 3.36 
T6 T8 T7 TI** 
1.62 t.60 t.10 0.46 

T3 T2 
H21/H21 3.O7 3.72 1.43 3.61 4.89 

a Dunnett's procedure (data from Tables 3-B and 5). 
** Significantly different from control at 0.01 level. 

Table 10. Comparison of the W x  frequencies (• 1o -5) of the 
same homoallele among different translocations a,b 

Allele Homotranslocations 

T4 T8 TI0 T2 T5 T7 T9 TI 
C/C 3.04 2.86 1.80 t.61 1.48 0.90 0.79 0.57 

a a a a a 

b b b b b 
c C C C C C 

T2 T4 T3 T6 TI T5 
13/B 3.87 2.o3 1.73 t.26 0.56 0.45 

a b b b b b 
T4 TI0  T9 T5 T6 T8 T7 T1 

90/90 5.00 2.35 2.03 1.65 1.62 1.60 1.I0 O.46 
a b b b b b b b 
T3 T2 

H21/ 3.72 1,43 
H21 a a 

Least significant ranges (LSR) 

Value of "p" 2 3 4 5 6 7 8 

C/C .05 1.77 1.87 1.92 1.97 2.00 2.03 2.05 
.ol 2.39 2.49 2,56 2.59 2.65 2.68 2.7t 

B/B .05 1.72 1 .81  1.86 1.9o 1.93 
.ol 2.33 2.44 2.5o 2.55 2.59 

9o/90 .05 1.84 1.94 1.99 2.04 2.o7 2.10 2.12 
.01 2.48 2.61 2.65 2.69 2.75 2.78 2.81 

H21/ .o5 3.9O 
H21 .01 5.67 

a Duncan's new multiple-range test (data from Table 5, 
column 3) ; figures with different letters are significantly differ- 
ent at 0.05 level. 

b Among interchanges TI--T2,  T2--T5 and T2--T6 in the 
B/B group as well as T4 with all other interchanges in 90/90 
group are significantly different at 0.01 level. 

controls  (Table 9), only the 90/90 group shows a 
h ighly  significant difference. According to D u n n e t t ' s  
procedure,  the difference between T~-90/90 (0.46 • 
• 10 -5) and the control  (3.86 • 10 -5) is significant. 

None of the C/C, B/B ,  and H21/H21 groups show 
significant differences between values among all 
in terchange combinat ions  and the controls.  

d. The same Homoallelic Combination at Dif ferent  
Posit ions 

When  the W x  reversion f requency of the same wx 
allele in the homozygous  condit ion is ana lyzed  at 
different chromosomal  positions, there are differences 
within the C/C, B/B, and 90/90 groups (Table 10). 
I n  the 90/90 group, the value of T~-90/90 (5.00 • 
• 10 -5) is s ignif icantly different f rom all the other  
combinat ions.  The B/B group shows highly signi- 
f icant  differences between T 2 (3.87 • t0  -5) and T 1, 
T 5, and T 6 combinat ions  (0.56, 0.45, and 1.26 • 10-5), 
and significant differences between T 2 and Ta (t.73 • 
• t0  -5) as well as between T 2 and T 4 (2.03 • t0-5). 
Significant differences also are found in the C/C 
group between T 4 (3.04 • t0  -5) and T 1, TT, and T 9 
(0.57, 0.90, and 0.79 • t0-5), and between T a 
(2.86 • t0  -5) and T 1 as well as between T 8 and T9 
combinat ions  in the same group. The H21/H21 
group contains T 2 and T a combinat ions  tha t  do not  
show a stat is t ical  difference between each other.  
These results indicate t ha t  there is little relat ionship 
between the W x  f requency  arising f rom the  homo-  
allelic combinat ions  and the wx-centromere or wx- 
breakage-point  distance. 

5" Variation in Percentage Change of the Wx Fre- 
quency from the Control among Different Allelic 

Combinations with the Same Translocation 

a. Heteroallelic Combinations 

There are four t ranslocat ions  IT1, Tz, T 4, and Ts), 
and with each, there is more  than  one heteroallelic wx 
combina t ion  available. Among  the different hetero-  
allelic combinat ions  for each in terchange group,  
there is a wide range in the reduct ion of the W x  fre- 
quencies f rom tha t  of the controls (Table t t). Because 
of this, arcsine t ransformat ion  (Sin -1 xq 2) is applied 
(Steel and Torrie, t960). Also, stat ist ical  analysis 
requires t ha t  exper imental  errors be independent ly  
and normal ly  dis t r ibuted with a common  variance.  

The two heteroallelic combinat ions,  C/B and C/90 
(B/90 is not  included in this comparison) t ha t  are 
relocated to the same T~ posit ion (Table 4-B, lines 7 
and 8), show reduced values of 27.37% and 61 . t7% 
f rom the  controls.  Therefore,  a highly significant 
difference exists between the two lines (Table t t ) .  
Three heteroallelic combinat ions,  C/B, C/H21, and 
B/H21,  are relocated at T~ (Table 4-B, lines 10 - - t2 )  
and show reduced values of 39 . t7%,  t .34%,  and 
26.90%, respectively,  f rom the controls. This repre- 
sents a highly significant difference between C/B and 
C/H21 and a significant difference between C/H21 
and B/H21.  Wi th  t ranslocat ion T 4 (Table 4-B, lines 
14--16),  the percentage changes of C/90 and B/90 
combinat ions  f rom the controls are drast ic  (greater 
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Table ~ 1. Comparison of percentage reduction of the Wx 
frequency from control among different heteroallelic combi- 

nations at the same translocation a, b 

Interchange Heteroalleles ed 

Table 12. Percentage changes of the Wx frequency from con- 
trol among different homoallelic combinations at the same 

interchange chromosome a 

Inter- X "a- C/C B/B 90/90 H21/H21 
change test 

T1 C/9o C/B B/90 
61.17% 27.37% (--) Tt **b --41.2 --63.6 --88.1 -- 
a b T2 ** 66.0 151.3 -- --53.4 

T3 ns c -- 12.3 -- 21.2 
T2 C/B B/H21 C/H21 T4 ** 213.4 31.8 29.5 -- 

39.~7% 26.90% 1.34% "175 ** 52.6 --70.8 --57.3 -- 
a a b T6 ** -- --18.2 58.0 -- 

"1"5 C/90 C/B B/90 T7 ** -- 7.2 -- --71.5 -- 
21.88% t6.98% (--) T8 ** 194.8 -- --58.6 -- 
a a T9 ** --18.6 -- --47.4 -- 

TI0 ** 85.6 -- --31.9 -- 
Least significant ranges (LSR) 

. . . . . .  a Chi-square test (data from Tables 3-B and 5). 
Value of "p " 2 3 

T~ .05 7.24 -- 
.01 10.53 -- 

T2 .05 18.66 19.57 
.01 26.17 27.56 

T5 .05 29.86 -- 
.01 43.41 -- 

a Duncan's new multiple-range test on the arcsine trans- 
formation data; figures with different letters are significantly 
different at 0.05 level. 

b Among the percentages C/90--C/B on Tt and C/B- C/H21 
on T2 are significantly different at 0.01 level. 

e Data of T4 as well as B/90 combinations are not included. 
d 61.17o/o = (t--33.33/85.84) • 100% (from Table 4, 

column 4, lines 2 and 8). 

t han  t00%) ,  and  the differences obviously  are highly 
signif icant .  

The three in terchanges  (T 1, T 2, and  T4), which caus- 
ed s ignif icant  differences in percentage change of the 
W x  f requency from the controls among  different  
heteroallelic combinat ions ,  have re la t ive ly  short wx- 
breakage-poin t  dis tances (t.08 u, 0.31 u, and  0.46 u). 
In  comparison with T 5 (Figure 1), which has a longer 
wx-breakage-point  dis tance (4.79u),  no s ta t is t ical  
difference was found in degree of reduct ion  of the W x  
value from the control  be tween C/B (16.98%) and  
C/90 (21.88%) (Table 11). Therefore, a greater  
difference in the degree of change of r ecombina t ion  
frequencies from controls among heteroallelic combi-  
na t ions  at the same relocated posit ion is m a i n l y  in- 
f luenced by  the closeness of the wx-breakage-point  
d is tance;  thus,  with a shorter  wx-breakage-point  
distance,  a greater  change occurs in i n t r aa lMic  recom- 
b ina t ion  among the relocated segments.  

b. HomoalleIic Combinations 

The different homoalleles at the same chromosome 
posi t ion show some var ia t ion  in the relat ive percent-  
age changes of W x  frequencies from the controls. In  a 
comparison of t0  interchanges,  nine show a high 
degree of difference (Table t2). The one t ha t  does 
not  show a difference is t rans loca t ion  T~, which in- 
volves two homoalleles,  B and H21. Three combi-  

b **Significantly different at 0.01 level. 
e ns = Not Significant in difference. 

na t ions  have percentage changes greater  t han  100% 
from the controls ;  i.e., T2-B/B, T~-C/C, and  Ts-C/C 
( + 1 5 1 . 3 % ,  + 2 1 3 . 4 % ,  and  + 194 .8% ) .  There, arc- 
sine t r ans fo rma t ion  canno t  be appl ied;  ins tead  Chi- 
square test  is uti l ized. I t  shows tha t  different homo- 
alleles have great  differences in the f requency of 
reversion. No par t icu la r  t r end  was no ted  from the 
variables  associated with the rear ranged chromosomes ; 
i.e., the differential  wx-centromere and  wx-breakage- 
po in t  dis tances or the length  of the segment  dis ta l  
to the wx locus. 

6. Effect  o f  E n v i r o n m e n t :  T h e  Effect  o f  Different  
Years on  the II~x Revers ion  Frequenc ies  a m o n g  

Various  Al le l ic  C o m b i n a t i o n s  
The W x  f requency character is t ic  of a cross be tween 

two wx alleles is inf luenced by  e n v i r o n m e n t a l  factors 
as well as by  genetic background.  All avai lable  da ta  
show some level of change in values among different 
years (Table 13). Among  the heteroallel ic combi- 
na t ions  on s t anda rd  chromosomes showing a change 
in 1970, three combina t ions  invo lv ing  the C allele in- 
creased, and  the other  combina t ions  decreased. In  
t971 all r ecombina t ion  values decreased unid i rec t ion-  
ally. In  a be tween-year  comparison,  the greatest  
changes from 1969 to 1970 are in C/90 (which in- 
creased from 69.60 to 109.99 • t0  -5) and  in B/H21 
(which decreased from 94.20 to 52.11 • 10-5). These 
changes are highly significant .  In  1971, only  the C/B 
combina t ion  showed a highly s ignif icant  decrease 
(from 73.79 to 39.75 • t0-5), and  the C/H2t and  
90/H2t  decreased s ignif icant ly  (from 72.59 to 49.83 • 
• 10 -5 and  from 27.89 to 14.42 • 10 -5, respectively) 
from 1970. 

Among  the chromosome interchanges ,  all the 1970 
recombina t ion  values, for which the corresponding 
da ta  of the previous season are available,  show a de- 
crease from 1969. In  197t, however,  there are three 
combina t ions  (T1-B/890, T2-C/H21, and  T6-B/90 ) t ha t  
increased while the rest decreased from t970 in re- 
combina t ion  frequencies (Table 13). The recombi-  
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Tab le  13. Comparison of the Wx frequencies (X ~o -~) of 
heteroallelic combinations on standard (A) and interchange 

(B and C) chromosomes in different years a 

Line Combination 1969 b 1970 197t e 

A 1 C/B 63 . t9  73.79 39.75** 
2 C/90 69.6O 109.99"* 84.85 
3 C/H21 52.2t 72.59 49.83* 
4 B/90  t .33 0 0 
5 B /H21  94.20 52.11"* 35.73 
6 90/H21 37.22 27.89 14.42" 

B 7 T1-t3/90 1 .O2 0 0.01 
8 T2-C/B 36.52 27.48 24.18 
9 T2-C/H21 48.17 40.87 49 . t6  

10 T2-B/H21  47.79 28.31 * 26.12 
11 T3-B/H21  41.41 28.63 27.66 
12 T5-C/B --  45.06 33.00 
13 T5-C/90 --  68.86 67.06 
14 TS-B/90  --  0 0 

C 15 T6-B/90  --  0 0.39 
16 T7-C/90 -- 55.26 43.55 
t7  T I0 -C /90  --  94.52 57.07"* 

a A = controls; B and C = proximal and distal interchan- 
ges. 

b Unadjus ted data  of 1969. 
e From Table 4, column 4, 
* Wx frequency significantly changed from the previous 

year at  0.05 level. 
** Wx frequency significantly changed from the previous 

year at  0.01 level. 

t h e  r e v e r s i o n  r a t e  w i t h  t h e  h o m o a l M i c  c o m b i n a t i o n s .  
T e n  of 24  c o m b i n a t i o n s  o n  i n t e r c h a n g e s  h a v e  h i g h e r  
r e v e r s i o n  v a l u e s  t h a n  t h a t  o n  s t a n d a r d  c h r o m o s o m e s  
( T a b l e  9). O n l y  t h e  9 0 / 9 0  g r o u p  c o n t a i n s  a s i g n i f i c a n t  
d i f f e r e n c e  in  r e v e r s i o n  v a l u e s  b e t w e e n  a l l  i n t e r c h a n g e s  
a n d  t h e  c o n t r o l  ( T a b l e  14-A) .  

T w o  t y p e s  of c o m p a r i s o n  c a n  b e  m a d e  fo r  t h e  a l le l ic  
c o m b i n a t i o n s  in  i n t e r c h a n g e s :  t h e  s a m e  h e t e r o a l l e l e s  
a t  d i f f e r e n t  t r a n s l o c a t i o n s  a n d  d i f f e r e n t  h e t e r o a l l e l e s  
a t  t h e  s a m e  r e l o c a t e d  p o s i t i o n .  I n  c o m p a r i n g  t h e  
s a m e  h e t e r o a l l e l i c  c o m b i n a t i o n  a t  d i f f e r e n t  t r a n s l o -  
c a t i o n s ,  e a c h  h e t e r o a l l e l i c  g r o u p  s h o w s  a d i f f e r e n t  
l e v e l  of v a r i a t i o n .  F o r  e x a m p l e ,  t h e  C /90  g r o u p  
s h o w s  h i g h l y  s i g n i f i c a n t  d i f f e r e n c e s  in  W x  f r e q u e n -  
cies w h i l e  t h e  C / B  g r o u p  s h o w s  a d i f f e r e n c e  ( o n l y  a t  
s i g n i f i c a n t  leve l )  in  b o t h  t 9 7 0  a n d  1 9 7 t  ( T a b l e  14-B) .  
R e c o m b i n a t i o n  v a l u e s  of B / 9 0  a n d  B / H 2 t  s h o w  n o  
d i f f e r e n c e s  in  c o n s e c u t i v e  y e a r s .  I t  h a s  b e e n  p o i n t e d  
o u t  p r e v i o u s l y  t h a t  t h e  o n l y  B / H 2 1  c o m b i n a t i o n s  
r e c o v e r e d  a re  T 2 a n d  "1"3, w h i c h  a re  i n v o l v e d  in  t h e  
s a m e  5 - - 9  c h r o m o s o m e  i n t e r c h a n g e s .  T h e s e  t w o  
i n t e r c h a n g e s  a lso  a r e  r e p r e s e n t e d  b y  s i m i l a r  wx- 
c e n t r o m e r e  d i s t a n c e s  (22.56 u a n d  25 .17  u) as  we l l  as  
b y  s i m i l a r  c h r o m o s o m e  l e n g t h s  (60 .3 t  u a n d  62 .92  u ;  
T a b l e  t ) .  F o r  B / 9 0  c o m b i n a t i o n s ,  h o w e v e r ,  t h e  d i f f e r -  
e n c e s  a m o n g  t h e  a d j u s t e d  v a l u e s  a re  a l w a y s  t o o  l ow  

n a t i o n  f r e q u e n c i e s  of T ~ - B / H 2 1  d e c r e a s e d  
s i g n i f i c a n t l y  ( f r o m  47.79 t o  2 8 . 3 t  • t 0  -5) 
in  t 9 7 0 ,  a n d  T10-C/90 d e c l i n e d  s h a r p l y  
f r o m  94 .52  t o  57.07 • t 0  -5 in  t 9 7 1 .  

T a b l e  14 s u m m a r i z e s  a l l  r e s u l t s  o b t a i n e d  
f r o m  t 9 6 9  t o  1971 of b o t h  h o m o a l l e l i c  
a n d  h e t e r o a l l e l i c  c o m b i n a t i o n s .  A m o n g  
h e t e r o a l l e l i c  c o m b i n a t i o n s ,  a c o m p a r i s o n  
of t h e  W x  v a l u e s  of a l l  i n t e r c h a n g e s  w i t h  
t h e  c o n t r o l s  s h o w s  a s i g n i f i c a n t  d i f f e r -  
e n c e  i n  m o s t  i n s t a n c e s .  B o t h  t h e  C/B 
a n d  C/90  g r o u p s  s h o w e d  h i g h l y  s i g n i f i c a n t  
d i f f e r e n c e s  ( lower)  in  1970 a n d  t 9 7 t ,  b u t  
t h e  C / H 2 1  g r o u p  w a s  h i g h l y  s i g n i f i c a n t l y  
d i f f e r e n t  i n  t 9 7 0  on ly .  V a l u e s  of B / H 2 1  
o n  i n t e r c h a n g e s  t h a t  d i d  n o t  s h o w  d i f fe r -  
e n c e s  f r o m  t h e  c o n t r o l  in  t 9 7 1  d i d  s h o w  
h i g h l y  s i g n i f i c a n t  d i f f e r e n c e s  in  t h e  
p r e v i o u s  y e a r s .  T h e  B / 9 0  g r o u p  s h o w s  
h i g h l y  s i g n i f i c a n t  d i f f e r e n c e s  (h ighe r )  in  
r e c o m b i n a t i o n  in  t 9 7 1  b e c a u s e  t h e  c o n t r o l  
v a l u e  is zero .  T h e  a c t u a l  r e c o m b i n a t i o n  
v a l u e s  in  T 1, T 5, a n d  T ,  a r e  0.01,  0.00,  a n d  
0 .39  • 10 -5, r e s p e c t i v e l y  ( T a b l e  t 3 ,  l i ne s  
7, 14, a n d  t 5), w h i c h  r e p r e s e n t  t h e  l o w e s t  
f i g u r e s  in  t h e  i n t e r c h a n g e  ser ies .  

T h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  f r e q u e n -  
cies of wx i n t r a g e n i c  r e c o m b i n a t i o n  of h e -  
t e r o a l l e l e s  o n  t h e  r e a r r a n g e d  c h r o m o s o -  
m e s  a re  g e n e r a l l y  l o w e r  t h a n  t h o s e  of t h e  
c o n t r o l s .  B u t  t h i s  is n o t  c o n s i s t e n t  w i t h  

Tab le  t4.  Comparison of the Wx frequencies of homoallelic and hetero- 
allelic combinations on the same as well as the different homotranslo- 

cations in different years 

Heteroallele ttomoallele 
Pa t t e rn  of comparison Cross 

1969 t970 197t 1971 

A. Con t ro l  vs.  C/B _ **a ** _ 
i n t e r c h a n g e s  C/90 --  * * * * --  

C/H21 ns  b * * ns  --  
B /90  ns  ns  * * --  
B/H21 ** ** ns  - -  

C/C - - - n s  

B / B  -- - -  - -  n s  
90/90 -- - -  - -  * * 
H21/H21 - -  - -  - -  n s  

B. Same  alleles a t  C/B _ ,e , _ 
d i f fe ren t  in t e r -  C/90 --  * * * * --  
changes  d B /90  --  ns  ns  --  

B/H21 ns  ns  ns  - -  

C / C  - -  - -  - -  * 

B / B  --  - -  - -  * * 
90/90 --  - -  - -  * * 
H 2 1 / H 2 t  --  --  --  ns  

C. Di f fe ren t  alleles T 1 --  - -  * * * * 
on  t h e  same  T2 * * ns  * * * * 
i n t e r c h a n g e  T3 --  - -  --  ns  

T4 --  - -  ** ** 
T5 - -  ns  ns  * * 
T6 --  - -  - -  ** 
T7 - -  - -  --  ** 
T8 --  - -  - -  ** 
T9 -- - -  --  ** 
T t 0  --  - -  - -  ** 

a **Significantly different at  0.01 level. 
b ns = Not significant in difference. 
e *Significantly different at  0.05 level. 
d Data  of T4 as well as C/H21 combinations are not  included. 
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to detect. Either  of these possibilities might be the 
cause of the nonsignificant differences among the 
B/H21 and B / 9 0  interchange combinations. Con- 
sidering the chromosome constitution and the distri- 
bution of W x  frequencies, the distance between the 
w x  locus and the centromere seems the main reason 
for variation in values among the same heteroallele. 
This is indicated by  the linear correlation evident in 
Figure 3. 

A comparison among the same homoalleles at 
different translocations also shows different levels of 
variation. There are highly significant differences in 
the B I B  and 90/90 groups, and a significant difference 
in the C/C group (Table t4-B). The H2t  homoallele, 
relocated at T 2 and T3, shows no significant difference. 
Interchange homoallelic combinations, however, in- 
dicate no relationship between the wx-centromere 
distances and the variation of recombination values. 

Different wx  alleles occupy different mutan t  sites 
in the wx  cistron; thus, different single crosses pro- 
duce different wx  recombination frequencies. For 
this reason, a comparison among the relative recom- 
bination values of different heteroalleles at the same 
relocated position has to be made by  comparing the 
relative percentage changes from their respective 
controls. In heteroallelic combinations, this com- 
parison indicates highly significant differences at 
interchanges T 1, T 2, and T 4, but shows no significant 
difference at the T 5 location for consecutive years 
(Table t 4-C). The reduction in the percentages of the 
T 2 group, which do not show a difference in 1970, 
shows highly significant differences in both 1969 and 
197t. 

Because of the reconstructed chromosome consti- 
tutions, the wx-breakage-point distance must  in- 
fluence the variation of percentage changes in recom- 
bination values from the controls among different 
heteroalleles at the same position. The physical 
wx-breakage-point distances of all T 1, T 2, and T 4 
interchange chromosomes are shorter than t . t  u, 
whereas T5 is 4.8 u (Table t). This phenomenon, 
however, is not true for homoalleles at different posi- 
tions. The wx-breakage-point distance does not in- 
fluence the change in W x  reversion rate from the con- 
trol among the different homoalleles at the same posi- 
tion. 

7" D i s c u s s i o n  
In tests of the effect of chromosome location on 

recombination, use is made of intracistronic recom- 
bination at the waxy locus. The measurable variable 
is the distance of the site of recombination from the 
centromere. Several questions were posed, t. Are 
there changes in the frequencies of intragenic recom- 
bination at these different locations, and are corre- 
lative pat terns  associated with these changes ? 2. Are 
the recombination frequencies of each of the hetero- 
allelic combinations affected equally? 3. Are the 
events registered with homoallelic combinations con- 
s tant  in frequency within each case at variedlocations ? 

In answer to the first question, all the heteroallelic 
combinations at the relocated positions (except the 
B/90 group) showed lower recombination values than 
did the controls (standard chromosome). These 
lowered values among the interchange chromosomes 
occurred despite the measurably longer wx-to-centro- 
mere distances in three of the five interchange chro- 
mosomes used in the proximal  series (Fig. t). No 
obvious explanation is evident for this decrease 
among relocated segments. Perhaps, in the origi- 
nation of these translocations, additional chromo- 
somal changes too subtle to be detected may  occur. 
In Drosophi la ,  such changes m a y  be recorded as 
lethals or mutations,  but  gametophyt ic  lethals are 
effectively eliminated by  the gametophyte  screen in 
plants. Other changes include position effects 
(White, 1948; Catcheside, 1947). If the change in- 
cluded a small displacement of chromosomal material,  
the tightness of synapsis during meiotic prophase 
might be lessened. For the same translocation, 
different allelic-interchange chromosome combi- 
nations are recovered from chromosome strands of 
different crosses. This would make the heteroallelic 
homotranslocation chromosomes vir tual ly a pair of 
heteromorphic homologues. Influence of the tight- 
ness of synapsis also is evident in an analysis of the 
effect of distance between the w x  locus and the 
breakage point on recombination. In a comparison 
of percentage reduction of the W x  frequency from 
the control among different heteroallelic combinations 
at the same translocation, relatively short wx-break- 
age-point distances cause greater reductions in wx-  
interallelic recombination. Furthermore,  when the 
breakage point is close to w x  in the interallelic ex- 
change event, all recovered combinations that  in- 
volved T 5 (an interchange with the longest wx-break- 
age-point distance in addition to the longest wx-  
centromere distance in the proximal series) resulted 
in rates of W x  occurrence more like the control than 
of any other heteroallelic combinations in the same 
group (Table 7). 

These experiments provide evidence for a linear 
correlation between the length of wx-centromere 
distances and wx  recombination frequencies for the 
combined values of different heteroallelic combi- 
nations. This supports the concept of a continuing 
distribution of exchange events proportional  to 
distance and subject to limitations imposed by  the 
centromere effect on linked exchange and, in this 
instance, on intragenic recombination. As in pre- 
viously cited studies (Graubard, 1932 ; Beadle, 1932), 
the longer the distance between the segment (here, 
the wx  locus) and the centromere, the higher is the 
recombination value. 

The following evidence provides an affirmation to 
the question concerning the recombination frequen- 
cies of each of the heteroallelic combinations being 
affected equally. Significant differences in percentage 
change in recombination value from the control were 
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found  for different  heteroallel ic  combina t ions  at  the 
same proximal  relocated posit ion.  The same argu- 
men t s  used to answer ques t ion  I can be applied here: 
the heteroal le l ic-exchange event  is p r inc ipa l ly  in- 
f luenced b y  the closeness of the wx-breakage-point  
dis tance so t ha t  a greater  d ivers i ty  in  degree of 
change from the control  is associated with the shorter  
dis tance be tween  the  wx locus and  the breakage  
point .  This  short  wx-breakage-point  dis tance effect 
has the s t rongest  inf luence on the longer in t ra-a l le l ic  
distances,  C/B or C/90 vs. C/H21 or B/H21 as shown 
in Table  4B, l ines 7 and  8 (Ta), lines t0,  t l ,  and  12 
(T,), and  lines t4, 15, and  t6  (T4), which compares 
different  heteroalleles at  the same posit ion. 

The th i rd  ques t ion is concerned wi th  frequencies of 
W x  pollen grains  arising among the homoa lMic  
series. General ly,  the  occurrence of W x  among homo- 
t rans loca t ions  is not  s igni f icant ly  different from the 
controls  except for one in te rchange  wi th  the 90/90 
group. W h e n  the same homoallele  is analyzed at  
different  posi t ions or when different homoalleles are 
ana lyzed  at the  same posit ion, s ignif icant  differences 
are evident ,  a l though these differences canno t  be 
assigned to the inf luence of the wx-centromere or 
wx-breakage-point  distances.  I t  seems tha t  the 
origin of Wx pollen grains among  homoalleles is no t  
inf luenced  b y  the same factors t h a t  affect recombi-  
na t i on  events .  Perhaps  factors localized at  the site 
of the wx locus are i m p o r t a n t  for the origin of W x  
pollen grains ra ther  t h a n  general ized cell factors such 
as suppressor m u t a t i o n s  t h a t  would effect all homo- 
alleles i rrespect ive of posi t ion.  
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