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HOADES (1942) demonstrated that in maize plants heterozygous for a R type of chromosome 10 known as “abnormal IO”, this chromosome under- 
goes preferential segregation during megasporogenesis. In  1945, LONGLEY re- 
ported that the phenomenon of preferential segregation is not confined to the 
abnormal chromosome 10, but that the chromosome induces preferential segrega- 
tion of the other chromosomes of the complement if one homologue is knobbed and 
the other is knobless. However, there was little or no evidence to show whether the 
size of the knob is an important factor in preferential segregation. Therefore, one 
of the primary goals of this investigation was to determine the effect on prefer- 
ential segregation of knobs of different sizes. 

Experiments were also conducted to determine the effect of the abnormal 
chromosome 10 on preferential segregation and recombination in the long arm of 
chromosome 10, especially in the segment distal to the r locus. 

MATERIALS A N D  METHODS 

Some strains of maize have a chromosome 9 with a large terminal knob, others 
have knobs of smaller sizes, and some have a knobless chromosome 9. Knobs of 
three different sizes were selected for study (see FIGURES 1-3). 

The largest knob (K’) on chromosome 9 is approximately the size of the con- 
spicuous heterochromatic piece found in the abnormal chromosome IO. The 
“medium”-sized knob (K’) is one half to two thirds the length of the largest 
knob, while the smallest knob (KS) involved in the experiments described below 
is approximately one fifth the size of the largest knob and about the same dimen- 
sions as that found on chromosome 9 in the inbred line, KYS. The knobless (k) 
chromosome 9 utilized in these experiments is, in reality, deficient for a very short 
segment of the end of the short arm. According to MCCLINTOCK (1944) , the 
deficiency includes the terminal knob and part of the first adjacent chromomere. 

The knobless chromosome described above is an ideal one for these experi- 
ments since it can be identified genetically as well as cytologically. When a plant 
is homozygous for this type of knobless chromosome 9, it is an albino (wd wd), 
whereas an individual homozygous or heterozygous for the knobbed homologue 
(Wd Wd or Wd wd) and having nonmutant alleles in the W d  segment is always 
a green plant. 

1 From a thesis submitted in partial fulfillment of the requirements of the degree of Doctor 

2 Present address: Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
of Philosophy, University of Illinois. 
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FIGURE 1 .-Pachynema of a chromosome 9 bivalent homozygous for the small knob ( KS/KS). 
FIGURE 2.-Pachynema of a chromosome 9 bivalent with one homologue having a "medium"- 
sized knob and the other knobless (Kh*/k). FIGURE 3.-Pachynenia showing a chromosome 9 
bivalent homozygous for the large terminal knob (K'd/K',). 

The following gene symbols are used: A,,  colored aleurone, plant and pericarp; 
c, colorless aleurone; r ,  colorless aleurone and plant; g , ,  "golden" plant; Lg2,  
liguled leaf; Py, nonpigmy plant; sh,, shrunken endosperm; sr,, white striations 
on plant; wd, albino plant; wx, waxy endosperm; y g r ,  yellow-green seedling and 
plant. 

A variety of heterozygotes possessing knobs of different sizes in several combi- 
nations were tested. In all cases. the effect of varying knob size on the degree of 
preferential segregation is revealed by backcross ratios of genes linked to the 
knobs. In some of the compounds, the knobbed chromosome 9 is opposed by a 
knobless homologue while in other tests the homologues possess knobs of different 
sizes. The genes involved in these experiments include wd, y g 2 ,  c, sh,, and wx in 
various combinations as indicated. Of these. wd is the most distal and wx is closest 
to the centromere. In the study of preferential segi-egation and recombination in 
chromosome 10, the g , ,  r ,  and sr2 loci were employed. They are situated in the 
long arm of chromosome 10. sr2 being the most distal locus. The abnormal chromo- 
some 10 (K10) is derived from stocks used by RHOADES ( 1942,1952) in his studiec 
of preferential segregation. 
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RESULTS 

Studies on preferential segregation in chromosome 9 

The degree of preferential segregation of a small knob (KS) against a knobless 
homologue was observed in plants heterozygous for abnormal chromosome 10 
and in sib plants with only normal chromosome 10. As can be seen in the first 
two entries of Table 1, the W d  and W s  alleles linked with the knob were preferen- 
tially recovered in the presence of the abnormal chromosome 10 while random 
segregation for the two loci was observed in the sib control class homozygous for 
the normal chromosome 10. As previously reported by RHOADES (1942, 1952) 
using loci on chromosome 10, and by LONGLEY (1945) working with chromo- 
some 9, loci further removed from the knob undergo a lesser degree of preferen- 
tial segregation than those situated closer to the knob. 

Recombination between the Wd and W s  loci was found to be 31.5 percent in 
the experimental class, while a value of 26.9 percent was observed in the sib con- 
trol class. Although the difference between these two recombination values is 
small, it has been found to be statistically highly significant. The increase in the 
recombination frequency can be attributed to the presence of the abnormal chro- 
mosome 10. This statement finds support in the data of RHOADES and DEMPSEY 
(1957). 

The third and fourth items in Table 1 (c and d)  show the results of backcrosses 
of plants heterozygous for a knobless chromosome 9 and one carrying a medium- 
sized knob (KM). The percentage values for the two loci studied deviate signifi- 
cantly from the expected 50 percent in plants with the abnormal chromosome 10, 
but normal backcross ratios occur in the class homozygous for the normal chromo- 
some 10. 

In the presence of the abnormal chromosome 10, a recombination value of 26.8 
percent was realized. In the closely related control class, 17.7 percent recombina- 
tion was found between wd and wx. This value is significantly lower than that 
found in plants heterozygous for the abnormal chromosome 10. 

The fifth, sixth, and seventh entries in Table 1 involve compounds heterozygous 
for a large knob (KL) on chromosome 9. In plants carrying abnormal chromosome 
10, values of 68.8 percent Wd and 56.7 percent Wx were found when the genes 
were in coupling and values of 68.0 percent Wd and 56.1 percent wx when the 
markers were in repulsion phase. Therefore, it is the knob on chromosome 9, and 
not the alleles associated with the knob, that is responsible for the preferential 
segregation of chromosome 9 when the abnormal chromosome 10 is present in 
the megasporocyte. As expected, the sib control class gave random segregation 
values for these loci. 

In the control class there was 12.7 percent recombination in the wd-wx region, 
while a value of 30.3 percent was found in the sib class heterozygous for the 
abnormal chromosome 10. A value of 28.1 percent recombination was realized 
in the repulsion experiment. These values again show the effect of the abnormal 
chromosome 10 in increasing the frequency of crossing over. 
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It is important to note that there are marked differences in the control recombi- 
nation values presented in Table 1. The highest value (26.9 percent) occurred 
in the data involving the smallest knob and the lowest value (12.7 percent) was 
associated with the large knob, while an intermediate value (1 7.7 percent) was 
found in plants heterozygous for the KM knob. Thus, in the knobbed-knobless 
heterozygotes, there is a negative correlation of crossing over and knob size. In a 
situation where one chromosome is knobbed and the homologue is knobless, the 
knob might interfere with the intimate pairing and thus cause difficulty in cross- 
ing over. The larger the knob, the greater might be the disturbance in synapsis. 
Working with an interstitial knob on chromosome 3, RHOADES and DEMPSEY 
(1957) have shown that recombination in the Lg-A region is reduced when the 
knob is heterozygous. Pairing in chromosome 3 bivalents heterozygous for the 
knob was not as intimate as in those bivalents without the knob. The disturbance 
in synapsis is not surprising since the knob is interstitial, but in the case of 
chrcmosome 9 pairs, where the knob is terminal, interference with pairing seems 
less likely to occur. No obvious departure from the normal synaptic pattern was 
observed by the writer in the knob heterozygotes. However, since the sporocytes 
were not examined specifically for pairing between the homologues of chromo- 
some 9, it is not possible at this time to conclude whether the reduction in recombi- 
nation is due to a disturbance in synapsis or to some other cause. 

In the presence of the abnormal chromosome 10, recombination frequencies are 
increased and in some cases strikingly so. Apparently, the abnormal chromosome 
10 counteracts the suppressive action of the knob on chromosome 9. In the com- 
pound where the small knob was opposed by a knobless chromosome 9, the fre- 
quency of recombination observed in the experimental class was increased by 
17 percent from that observed in the sib control class. When the medium knob 
was employed, the recombination frequency in the experimental class was 
approximately 50 percent higher than in the closely related control class. The 
recombination value of 30.3 percent for the class heterozygous for the abnormal 
chromosome 10 and for the KL 9 chromosome is nearly 150 percent greater than 
the value of 12.7 percent observed in the sib control class. Why the increase in 
crossing over caused by the abnormal chromosome 10 is greatest when the KL 
chromosome is present is difficult to understand. A point of interest is that in all 
three classes of knob heterozygotes the abnormal chromosome 10 increased the 
frequency of crossing over from three different control values to a value of about 
30 percent. 

According to the hypothesis of preferential segregation advanced by RHOADES 
(1942, 1952), the frequency with which the knobbed chromosome becomes in- 
corporated into the functional basal megaspore would depend on the frequency 
of preferential segregation following such crossovers. As previously mentioned, 
the frequency of crossing over in the three groups of knob heterozygotes was 
about 30 percent. Yet, the segregation values observed for the W d  and W z  loci 
are not identical for the three knob groups. The recovery of these dominant alleles 
was highest in the large knob group and lowest in the small knob group. It would 
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seem, then, that preferential segregation following such crossovers must occur 
more frequently with the larger knob and less frequently as the size of the knob 
decreases. A possible explanation is that the large knob has a greater neocentric 
activity than the smaller knobs and is thus a more efficient agent in reaching the 
functional basal megaspore. This point is difficult to demonstrate since chromo- 
some 9 cannot be distinguished from the other chromosomes of the complement 
at anaphase I1 of meiosis. It should be pointed out that the comparisons made 
among the three groups of knob heterozygotes, i.e., KS/k us. KM/k, etc., are not 
among full sibs, but the strains are closely related and it is believed that the com- 
parisons are justified. 

LONGLEY (1945) reported that the knobbed chromosome of a pair of chromo- 
somes 9 is preferentially recovered over the knobless homologue even in the 
absence of the abnormal chromosome 10. He suggested that the abnormal chromo- 
some 10 merely accentuates preferential segregation. The fact that random 
segregation was observed in the controls of the three knob heterozygotes clearly 
indicates that the heterozygous knobs on chromosomes 9 do not in themselves 
determine preferential segregation since this results only when the abnormal 
chromosome 10 is present. The data of RHOADES and DEMPSEY (1957) lend 
support to the above statement. There is no convincing evidence that preferential 
segregation occurs when the abnormal chromosome 10 is not present. 

The studies described above deal only with heterozygous bivalents composed 
of one knobbed and one knobless homologue. To test further the hypothesis that 
knob size has an effect on preferential segregation, experiments were conducted 
in which both of the homologues of chromosome 9 had knobs which, however, 
differed in size. The results of these experiments are given in Tables 2 and 3. 

When plants of the constitution KL9 wx/KM9 W x ,  K10/kl0 were used as female 
parents in backcrosses to k9 wx, k10 plants, the recessive allele wx was recovered 
more frequently than the dominant Wx allele. In a total of 7682 kernels, 4151 
(54 percent) were found to have the wx type of endosperm starch. Since the wx 
locus is some distance from the knob and would therefore give a value for the 
recovery of the KL9 chromosome which is less accurate than values obtained with 
loci closer to the knob, the following experiment was carried out. 

The KL chromosome was genetically marked with the sh, as well as the wx 
alleles, while the KM chromosome carried the dominant alleles of these two genes. 
On the linkage map (see RHOADES 1955) the locus of the sh, gene is 29 while 
that of the wx gene is 59. Since the sh, locus is much closer to the knob (position 
0) than the proximal wx locus, it is a more efficient marker in determining prefer- 
ential segregation. In the backcross, 57.8 percent of the kernels were “shrunken” 
(sh,)  and 52.5 percent of the kernels were LLwaxy” (wx) (Table 3-a). Chi-square 
tests show that the deviations from the expected 50 percent value are highly 
significant. 

A comparison of segregation at the wx locus in KL/K” and KL/k heterozygotes 
shows that the allele located on the KL chromosome was recovered with a higher 
frequency from the KL/k compounds than from KTJ/Kv plants. A t test indicates 
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that this difference is significant at the one percent level. This finding could be 
interpreted to mean that KL is incompletely dominant to KM in producing prefer- 
ential segregation or that competition exists between the two knobs. Although the 
KL/k and KL/K" plants were not sibs and therefore not strictly comparable, they 
possess many genes in common since both were derived from crosses involving 
the same KL/KL stock. 

The only data at all comparable to those described above come from LONGLEY'S 
(1945) work on chromosome 6. LONGLEY studied preferential segregation of a 
pair of chromosomes differing morphologically in that one possessed three knobs 
and the other only two. In addition, there was a size difference in one of the knobs 
common to both chromosomes. The larger knob was located on the homologue 
with the three knobs as was the dominant P y  allele. In  this study the Py allele 
was recovered with a frequency of 67.2 percent. Since both homologues differ in 
two respects, it is very difficult to determine whether the knob-knobless condition 
or the large knob-small knob condition (or possibly both) is responsible for the 
preferential recovery of the Py  allele. Furthermore, the location of the P y  locus 
in relation to the knobs is not known. 

The behavior of combinations of knobs in preferential segregation has been 
more precisely studied in tests involving a marker situated close to the knob as 
well as three more distant loci. The chromosome 9 with the larger of the two 
knobs (KM) carried the dominant alleles Ygp, C, Sh,, and Wx. According to the 
best available linkage map (RHOADES 1955), the ygz locus is located seven map 
units from the terminal knob, while c, sh,, and wx are located 26,29, and 59 map 
units from the knob, respectively. The chromosome with the smaller knob (KS) 
csrried the recessive alleles of the genes listed above. 

In  the backcrosses involving the abnormal chromosome 10 (Tables 2 and 3-b, c, 
and f )  deviations from a 1: 1 ratio were found for all four genes, with the genes 
on the K" chromosome being recovered more frequently. The genes nearest the 
knob showed the highest frequencies of preferential segregation. Normal back- 
cross ratios occurred in the backcrosses of plants with normal chromosome 10 
(Tables 2 and 3-d) . 

In Table 3-c the percentage of plants of the Yg2 phenotype was 70.0 percent, 
a value similar to that found for the W d  phenotype in plants of KL9 Wd/k9 wd, 
KlO/klO constitution (Table 1 ) . The degree of preferential segregation as followed 
by these pseudoallelic genes is expected to be greater in the KL/k compounds than 
in the KM/KS plants because the difference between the two homologues in knob 
size is greater in the former than in the latter compound. The unexpected simi- 
larity in these values may be due to environmental differences since the data of 
the KL/k compounds came from backcrosses made in the summer of 1957 while 
the K"/KS plants of Table 3 were grown in the winter of 1958. The value for 
preferential segregation of the Yg, locus found in the other KM/KS family (Table 
3-b) was somewhat less than that given in Table 3-c. The backcrosses of entries 
b, e, and f of Table 3 were made during the summer of 1957. 

The segregation values observed for the K"/KS compounds (Table 3-b) are 
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comparable to those of the KM/k compounds (Table 1 ) . The KS and k chromo- 
somes are recovered from these compounds with approximately equal frequencies, 
although in KS/k plants the KS chromosome is favored. It would seem that the 
larger knob is dominant to the smaller one in KM/KS heterozygotes. 

More critical evidence on interaction of knobs of different sizes comes from the 
data in Table 3-e and f where sib comparisons of KM/Ks and KS/k heterozygotes 
are available. Here the frequencies with which the alleles in the larger knobbed 
chromosomes were recovered are essentially the same. Since it has been found 
that larger knobs give higher values of preferential segregation than do smaller 
ones, it would be expected that values from the K‘/KS compounds would be 
greater than those from KS/k heterozygotes if KM were completely dominant. 
Such, however, was not the case and the data suggest that KM is incompletely 
dominant to KS. 

The recombination frequencies presented in entries c and d of Table 3 indicate 
that plants carrying the abnormal chromosome 10 undergo a somewhat higher 
degree of crossing over than those with normal chromosomes IO. The following 
recombination values were obtained in the control (k10/k10) class and in sibs 
heterozygous for abnormal chromosome 10: 

k l  O/kl 0 K10/k10 Difference 
yg-c: 14.9% 16.1% 1.2% 

yg-sh: 18.0 21.4 3.4 

yg-wx: 32.3 37.7 5.4 

c-sh: 3.8 5.6 1.8 
sh-wx: 16.3 18.9 2.6 

c-wx: 19.8 23.7 3.9 

A total of 40.6 percent recombination (sum of the frequencies in the yg-c, c-sh, 
and sh-wx regions) was observed in the experimental class and a value of 35.0 
percent recombination was observed in the sib control class. This is in agreement 
with the data previously cited. 

Studies on recombination and preferential segregation in chromosome 10 
in the presence of the abnormal knob 

In 1942, RHOADES reported that approximately one percent crossing over occurs 
between the r locus and the extra piece which identifies the abnormal chromosome 
10. E. G. ANDERSON (see RHOADES 1952) had found between four and five percent 
recombination between r and a distally placed break in the long arm of the normal 
chromosome 10 in a translocation heterozygote. Both ANDERSON and RHOADES 
pointed out the possibility of the existence of a considerable amount of crossing 
over in the segment distal to the r locus in normal chromosome IO. JOACHIM and 
BURNHAM (1955) found that the “striate” (or Waseca Stripe) gene was 21.4 to 
31.0 recombination units distal to the r locus. JOACHIM (1956) confirmed this 
earlier finding and found recombination ranging from 25.1 to 31.5 percent be- 
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tween r and sip.  She also verified their earlier finding that the order of g,, r, and 
srz on the long arm of chromosome 10 is as here reported. 

In the present experiment, the abnormal chromosome 10 was marked with the 
recessive allele gl and the dominant alleles R and Srp, and the normal chromo- 
some 10 was marke&with the dominant allele GI and the recessive alleles r and 
sr,. Female parents of such a constitution and controls possessing two normal 
chromosomes 10 were backcrossed to male parents homozygous for the three 
recessive alleles. The results obtained in the summer and winter seasons of 1957 
are given separately in Table 4. The plants used as females in both instances were 
from kernels taken from the same ear. Comparisons of K10/k10 with k10/k10 
plants in both sets of data show significant deviations from 50 percent for the 
three loci in the KIO/klO classes only. The highest values are obtained for the 
Sr, locus, which is closest to the knob. 

Th6 following recombination values were found in the class heterozygous for  
the abnormal chromosome 10 and in the sib control class: 

Winter Summer 
K10/k10 k10/k10 K10/k10 klO/k10 

g-r : 13.5% 13.3% 14.7% 11.0% 

g-sr: 14.4 46.5 15.4 44.1 
r-sr : 0.9 36.0 0.8 34.6 

Double 
crossovers: 0.0 1.4 0.1 0.8 

As shown above, there is a drastic reduction in the recombination frequency 
when the abnormal chromosome 10 is present in the heterozygous condition. In 
its absence a considerable amount of recombination occurs in the r-sr, region. 
The reduction observed in the experimental class is not surprising since there is 
non-homology in chromosome structure between the abnormal chromosome 10 
and the normal one in the distal one sixth segment of the long arm of normal 
chromosome 10. In spite of the non-homology and absence of crossing over in this 
segment, pairing, as determined cytologically, is intimate. Although there is a 
slightly higher frequency of crossing over in the g-r region in plants with the 
abnormal chromosome 10 than in those with the normal chromosome. the differ- 
ence is not statistically significant. 

The frequencies with which the three genes were recovered in the summer 
experiment (Table 4-c) are somewhat lower than those found in the winter 
(Table 4-a) as shown by the following comparison: 

K1 O/k10 
Summer Winter 

67.6% 63.1 % 
73.3 68.1 
73.9 68.4 

Since the F, kernels used in the two sets of experiments were from the same ear, 
the differences cannot be attributed to genetic variations but must be due to 
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environmental differences in the two growing seasons, The recombination fre- 
quencies obtained in the two seasons, however, are quite similar as shown below: 

K10/k10 
Summer Winter 

g-r 13.5% 14.7% 
r-sr 0.9 0.8 
g-sr 14.4 15.4 
Double crossovers 0.0 0.1 

The only obvious difference between the two experimental classes is the 
absence of double crossovers in the summer group. The recombination values in 
the sets of data are not significantly different, but the frequency of preferential 
segregation is higher in one than in the other. If the hypothesis is accepted that 
preferential segregation occurs only when appropriate crossovers produce heter- 
omorphic dyads, it would seem that similar crossover frequencies should result 
in like frequencies of preferential segregation. Since this was not the case, it 
follows that preferential segregation does not invariably occur when heteromor- 
phic dyads are present. It would not be surprising to find variation in the behavior 
of heteromorphic dyads, possibly dependent on the amount of neocentric activity, 
associated with changes in the growing season. 

Of the 25 crossovers in the r-sr region (Table 4-c) , 17 were of Gl-r-Sr, consti- 
tution and one was of the gl-r-Srg constitution. These crossover plants were 
analyzed cytologically to determine where the exchange occurred. All were 
heterozygous for the abnormal chromosome 10 and possessed the three small 
chromomeres which are found in the proximal section of the foreign piece, Thus, 
crossovers between r and srg occur to the left of the three chromomeres (see 
Figure 4). This is in agreement with RHOADES’ observation (1942) that crossovers 
between the R locus and the foreign segment occur in a region proximal to the 
three chromomeres. Crossing over, apparently, is restricted to regions which are 
truly homologous. 

2 3 4  

5 6  
FIGURE 4.-Diagram of a chromosome 10 bivalent heterozygous for the abnormal chromosome 

10 showing approximate locations of R and Sr,. 1 = distal one sixth segment in which crossing 
over is inhibited, 2 = euchromatic segment, 3 = heterochromatic segment, 4 = distal euchro- 
matic segment, 5 = region in which r-sr, crossovers occur, and 6 = region containing the Sr, 
locus. 
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It has been shown that exchanges in the r-sr region are drastically reduced in 
KlWk10 heterozygotes and that they probably do not occur in the distal one sixth 
segment of 1 OL. These observations have some bearing on the cytological position 
of the Sr, locus. Two possibilities exist: (1) either Sr, is found to the left of the 
distal one sixth segment or (2) it is located within this region. The available 
evidence favors the latter position although no certain conclusion can be reached 
at present. Studies with deficiencies for the R locus (STADLER 1933) have shown 
that R is placed very close to the distal one sixth segment. Since, in normal chro- 
mosome 10 bivalents, Sr, lies at least 35 units beyond R, it is logical to assume 
that it is located within the distal one sixth segment. Moreover, the restriction of 
crossing over between R and Sr,  to the segment to the left of the three chromo- 
meres readily accounts for the low percentage of recombination for this region 
in K10/k10 plants. It is likely that the structural dissimilarity existing between 
the distal one sixth segment of normal chromosome 10 and the corresponding 
segment of abnormal chromosome 10 is responsible for the great reduction in 
recombination in the r-sr region. If the morphologically different segment of the 
abnormal chromosome 10 did not contain loci normally present in chromosome 
10, stocks homozygous for  abnormal chromosome 10 would be deficient for the 
loci in the distal segment. Deficiencies in this segment are not tolerated in the 
male gametophyte as has been shown by translocation studies (ANDERSON, un- 
published data). 

GENERAL DISCUSSION 

There is little doubt that considerable variation exists in the processes leading 
to preferential segregation in different organisms. In Drosophila melanogaster, 
for example, NOVITSKI (1 951), NOVITSKI and SANDLER ( 1956), and ZIMMERING 
( 19551, working with heteromorphic bivalents, have shown that the chromosome 
recovered with the higher frequency is always the shorter of the two homologues. 
In  maize the reverse is true. Yet, the formation of heteromorphic dyads as a conse- 
quence of crossing over is a necessary prerequisite to preferential segregation in 
both species. Neocentromeres, which are held responsible for preferential segre- 
gation in maize, have not been reported in Drosophila. According to NOVITSKI 
(personal communication), the non random orientation of the chromatids, which 
persists through the meiotic divisions, is established at anaphase I. It is believed 
that the shorter chromatids of heteromorphic dyads are directed toward the poles 
because they offer less mechanical resistance to the poleward movement, 

Another indication that preferential segregation in maize and Drosophila may 
be determined by divergent mechanisms comes from the study of ZIMMERING 
(1955). He found that complementary crossover chromatids in certain trans- 
location heterozygotes are not recovered from females with equal frequencies 
while the noncrossover chromatids occur in the expected ratio of 1 : 1. The data 
from maize, on the other hand, show deviations from a 1 : 1 ratio in all classes, 
crossover and noncrossover (Table 5). It is not surprising to find preferential 
segregation among the noncrossover chromatids even though only bivalents with 
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a crossover between the knob and the centromere undergo this phenomenon. 
Knobbed crossover and knobbed noncrossover chromatids are recovered with 
equal frequencies and in excess of the knobless strands from bivalents with chias- 
mata. If the proportion of such bivalents is relatively high, the 1 : 1 ratio of K: k 
strands from noncrossover bivalents would be altered by the large contribution 
of knobbed noncrossover strands from bivalents with chiasmata, In  Drosophila 
translocation studies the appropriate chiasma occurs with a frequency of 12-1 5 
percent and therefore has little influence on the ratio of long to short chromatids 
in the noncrossover class. 

In  the chromosome 9 studies of maize it is possible to estimate the expected 
departure from a 1: 1 ratio within each crossover and noncrossover class. If it is 
assumed that preferential segregation of the knobbed chromatid occurs in 70 
percent of the heteromorphic dyads and if reasonable chiasma frequencies are 
adopted (e.g., Table 5-k: 14 percent, one chiasma in the wx centromere region; 
49 percent, one chiasma between sh and wx; 7 percent, one chiasma in the c-sh 
region; 31 percent, no chiasma), values are obtained which agree well with those 
shown in Table 5. 

The effect of heterochromatin on segregation in Drosophila has been studied by 
STURTEVANT ( 1936) using the essentially heterochromatic chromosome IV. It 
was possible to identify 26 kinds of chromosome IV by testing individual chro- 
mosomes from different sources in triplo-IV females. The chromosomes IV were 
found to differ in their propensity to segregate with a specific member of the 
trivalent. In maize, differences in preferential segregation are probably associated 
with quantitative rather than qualitative differences in heterochromatin though 
the latter possibility cannot be disproven. Although knobs are sites of neocentric 
activity, RHOADES (1952) has shown that they do not form neocentromeres unless 
a true centromere is present on the chromosome. He believes that a substance from 
the true centromere accumulates near the knob, which either behaves as a 
physical barrier or actively attracts and absorbs this material. It is conceivable 
that a larger knob may be more effective as a block to the ‘‘flo~’’ of the centric 
substance and therefore neocentric activity is increased. It is obvious that knobs 
play a vital role in preferential segregation, but the means by which they respond 
to the introduction of the abnormal chromosome 10 are not clear. 

It has been demonstrated by RHOADES and confirmed by the writer that crossing 
over is increased in the presence of the abnormal chromosome 10. Apparently 
this effect is independent of preferential segregation and the production of neo- 
centromeres since recombination is increased in bivalents which possess no knobs 
(RHOADES and DEMPSEY 1957) and therefore are not undergoing preferential 
segregation. REES (1955) has shown the existence of genes in the rye genome 
which influence the rate of crossing over as determined by the frequency of 
chiasma formation. It is possible that genetic factors controlling crossing over 
are situated in the non-homologous distal segment of the abnormal chromosome 
10. In  addition to the increased recombination induced by the abnormal chromo- 
scme 10, the data on chromosome 9 indicate that the extent of increase is greatly 
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influenced by the size of the knob on chromosome 9. Following introduction of 
the abnormal chromosome 10, the wd-wx recombination was altered from 12.7 
percent to 30.3 percent in KL/k plants, from 17.7 percent to 26.8 percent in KM/k 
plants, and from 26.9 percent to 31.5 percent in KS/k compounds. I t  is difficult 
to understand why there should be such a great variation in the extent to which 
crossing over is increased, unless the 30 percent recombination achieved in each 
case represents a maximum level which cannot be exceeded. 

The frequency with which the knobbed homologue in a heteromorphic bivalent 
reaches the basal megaspore in plants carrying the abnormal chromosome 10 
depends on two variables: (1) the frequency of crossing over between the knob 
and the centromere and (2) the frequency of preferential segregation following 
such a crossover. It has been shown that the percent of crossing over in chromo- 
some 9 is increased in the presence of the abnormal chromosome 10 and that the 
amount of the increase is influenced by the size of the knob (K9). The frequency 
of preferential segregation is also variable, as can be seen in the experiments 
where recombination is constant. For example, the recovery of the K9 chromo- 
some is increased in KL/k compounds over KS/k compounds in the presence of the 
abnormal chromosome 10. Since the wd-wx recombination is about 30 percent 
in both cases, it seems probable that there is a higher degree of preferential segre- 
gation in the first class of plants. A second example where different degrees of 
preferential segregation can be observed comes from the chromosome 10 data. 
Different frequencies of recovery of the R and Sr, alleles were obtained from 
plants grown in the field and in the greenhouse. Since the recombination values 
were the same for the two experiments, it has been concluded that differences 
exist in the behavior of the chromosomes following such crossing over, perhaps, 
related to the extent of neocentric activity. Thus, preferential segregation can be 
influenced by amounts of heterochromatin present on the bivalent in question 
and probably also by environmental factors associated with different growing 
seasons. 

S U M M A R Y  

Since the investigations of RHOADES and LONGLEY with abnormal chromosome 
10 in maize have demonstrated the active participation of knobs in the phenome- 
non of preferential segregation, it was deemed of interest to ascertain the effect 
of knob size on the degree of preferential segregation. For such a study, three 
stocks differing in the size of the terminal knob on the short arm of chromosome 
9 were utilized. Compounds were derived in which the knobbed chromosome 9 
was opposed by a knobless homologue, while in other plants the homologues 
possessed knobs of different sizes. In all cases, the effect of varying knob size was 
determined by backcross ratios of genes linked to the knobs. Experiments were 
also conducted to determine the extent of preferential segregation and recombina- 
tion among loci situated in the long arm of chromosome 10, specifically in the 
segment distal to the T- locus. In  the above experiments, the abnormal chromosome 
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10 utilized was derived from stocks used by RHOADES in his experiments on 
preferential segregation. 

The results of the investigation reveal the following points: 
1. The degree of preferential segregation of a knobbed chromosome 9 over a 

knobless one becomes progressively greater with increase in knob size. 
2. The incidence of crossing over in chromosome 9 is increased in the presence 

of the abnormal chromosome 10 and the amount of increase is influenced by the 
size of the knob on chromosome 9. The data are in agreement with the findings 
of RHOADES and DEMPSEY that crossing over is increased in the presence of the 
abnormal chromosome 10. 

3. In the three kinds of knobbed-knobless heterozygotes, the abnormal chro- 
mosome 10 increases the frequency of crossing over in the wd-wx region to 
approximately the same level (30 percent) irrespective of knob size. 

4. In  the knobbed-knobless heterozygotes homozygous for normal chromosome 
10, there is a negative correlation between crossing over and knob size. 

5.  When members of a pair of chromosomes 9 have knobs of different sizes, 
the chromosome with the larger knob is recovered more frequently. There is 
evidence of competition or incomplete dominance between knobs of different sizes. 

6. Evidence supports the contention that preferential segregation can occur 
only in the presence of the abnormal chromosome 10. 

7. Crossing over between I- and the most distal marker, SI-,, in the long arm of 
chromosome 10 is drastically reduced in bivalents heterozygous for the abnormal 
chromosome 10. Crossovers between these two genes in plants heterozygous for 
the abnormal chromosome 10 always occur to the left of the three chromomeres 
of the abnormal chromosome 10, indicating that no crossing over takes place in 
the non-homologous regions of the two homologues. 
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