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INTRODUCTION

This study is concerned chiefly with the extent and nature of the
variability of crossing over in a family (full sibship) of Zea mays. It is
part of a general study of variation in crossing over in maize, in which it is
proposed to parallel the variousstu dies of this problem in Drosophila, as
far as the nature of the material will permit, and also to investigate certain
phases of the problem for which the plant is well suited and the fly is not.

Although the excellent conditions for the experimental study of linkage
in Drosophila cannot be duplicated in maize, with its much longer repro-
ductive cycle and much smaller known linkage groups, the plant offers
quite favorable material for work of this kind in one linkage group of
three endosperm characters. As far as the inheritance of endosperm
characters is concerned, the single grain is the individual, and each well-
developed ear comprises a progeny of several hundred. Thus it is possible,
when using these characters, to handle the large numbers necessary in a
statistical study. East (1913) has shown that “double fertilization”
regularly occurs in maize, and that endosperm characters, therefore, may
safely be used to indicate the genetic constitution of the zygote.

The three linked genes used in this study are C ¢, which in the presence
of certain other genes affects aleurone color; S5 s,, which affects the degree
of shrinkage of the endosperm at maturity; and W. w. which affects the

* The GALTON AND MENDEL MEMORIAL FUND has contributed toward the cost of setting the
tables accompanying this article.
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chemical composition of the endosperm. Their linkage relations, which
have been studied extensively by Kempron (1919), HutcHisoN (1922),
and others, are indicated in figure 1.

C Sh Wx

f

° 350 2188

Ficvre 1.—Linkage relations of the factors C, S, and W,. (After Hurcuison 1922).

The crossover percentages in these two sections of the chromosome are
not ideal for the purpose, one being lower and the other somewhat higher
than might be desired. The low crossover percentage is undesirable
because the probable error computed by the usual formula,

o
E= .67451/ 4]
n

is unreliable when p is very small as compared with ¢, unless # is very
large. The significance of diflerences in crossing over in this region is,
therefore, somewhat doubtful when estimated by the use of this formula.
The higher crossover percentage of the S,-W . region is undesirable because
of the danger that undetected double crossovers may occur within the
region. Since no locus between S5 and W, is known at present, we cannot
determine how frequently double crossing over may occur within this
region. But double crossovers involving simultaneously the C-S, and
Si-W . regions are extremely rare, as Hurcuison (1922) has shown and as
the data of this paper confirm. It therefore seems probable that double
crossing over within the S3-W, region is negligible as a source of error,
although of course it is possible that double crossing over may occur
freely in part of the C-W, region while partly or wholly inhibited in another
part.

The chief advantages of the material for the study of linkage problems
are:

(1) Crossing over occurs freely in the development of both ‘“male”
and “female” gametes, and, since the plant is monoecious, both male
and female gametes are produced by the same individual.

(2) A very large progeny may be produced from a single individual. The
grains produced by a single heterozygous plant (which, backcrossed,
indicate the crossover percentage among the female gametes) number one
to two thousand in well-developed plants. The number of grains of
multiple-recessive plants which may be pollinated from a single heterozy-
gous plant (and which then indicate the crossover percentage among male
gametes) is almost unlimited. By pollinating several ears it is possible to
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produce a progeny of 5000 or more in each day’s pollination throughout
the pollen-shedding period, which, in well-developed plants, often lasts
20 days or more.

(3) Since pollination is easily effected and the sorting of the progenies
may be done at one’s convenience, it is practicable to determine the
variability of crossing over in a large number of individuals of a single
family grown simultaneously under uniform conditions.

(4) Tillers may be transplanted in early stages, and these under favor-
able conditions produce both seed and pollen. Separated parts of the same
individual therefore may be exposed to different treatments to determine
the effects of the treatments on crossing over.

(5) Samples of the young anthers can be taken at the time of the
reduction divisions or even earlier, with no injury to the breeding powers
of the plant. The stage in the development of the germ cells and the
cytological effects ‘of treatments may therefore be determined in the
plants which are later to be used in breeding.

The series of studies of which this paper is a partial report was made
possible through the generosity of Professor R. A. EMERSON, who furnished
me the foundation stock of this favorable material. I am indebted also
to Professor EMERsoN and to Professor E. M. East for criticism of the
manuscript.

PREVIOUS STUDIES OF VARIATION IN CROSSING OVER

Crossing over has been found highly variable in Drosophila. GoweN
(1919), in an extensive biometrical study of crossing over in the third
chromosome, found coefficients of variability ranging from 18 to 59 for
the percentage of single crossovers in various regions, and from 67 to 110
for the percentage of double crossovers. In general the crossover percent-
ages for the shorter regions were more variable than those for the longer
regions. GOWEN concluded:

“Crossing over is one of the most variable phenomena known, indicating
that the mechanism behind crossing over is not as precise as that found in
most physiological studies.”

DETLEFSEN also found crossing over in Drosophila ‘“an enormously
variable phenomenon” as he remarks in reporting his experiments on
selection for high and low crossing over in the sex chromosome (DET-
LEFSEN and CLEMENTE 1923).

The relation of specific environmental and genetic factors to crossing
over in Drosophila has been studied by a number of investigators. A de-
crease in crossing over with age, limited to certain chromosome regions,
was found by BripGEs (1915). A striking increase in crossing over under
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extreme temperatures, either high or low, was found by Prouvcu (1917,
1921), this effect being limited to the “susceptible’” regions in which
crossing over was affected by age. In PLOUGH’S experiments no significant
difference in crossing over was found to result from varying amounts of
moisture in the food, starvation, increased fermentation of food, or the
presence of ferric chloride. Mavor (1923) and Mavor and SVENSON
(1924) found X rays effective in modifying the crossover percentage in
both the second chromosome (susceptible to age and temperature effects)
and the first chromosome (not susceptible to age and temperature effects).
The same X-ray treatment increased the crossover percentage in the
second chromosome and decreased it in the first. ProuvcH (1924), in a
preliminary trial of the effect of radium radiations, found a general
tendency toward increased crossing over, especially after severe radiation.

Linkage variations due to germinal causes have been investigated
especially by STURTEVANT and DETLEFSEN. STURTEVANT (1913, 1915,
1917, 1919) has reported several genes modifying the crossover per-
centage. The first gene of this kind reported, Ciy, greatly decreases
crossing over in the right-hand end of the third chromosome in flies which
are heterozygous for it, though in flies homozygous for it crossing over in
the same region is at least as high as normal. Similar results are given by
Cur and Cry;, which affect crossing over in the right-hand end and left-
hand end, respectively, of the second chromosome, though the homozygous
effect of C11; has not been determined. Two other crossover modifiers in
the third chromosome have also been reported, Cii, by PAyNE (1918)
and Cyyyx by Bripges and MorGaN (1923). These genes also reduce
crossing over when heterozygous. Recently, STURTEVANT (1921) has
suggested the possibility that the reduction in crossover percentage
ascribed to the action of Cii; and Cyrr may be due rather to an inverted
chromosome section, which might prevent synapsis when present in only
one chromosome of a pair but not when present in both.

DeT1LEFSEN (1919), DETLEFSEN and RoBERTS (1920, 1921), and DET-
LEFSEN and CLEMENTE (1924) have reported experiments in which the
crossover percentage in the sex chromosome was greatly reduced by
selection. Selection for increased crossing over was unsuccessful, a result
attributed to increased double crossing over. A cross of “normal” stock
with one of the low-crossover stocks produced by selection, gave results
considered indicative of multiple-factor inheritance.

GoweN and GoweN (1922) have reported a third-chromosome gene
which apparently inhibits crossing over completely in the female. They
suggest that the results of DETLEFSEN’S experiments may be accounted
for by the action of one or more genes of this type.
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NaBOURS (1919) reported that crossing over in Apotettix was apparently
more frequent in the female than in the male. Castie (1919) also found
that crossing over was more frequent in the female than in the male in
rats. At the time, CASTLE doubted that this difference would be shown
under uniform conditions, but in a later and more extensive study,
CasTLE and WACHTER (1924) found the higher crossover percentage in
females to be consistent and to occur in mice as well as rats. No evidence
of any relation of crossing over to age or seasonal conditions was found.
Variability in crossing over in different male rats was found to be no
greater than could be accounted for as the result of random sampling,
with the possible exception of one individual.

Studies of variation in crossing over in plants have thus far been limited
to comparisons of the crossover percentages in male and female gametes.
GoweN (1919) pointed out that in the data given by ALTENBURG (1916)
for linkage in Primula, the percentage of crossovers in the male gametes
tested was significantly higher than that in the female gametes. BaTESON
(1921) stated that extensive data on linkage of magenta color and short
style in Primula show closer linkage in the eggs than in the pollen, but
that the linkage of green stigma and reddish stem is closer in the pollen
than in the eggs. EvsTER (1921) in a study of the linkage relations of
sugary endosperm and tunicate ear in maize, found that the crossover
percentage was 7.9 +2.0 higher among male than among female gametes.
He also compared the C-W. crossover determinations of BREGGER (1918)
in a similar way and found that in these trials the crossover percentage
was 2.46+1.11 percent higher in the male gametes.

In all of these trials one group of plants used as male parents was
compared with another group used as female parents. Emerson and
HutcuisoN (1921), pointing out that the results of such experiments may
be due to environmental or genetic differences other than sex, submit
data on crossing over in the production of male and female gametes in
the same plants. Using the linkage of plant color and liguleless leaf in
maize they found no significant difference in crossing over in the pro-
duction of male and female gametes. In the linkage of colored aleurone
and shrunken endosperm the percentage of crossovers was found to be
slightly, but significantly, higher among the female gametes. They
point out that this may be due to disturbing conditions such as tempera-
ture effects rather than to inherent difference in the mechanism of crossing
over. EvsTer (1922) has also supplemented his earlier study with a
comparison of the crossover percentage in the S,-7, region in male and
female gametes of the same plants, in which he found no significant
difference between the sexes.
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MATERIAL AND PROCEDURE

The family of plants used in this study (pedigree number 4003) was
grown from seeds of a single ear. This ear was produced by pollinating a
plant (1398-14) homozygous for colored aleurone, non-shrunken, starchy
endosperm (C C Sy, Si W, W.) by a plant (1804-1) homozygous for color-
less aleurone, shrunken, waxy endosperm (¢ ¢ si $» w: w-). Both parents
were also homozygous for the genes 44, RR, and i, the factors comple-
mentary to C in the production of aleurone color.

The two parental strains have been in genetic cultures for some years
past. Family 1804, to which the male parent belonged, was grown from
seed obtained from Doctor EMERSON in 1923. Family 1598, which in-
cluded the female parent, was derived from a stock obtained in 1921 from
Doctor E. W. LinpsTrOM, who had grown it for several seasons. Through
the kindness of Doctor EMERSON and Doctor LinpsTroM I have secured
the pedigrees of these strains, which are shown in figure 2.

In order to favor maximum development of individual plants, the crop
was planted one grain to a hill, 42 inches apart each way. The soil, which

1882 LUBO L1817 (st8 cross}
| T
L22i7 L2344 € (sevren)
|
L3‘382 (518 cross) 12552 (seLFen)
1 |
1598 1804
4003

Figure 2.—Pedigree of family 4003. Pedigree numbers preceded by E refer to cultures of
EMERSON; those preceded by L to those of LINDSTROM.

was naturally fairly fertile, was further improved by the application of a
4-12-3 fertilizer at the rate of 600 pounds per acre shortly before planting.
Two rows of 50 hills each were planted to the heterozygous stock. About
75 of the 100 plants reached the flowering stage and all of these were used
without selection.

The crossover determinations were made by backcrossing with a
multiple-recessive stock. The crossover percentage in male gametes was
determined by pollinating at least one ear of the recessive stock from
each tassel which shed pollen; in female gametes by pollinating two ears
of the main stalk and the first tiller ear of all of the heterozygous plants



VARIABILITY OF CROSSING OVER IN MAIZE 7

which produced these ears. Of the heterozygous plants 58 produced 2 ears
on the main stalk, and 31 produced a tiller ear. The multiple-recessive
stock used was of low vigor and produced rather small ears. Some of these
plants were so injured by chinch-bugs that they produced practically no
grain. Consequently, the progenies representing the crossover series in
the male gametes are smaller than those representing the female series,
and for a few of the plants no determination of crossover frequency in
male gametes could be made.

Pollen of the heterozygous plants was used regularly on the third day
following the beginning of pollen shedding, to avoid error from any
possible tendency towards change in crossing over with age of plant or
inflorescence. These pollinations were made daily between 10 a.m. and
noon. The ears of heterozygous plants were pollinated when the silks
seemed well-enough developed to insure good filling of the ear.

In the sorting of the backcross progenies, each grain was individually
tested for composition of endosperm (starchy or waxy) by a modification
of the method suggested by WEaTHERWAX (1923). Before shelling each
ear a spot on each kernel was scraped to expose the endosperm, an opera-
tion quickly accomplished by the use of a small emery wheel. Before
shelling and sorting the grains of each row, they were tested for endosperm
composition by applying a touch of iodine solution to the scraped spot
of each grain. The separations for aleurone color and shrinkage of the
endosperm were clear and unmistakable except in a few ears of the
heterozygous plants in which the shrinkage of the endosperm was very
slight. These ears were separated only for C ¢ and W. w., Si s» being dis-
regarded.

VARIABILITY OF CROSSOVER PERCENTAGE IN MALE GAMETES

The crossover percentage in male gametes, as shown by backcrossing
to the multiple-recessive stock, was determined for 59 plants. The
classified progenies of these plants are shown in table 14 (appendix).
The extreme range in crossover percentage and the variability of crossing
over in the C-S;, Si-W,, and C-W ! sections are shown in table 1 (page 8).

The variability of crossover percentages, as measured by the coefficient
of variability, is decidedly higher in the shorter region than in the longer,
as was found by GoweN in Drosophila. In both the C-S; and the Si-W.
regions the variability is considerably less than that found by GoweN in

1 The crossover percentage for the C-W, region is determined by summation from those of the

component regions (deducting twice the percentage of double crossovers). It is given to permit
direct comparison with the plants in which shrunken endosperm could not be distinguished.
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Tanre 1
Variability of crossover percentage in male gametes.

HIGHEST
PERCENTAGE

LOWEST
PERCENTAGE

STANDARD
DEVIATION

COEFFICIENT OF
VARIABILITY

REGION MEAN PERCENTAGE

|

C-Sp 6.3 0.4 3.271+£0.101 1.148+£0.071 35.10£2.43
Sp-Wy 30.3 13.8 22.1154+0.263 ] 2.992+0.186 | 13.53+0.85
C-W, 33.1 14.2 25.1174+0.265 3.021+0.188 | 12.03+£0.76

Drosophila in regions of similar length. For example, in the three sections
of about 20 units length reported for Drosophila, the coefficients of varia-
bility were 31.0, 30.3, and 24.3, as compared with 13.5 in the S»-W. region
of maize, and in the one region of about three units length reported for
Drosophila the coefficient was 39.0, as compared with 35.1 for the C-S;
region in maize.

This lower variability of crossover percentages in the maize data does
not necessarily mean that crossing over is a less variable process in maize
than in the fruit fly, though of course this is a possibility. The two trials
were under very different conditions and are not directly comparable. Two
conditions in particular tend to make the variability lower in the maize
data: (1) the plants compared are of the same parentage and are grown
simultaneously under uniform conditions; and (2) the backcross progenies
used in determining the crossover percentages are larger, so that the
part of the variability which results from fluctuations of sampling is
reduced.

The latter point may require some further explanation. Suppose we are
dealing with a family of plants in which crossing over is perfectly uniform;
that is, each plant produces exactly the same percentage of crossover
gametes. Now in a study of the variability of crossing over in this family,
we determine the crossover percentage in each plant from a backcross
progeny of 400. The crossover percentages thus determined will not be
uniform; they will fluctuate about the true value, with deviations depen-
dent upon the size of the samples. For example, if the proportion of
crossover gametes actually produced by each plant were 20 percent, the
crossover percentage determined for each plant, from a backcross progeny
of 400, would have a probable error of 1.33 crossover units. If crossover
percentages were thus determined for 100 plants, about 50 of them would
be below 18.67 or above 21.33 (20.00 +1.33) and about 4 of them would be
below 16 or above 24 (20.00 43X 1.33). Thus, there would be considerable
variation in the crossover percentages determined, but it would be
variation of sampling, not variation of crossing over. The series of 100
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crossover values would have a mean of about 20 crossover units, a stan-
dard deviation of about 2 crossover units, and therefore a coefficient of
variability of about 10 percent. If backcross progenies of only 100 instead
of 400 had been used, the variability due to error of sampling, determined
in the same way, would have been about 20 percent instead of 10 percent.
If a chromosome region 10 units long, instead of 20, had been used, with
backcross progenies of 100, the population of plants, though actually
perfectly constant in crossing over, would have given a coefficient of
variability of about 30 percent. Thus, when crossover frequency is
measured by means of progenies of moderate size, one may find rather
high apparent variability, though no lack of precision in the mechanism of
crossing over isinvolved. This is true especially of the shorter chromosome
sections, which explains, at least in part, the high variability found in the
C-S» section and in the short sections studied in Drosophila by GOWEN.
Probably if large enough progenies were used in the measurement of
crossover frequency in the short sections, their crossover percentages
would be found no more variable than those of the long sections. But very
large progenies would be required. In order to reduce to 10 percent the
variability due purely to random sampling, progenies of more than 3000
each would be required for a section 3 units long, while progenies of 400
each would suffice for a section 30 units long.

The foregoing considerations suggest that crossing over may actually
have been a very uniform process in the family of maize plants studied,
and that such variations as were found may have resulted largely or
wholly from error of sampling. Although the coefficients of variability
determined are larger than would be expected to result from error of
sampling alone, with samples of the size used, it is of interest to determine
to what extent the variations may be accounted for by sampling fluctua-
tions.

If all of the plants were actually identical in crossing over, (that is,
if the variations found resulted wholly from error of sampling), only
about half of the percentages of crossing over determined for individual
plants should deviate from the mean percentage by as much as their
probable errors, about 18 percent by as much as twice their probable
errors, and so on, the expected frequencies being determined from tables
of the probability integral. The actual frequency of such deviations,
compared with the frequency expected if random sampling were the
only cause of variability, is shown in table 2 on page 10.

It is clear that the variation between plants is wider than would be
expected to result from error of sampling. In other words, the variability
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in crossover percentage found, though due in part to fluctuations of sam-
pling, is due in part also to actual differences in the frequency of crossing
over in different plants.

The correlation between crossover percentage in the C-S, and S;-W,
regions, in the male gametes of these 59 plants, was —.247 +.082. There

TABLE 2

Variability of crossover percentage in male gameies compared with variability
expecled as result of error of sampling.

DEVIATION FROM MEAN, DIVIDED BY PROBABLE ERROR
REGION
1 or more 2 or more 3 or more 4 or more 5 or more

Expected 29.50 10.46 2.54 0.41 0.04
Observed:

C-Sp 37 18 10 3 i

Sp-Ws 36 19 6 3

C-W, 35 19 5 2 1

was thus a slight but possibly significant tendency for a high crossover
percentage in one section to be accompanied by a relatively low crossover
percentage in the adjoining section.

Variations in crossover percentage were not significantly correlated with
height of plant, number of tillers, or number of ears. There was wide
variation in vigor of growth among the plants of this family, plant height
varying from 5 to 8% feet, number of tillers from O to 4, and number of
ears (including all which produced any grain whatever) from 1 to 8. But
these differences had no discernable relation to the frequency of crossing
over. There was a slight but possibly significant negative correlation of
date of first pollen shedding and crossover percentage for the Si-W, region.
The crossover percentage for C-Ss, which, as stated above, was negatively
correlated with that for S,-W., did not show any relation to date of first
pollen. The correlation coefficients determined are shown in table 3.

TasLE 3
Correlation of crossover percentage in male gameles with certain plant characters.

CORRELATION WITH CROSSOVER PERCENTAGE

PLANT CHARACTER

[
|
\ C-Sn

| ShWe cw.
Date of first pollen. .. .|  —.038+.092 t ~ 255+ .086 —.246% .086
Plant height. ......... ! .007 + .091 —.122+.090 — . 1414 .089
Number of tillers......| .060+ .090 1344 .089 1784 .087
Number of ears....... j .022 + .090 013+ .090 .036+ .090
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VARIABILITY OF CROSSOVER PERCENTAGE IN FEMALE GAMETES

A similar study was made of variation in crossover percentage in female
gametes in this family. Crossover percentages in the tiller ears were
found to differ significantly from those in ears of the main stalk, as will be
shown presently. Since many of the plants did not produce tiller ears,
it was necessary to disregard all tiller ears in determining the crossover
percentages to be used in the study of variability. The crossover per-
centage in ears of the main stalk was determined in 70 plants. In 7 of
these the shrunken character was indistinct, and was disregarded in
making separations. There are available for the study of variation in
crossover frequency in female gametes, therefore, crossover percentages
in all three of the regions studied, in 63 plants, and in the C W, region
only in 7 additional plants. The classified progenies are shown in table
15 (appendix).

The variability of the crossover percentages thus determined is shown
in table 4.

TasBLE 4
Variability of crossover percentage in female gametes.

NUMBER COEFFICIENTS
REGION oF RIGHEST LOWEST MEAN STANDARD oF
PLANTS |PERCENTAGE| PERCENTAGE PERCENTAGE DEVIATION VARIABILITY
C-Sp, 63 5.8 0.4 2.321+£0.082 0.966+0.058 | 41.62+2.91
S-W, | 63 28.6 14.8 20.000+0.242 2.8514+0.171 | 14.26+0.87
C-W; 63 30.7 15.7 22.156+0.264 3.1(24+0.186 | 14.001+0.86
C-W, 70 30.7 15.7 22.374+0.257 3.187+0.182 | 14.241+0.83

The variability is of the same order as that found in male gametes,
though in all cases the coefficients of variability in the female gametes are
slightly higher. This slight increase in variability might perhaps be
accounted for by increase in sampling fluctuations accompanying the
lower mean crossover percentages found in female gametes. On the other
hand, sampling fluctuations should be reduced somewhat by the larger
progenies used in determining crossover percentages in the female
gametes.

The extent to which fluctuations of sampling may account for the
variations observed is better shown by direct comparison of the observed
deviations from the mean with the deviations expected from sampling
errors alone. These are compared in table 5, which is prepared in the
same way as table 2 for the male gametes.

GeneTICS 11 Ja 1926
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TABLE 3

Variability of crossover percentage in female gameles compared with variability
expected as resull of error of sampling.

DEVIATION FROM MEAN, DIVIDED BY PROBABLE ERROR
REGION !
1or 2or Jor 1or 5or 6 or 7 or ~ 8or
more more ’ more | more more more more | more
Expected 31.50 11.17 . 2.71, 0.44) 0.05 0.00+ 0.00+l 0.00+
Observed: [
C-Si 44 29 116 6 3 0 0 0
Sp-W, 45 32 I 16 9 4 1 1 1
C-W, 43 32 2 | 12 5 2 1

The variability is well beyond that which may be accounted for by
fluctuations of sampling. Obviously, the crossover percentage in female
gametes, like that in male gametes, varied among individual plants within
the population. The extent of variation in crossover percentage beyond
that expected from sampling fluctuations is greater in the female gametes
than in the male gametes.

The fact that there were individual differences between the plants of
this family is further shown by the correlation between crossover per-
centages in different ears of the same plant. If crossover variations re-
sulted only from error of sampling, different ears of the same plant should
be no more similar than ears of different plants, for all ears would be
simply random samples from the same population. In other words, if
fluctuation of sampling were the only cause of differences between plants,
the crossover percentages of different ears of the same plant would be
uncorrelated variables. But actually the crossover percentages in different
ears of the same plant were highly correlated. The 52 plants which pro-
duced two ears of the main stalk gave the following correlations for cross-
over percentage in the first and second ear:

Region r
C-Si 451+ .078
SpW, 614+ .061
C-W, .686 1 .048

These clearly significant correlations show that plants within this
family differed significantly in crossing over, though they do not show
whether such differences were due to germinal or environmental causes.

In the 63 plants in which crossover percentages for both C-Sy and Siu-W-
were determined, the correlation of crossover percentages in the two
regions was .257 +£.081. This is contrary to the condition found in the
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male gametes, in which the crossover percentages in these two regions
were negatively correlated to about the same extent.

The relation of crossover percentage in female gametes to plant height,
number of tillers, number of ears, and date of first pollen shedding is
shown in table 6.

TABLE 6

Correlation of crossover percentage in female gametes with certain plant characters.

CORRELATION WITH CROSSOVER PERCENTAGE
PLANT CHARACTER
C-Sh Sh-We C-W,
Date of first pollen. . .. .017 +.088 .130+ .086 122+ .087
Plant height.......... ~.153+.085 —.348+ .077 —.340%.077
Number of tillers. .. ... —.094+ .086 —.179+ .084 —.180+.084 .
Number of ears. ...... —.193+.083 —.261+.080 —.296+.079

There is clearly a tendency toward negative correlation of crossover
percentage and characters indicating vigor of growth, though all of the
correlation coefficients are low. Plant height shows the closest correlation
with crossover percentage, but number of ears and number of tillers also
show some correlation, at least in the Si,-W. and C-W, regions. The
correlation coefficients are lower for the C-S; region, as was found also in
the correlations determined above for crossover percentage in different
ears of the same plant. The probable reason for this lower correlation in
the C-S, region is that the variations in this short region were more largely
the result of sampling fluctuations than the variations in the longer
regions. Date of first pollen was not significantly correlated with crossing
over.

RELATIVE FREQUENCY OF CROSSOVERS IN MALE AND FEMALE GAMETES

The data already presented show a higher mean crossover percentage
in male gametes than in female gametes. The data given for female
gametes include several plants in which crossover frequency in male
gametes was not determined, and those for male gametes include a few
plants in which female gametes were not tested. Crossover percentages
in both male and female gametes were determined in 54 plants, including
5 in which separations for S, s, could not be made in the ears representing
the female gametes. These determinations are shown in table 16.

The low correlation between crossover percentages in the male and
female gametes of the same plant is striking. The correlation coefficients
are as follows:

GenEeTICs 11: Ja 1926



14 L. J. STADLER

Region Number of Coefficient
plants of correlation
C-Sx 49 .2124.092
Si-Wy 49 .075+ .096
C-We 54 1224 .090

This is in agreement with the results of EMERsON and HutcHison (1921)
on crossing over in the B-/, and C-S) regions in maize. These investigators
found in plants extreme in crossover frequency in the gametes of one sex
no marked tendency toward extreme results in the other sex. Correlation
coefficients computed from the data given by them follow:

Region Number of Coeflicient
plants aof correlarion

B, 19 .358+.135

C-Sp, 20 185+ .146

The crossover percentages in male and female gametes of the same
plants, computed from the totalled progenies of table 16, are shown in
table 7.

TaBLE 7

Crossover percentage in male and female gametes. Family 4003.

MALE GAMETES TESTED FEMALE GAMETES TESTED DIFFERENCE
NUMBER
REGION PLoiTS Total Crossover Total Crossover Crossover
A progeny percentage progeny percentage percentage
C-Sp 49 23,348 3.42+0.08 38,770 2.34+0.05 1.08+0.09
Sp-We 49 23,348 22.08+0.19 38,770 19.99+0.14 2.09+0.24
C-We 54 24,982 25.19+0.19 40,847 22.29+0.14 2.90+0.24

There is no question of the statistical significance of these differences,
which are 8 to 12 times as large as their probable errors. The probability
is inconceivably small that the total progenies representing male and
female gametes are random samples from populations of gametes equal in
crossover percentage. In both sections of the chromosome studied, the
crossover percentage was distinctly higher in male gametes.

But we have seen that there are significant variations in crossing over
between individual plants, and table 16 shows that there is great variation
between plants, also, in relative frequency of crossovers in male and
female gametes. It is possible that the difference in crossover percentage
in the totalled data results from error of sampling the varying population
of plants. In the method of comparison used above, the variation of plants
is not a factor; the results are the same for any given crossover percentage
and total number of grains, whether the plants making up the total are
perfectly uniform or highly variable in crossing over.
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The significance of the difference from this standpoint may be deter-
mined by averaging the differences in crossover percentage found in
individual plants, and assigning to this average difference a probable
error determined by BESSEL’s formula, ’

Zd?
E= 67451/
nn—1)

Computed in this way the differences are as follows:

Region Number of Mean difference in

plants crossover percentage
C-Sy, 49 0.935+0.115
Sr-Wy 49 2.065+0.397
C-W, 54 2.607+0.375

Although the probable errors are considerably higher than in the
preceding comparison, all three differences are distinctly significant. There
is a high degree of probability, amounting to practical certainty, that an
infinite number of plants of this population, tested under the same con-
ditions, would have given a higher crossover percentage in male gametes
than in female gametes, in both sections of the chromosome.

It does not follow, of course, that such a variation in crossing over is
consistently associated with sex in maize. In fact, there are three good
reasons for favoring the contrary view:

(1) Previously reported studies have given different results. Among the
trials in which the same plants were used both as male and female parents,
the only case in which a significant difference was found was one reported
by EmERsON and HutcHISON (1921), in which the crossover percentage
in the C-S) region was found significantly higher in female gametes.
Other trials reported by EmMersoN and HurcHIsoN and by EvsTER (1922)
showed no significant difference.

(2) Crossover variations analogous to those found in male and female
gametes are found in different inflorescences of the same sex. For example,
of the 21 plants of this family which produced both a main-stalk ear and
a tiller ear, the crossover percentage (for C-W,) was higher in the main-
stalk ear in 17 cases. The mean of the differences in crossover percentage
in the 21 plants was 2.26 +£0.40, which is of the same order as the differ-
ences reported above for male and female gametes. It is probable that
these differences result from the different environmental conditions under
which the gametes develop in the main stalk and in the tiller, which is
always several days later in flowering.? Since distinct differences in

3 These data are presented and discussed in the next section of this paper.
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crossover percentage are found in female gametes produced at different
periods in the development of the plant, it is to be expected that crossover
percentages may differ similarly in male and female gametes, for micro-
sporogenesis and megasporogenesis also occur at different periods.

(3) The relative frequency of crossing over in the development of
male and female gametes was found to differ consistently in different
stocks. In addition to the data for family 4003, already reported, fairly
extensive data are available in two other families, 4045 and 4070. Family
4045 was unrelated to family 4003, while family 4070 was related to both
4003 and 4043, its female parent being a full sib of that of 4003 and its
male parent a full sib of that of 4045.

Two plantings of each of these families were made, the first on May 12
and the second on June 5. The later-planted series began to shed pollen
about 10 days later than the earlier series. Thus the plants of the two
series were likely to be under quite different weather conditions at any
given stage of development. The crossover percentages for C-W., deter-
mined from the totalled progenies, are shown in table 8.

TaBLE 8
Crossover percentage in male and female gameles. Families 4045 and 4070.

! |
NUMBER MALE GAMETES TESTED | FEMALE GAMETES TESTED DIFFERENCE
FAMILY | PLANT- OF ) i CROSSOVER
. XT§ Total Crossover i Total Crossover .
ING | PLANTS progeny percentage :‘ progeny percentage PERCENTAGE
4045 I 9 2745 25.36+0.56 3797 24.73+0.47 0.63+0.73
4045 11 } 5 1999 29.01+0.68 2045 27.384+0.66 1.63+0.95
| —
4070 I 5 1668 26.26+0.73 1 2197 21.18+0.60 5.08+£0.94
4070 IR 10 2992 28.24+0.56 1 7284 24.71+0.34 3.53+0.65

Both plantings of 4045 gave an insignificant difference in crossover
percentage in male and female gametes, while both plantings of 4070
gave a clearly significant difference in favor of the male gametes. Cross-
over percentages were higher in the later planting in both families, but
increased in both male and female gametes, so that the relative frequency
was not much affected.

VARIATION IN CROSSING OVER WITHIN THE INDIVIDUAL

To determine the extent to which crossing over in the development of
male gametes might vary within the individual plant, successive pollina-
tions were made from four plants at intervals of one or two days through-
out the pollen-shedding season. The classified progenies of these plants
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SUCCESSIVE POLLINATIONS
FROM PLANT 4003-68
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F1cure 3.—Crossover percentages determined by repeated pollinations from plant 4003-68.

Ezxplanation in text,
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areshown in tables 17 to 20, inclusive. The most extensive trial was made
with plant 4003-68, from which pollinations were made daily, with two
exceptions, through a period of 17 days. The plant produced 5 tassels,
from each of which repeated pollinations were made. In all, 37 backcross
ears were pollinated from this plant. The crossover percentages deter-
mined are shown graphically in figure 3. Similar but less extensive trials
were made with plants 4013-2, 4017-5, and 4017-21. The results of these
3 trials are shown in figures 4 to 6, inclusive.

SUCCESSIVE POLLINATIONS
FROM PLANT 4013 -2

13~2

MAIN TASSEL: C-Sh Sh -¥vx

25 ———

26 =

27 £ =

28 = =

30 -E ——

3 £ e——

32 = —
FIRST TILLER:

36 = e g
SECOND TILLER~- T SPLANTED :

38 ——

40 —= e

5 o 10 15 20 25 30 35

F1GUrE 4.—Crossover percentages determined by repeated pollinations from plant 4013-2.
Explanation in text.

In these graphs the crossover percentages for the C-Si and S»-W . region
are indicated by the length of the bars, while the probable error of each
crossover determination is indicated by the length of the single line at the
end of the bar. Thus, the first bar of figure 2 indicates crossover percent-
ages of 3.740.6 for C-S; and 23.9+1.4 for S,-W.. The dates given are
continuous through July and August, July 31 being given as 31, August
1 as 32, etc.
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SUCCESSIVE POLLINATIONS
FROM PLANT 4017 -5

17-5 .

MAIN TASSEL : C-Sh Sh-Wx
25 = =3
27 . =
28 == —
31 = =
32 -~ —1

FIRST TILLER:
31 i S =
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38 —+= : m——
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47 — py———
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} o 5E 10 /1: 20 25

Ficurr, 5.—Crossover percentages determined by repeated pollinations from plant 4017-5,
Explanation in text.
The crossover percentages determined by successive pollinations from

these 4 plants agree in indicating:
(1) Thereis no consistent increase or decrease in crossing over, with age;
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SUCCESSIVE POLLINATIONS
FROM PLANT 4017-21

17-21
MAIN TASSEL C-5h Sh -Wx
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F1GURE 6.—Crossover percentages determined by repeated pollinations from plant 4017-21.
Explanation in text.

(2) The fluctuations of the crossover percentage for the C-S, region
are not noticeably correlated, positively or negatively, with the fluctua-
tions of the crossover percentage for the Si-W . region;
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(3) The crossover percentages determined by pollinations from trans-
planted tillers were not significantly different from those of other tassels
of the same plant; and

(4) The fluctuations in crossover percentage are surprisingly small
when their probable errors are considered.

The possibility that these daily fluctuations in crossover percentage
are due merely to error of sampling may be examined by the method
which was used in studying the variation among different plants. In
table 9 are shown the fluctuations from the mean, expected as a result of

TaBLE 9

Duaily variation in crossing over compared with varialion expected as resull of error of sampling.
Repeated pollinations from 3-68, 13-2, 17-5 and 17-21.

DEVIATIONS FROM MEAN, DIVIDED BY PROBABLE ERROR
NUMBER
PLANT OF OCCURRENCE 1.0 or 1.5 or 2.0 or 2.5 or 3.0o0r | 3.5or
TRIALS more more more more more ‘more
3-68 24 Expected 12.0 7.5 4.3 2.2 1.0 0.4
Observed:
C-Sp 12 10 4 1
Sp-Wy 11 6 4 1 1 1
13-2 10 Expected 5.0 3.1 1.8 0.9 0.4 0.2
Observed:
C-Sp 4 2 1 0 0 0
Sp-Wy 8 3 2 2 1 1
17-5 12 Expected 6.0 3.7 2.1 1.1 0.5 0.2
Observed:
C-Sp 6 4 3 2 2 1
Sp-W, 7 6 5 2 1 0
17-21 12 Expected 6.0 3.7 2.1 1.1 0.5 0.2
Observed:
C-Sp 4 3 2 1 0 0
Sp-W, 7 5 3 1 1 0
Total....| 58 Expected 58.0 36.2 20.6 10.7 5.0 2.1
Ohserved: 59 39 24 10 6 3

error of sampling, compared with the fluctuations observed. There are,
as would be expected, considerable divergences from the expected pro-
portions within individual plants, but in the aggregate, the agreement of
expected and observed fluctuations is very close. In other words, cross-
over percentages determined by repeated pollinations from a single
homogeneous supply of pollen would be expected to vary almost as widely
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as did the percentages determined by repeated pollinations throughout
the pollen-shedding period.

Further evidence on the extent of variability within the individual
plant is given by the crossover percentages determined by pollinations
from main tassels and tiller tassels. In 19 plants of family 4003 crossover
percentages were determined by pollination from both the main tassel
and the first tiller tassel. These percentages are shown in table 10.

TaBLE 10

Crossover percentage in main tassel and first tiller tassel. Family 4003.

PLANT NUMEER iy T e vy
13 19.4+2.1 30.442.2 11.0+3.1
16 26.9+£1.7 30.6+1.8 3.7+2.5
18 23.6+1.4 26.0+1.7 2.412.2
23 27.0+2.0 26.7+1.8 —0.3+£2.5
28 28.1+1.6 24.3+2.1 -3.8+2.6
41 29.5+1.8 26.1+2.2 —-3.4+2.8
46 25.8+1.7 23.8+1.6 —2.0+2.3
54 24.8+1.4 25.7+2.2 0.9+2.6
M 27.4+1.7 21.9+1.9 ~5.5+2.5
58 24.3+1.8 24.1+1.8 —-0.2+2.5
61 25.3+1.9 26.3+£1.7 1.0+£2.5
65 27.3£2.5 29.7+1.6 2.4+3.0
66 19.8+1.9 22.0£1.5 2.2+2.4
68 27.5+1.4 25.0+1.3 —-2.5+1.9
69 29.2+2.1 23.9+2.0 —~5.3+£2.9
73 25.2+2.4 21.842.4 —3.4+3.4
83 27.7+2.2 30.2+£1.9 2.5+2.9
85 25.8+2.1 22.0+2.0 —-3.8+2.9
99 29.1+1.5 26.1+1.7 —3.0+2.3

The tiller tassels do not differ consistently from the main tassels. In
8 cases the crossover value is higher in the main tassel; in 11 cases in the
tiller tassel. Of the 19 differences, 11 are as great as their probable errors,
2 are twice as great, and 1 is three times as great,—again only slightly
more variability than would be expected to result from error of sampling.
The mean difference in crossover percentage is 0.37 +£0.60, in favor of the
main tassel. The difference is less than its probable error and of course has
no significance.

Thus, in this material, crossing over in the production of male gametes
has been a relatively constant character of the individual plant. Any
environmental variation which has occurred has been too slight to be
detected in populations of the size used in this study. Fortunately, the
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material used will permit a considerable increase in precision. By using
large-eared recessive stocks and pollinating as many ears as possible from
each sack of pollen taken from the heterozygous plant, it is possible to
reduce the probable error of the crossover percentages representing each
day’s pollination, at least to 0.2 for the C-S; region and 0.4 for the C-W.
or S;-W, regions. Fluctuations of 1 or 2 crossover units would then be
clearly significant.

While crossing over in the production of male gametes varied little
within the plant, it varied widely in different plants. The four plants
from which daily pollinations were made are favorable material for this
comparison, for their large total progenies establish their crossover per-
centages with a fairly high degree of precision, while the repeated pollina-
tions demonstrate that daily fluctuations were a very minor factor in the
differences. These four plants represent three families, of which two were
very closely related. Family 4017 was produced by crossing two plants
which were full sibs of the parents of family 4003. Family 4013 was not
related to the other two families.

The crossover percentages determined from the totalled progenies of
the four plants are shown in table 11.

TasLE 11
Individual differences in crossing over.

MALE GAMETES FEMALE GAMETES
PLANT
C-Sh Sp-Waz C-We C-Wy
3-68 3.9+0.1 22.8+0.3 26.4+0.3 25.840.9
13-2 3.3£0.3 30.3+£0.7 33.2+0.7 28.7+1.1
17-5 4.3+0.2 19.0+0.5 23.0+0.5 19.6+0.8
17-21 2.9+0.2 20.840.5 23.6%0.5 21.0£1.0

There are significant differences in crossing over between any two of the
four plants compared. The most striking difference is between 4013-2
and 4017-5, which, as it happened, were planted on the same day, reached
pollen-shedding on the same day, and grew under uniform conditions
within 5 yards of one another. Plant 17-5, which had a much lower
crossover percentage in the S,-W, region, had a somewhat higher cross-
over percentage in the C-S) region. The latter difference is perhaps insig-
nificant, but there can be no doubt of the significance of the differences in
the S,-W. region or in the C-W, region taken as a whole, which are,
respectively, 11.340.9 and 10.2+0.9. A similar difference in crossover
percentage was found in the ears of these two plants, in which the differ-
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ence in the crossover percentage for C-W, was 9.1+1.4. Unfortunately,
separations for .S, s, could not be made in the ears of plant 17-5, so cross-
over percentages in female gametes could not be determined for the C-S;
and S»-W. sections. For the C-W, region, considered as a whole, crossing
over was about 45 percent more frequent in plant 13-2, in the development
of both male and female gametes.

In female gametes the crossover percentages in main stalks and tillers
showed a relation very different from that found in male gametes. Of
the 70 plants for which crossover percentages for C-W, were determined,
21 produced a backcrossed ear on both the main stalk and the first tiller.
The crossover percentages for these ears are shown in table 12.

TaBLE 12
Crossover percentage in first ear and first tiller ear. Family 4003.

i i
FIRST EAR ‘ FIRST TILLER EAR "

PLANT r‘ DIFFERENCE
“ PERCENT \ PERCENT PERCENT

7 ] 24.3+1.3 ! 27.0+1.3 2.7+1.8

1 | w6t | 262414 3.6%1.9
13 | 20.5+1.5 | 22.5+1.6 2.0%2.2
16 | 19.8+1.4 | 20.9+1.2 1.1+1.8
17 | 20.5+1.3 : 24.1+1.3 { 3.6+1.8
19 | 20.5+1.6 ! 17.742.2 —2.8+2.7
24 i 17.8+1.3 | 26.9+1.4 9.1+1.9
31 | 22.5%13 | 22.7%15 0.22.0
33 312 | 189312 —1.4%1.7
34 | 23.1+1.2 | 25.0+2.1 1.9+2.4
16 ; 25.5+1.3 ‘ 26.6+1.3 1.1+1.8
52 | 22.2+1.3 ! 22.0+1.3 —0.2+1.8
53 17.8+1.4 | 23.6+1.4 5.8+2.0
54 17.5+1.2 l 17.8+1.3 0.3+1.8
63 25.6+1.2 | 20.2+1.3 3.6+1.8
67 21.0£1.5 | 24.2+1.3 3.2+2.0
68 26.4+1.3 1 25.3+1.2 ~1.1+1.8
69 , 22.9+1.2 [ 25.7+1.4 2.8%1.8
78 27.6+2.3 ; 28.8+1.4 1.2+2.7
85 17.341.5 22.4%1.6 5.1+2.2
99 20.0£1.3 i 25.7+1.3 5.7+1.8

The crossover percentages are consistently higher in the tiller ears.
In only 4 of the 21 cases is the main-stalk ear higher in crossover per-
centage, and only one of these differences is as great as its probable error.
The mean of the differences is 2.26+0.40, or 5.65 times its probable
error. Similarly, the crossover percentages determined from the totalled
progenies are 21.26 +0.29 for the main-stalk ear and 23.96+0.31 for the
tiller ear, giving a difference in favor of the tiller ear of 2.70 +0.42. Thus,
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different ears of the same plant have undoubtedly differed significantly
in crossover percentage.

Whether this difference is due to age or to different environmental
conditions at a critical period cannot be certainly determined from the
available evidence. Whatever the cause of the difference between in-
florescences of main and tiller stalks, however, it is clear that crossing
over was far more affected by it in female than in male gamete develop-
ment.

The first and second ears of the main stalk were strikingly similar in
crossover percentage, in the 52 plants which produced two main-stalk
ears. In this family the two ears of the main stalk were usually of about
the same size and silked on the same day. Presumably, they developed
under practically the same environmental conditions. The differences
between their crossover percentages were no greater than those to be
expected from fluctuations of sampling, as shown in table 13.

TasLE 13

Differences in crossover percentage in first and second ear compared with differences expected
from error of sampling.

DIFFERENCE, DIVIDED BY PROBABLE ERROR
NUMBER
or 1.0 or more 1.0 or more 3.0 or more
PLANTS
Expected 47 23.50 8.33 2.02
Observed:

C-Sy 47 23 8 0
Si-Wr 47 20 7 0
Expected - 52 26.00 9.22 2.24

Observed:
C-Wy 52 25 6 1
SUMMARY

Among a maize population of full sibs grown under uniform conditions:

(1) Crossing over was found only moderately variable, when due
allowance was made for fluctuations of sampling.

(2) Crossover percentages determined for the short C-S, region were
much more variable than those for the long S;-W . region. Thisis probably
due to the fact that the former are much more greatly affected by errors of
sampling.

(3) Crossover percentages in female gametes were more variable than
crossover percentages in male gametes.
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(4) Crossover percentages in the first and second ear of the main stalk
were highly correlated.

(5) Crossover variations in male gametes were not correlated with plant
height, number of ears, or number of tillers, but were possibly correlated,
negatively, to a slight extent, with date of first pollen.

Crossover variations in female gametes were correlated negatively
with plant height, number of ears, and possibly number of tillers, but
were not correlated with date of first pollen.

(6) Crossover percentages in male and female gametes of the same
plants were not significantly correlated.

(7) Crossover percentages were significantly higher in male gametes
than in female gametes of the same plants.

Within the individual plant:

(8) Crossover percentages in male gametes, determined by repeated
pollinations throughout the pollen-shedding season, did not differ sig-
nificantly.

(9) Pollen of transplanted tillers did not differ significantly in cross-
over percentage from pollen of other tassels of the same plant.

(10) Crossover percentages in female gametes were significantly higher
in tiller ears than in ears of the main stalk. In male gametes no such
difference was found. Thus, crossing over in the development of female
gametes was apparently affected by age or environmental conditions
which had no distinct effect on crossing over in the development of male
gametes.

Among plants of different families:

(11) A single random comparison of two plants from unrelated families
showed a wide and clearly significant difference in crossing over. The
differences were similar in male and female gametes.
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ArpENDIX—Tables 14 to 22

TABLE 14
Crossover data, male gameles, family 4003,

CROSSOVERS IN REGION
PLAKT NON-CROSSOVERS TOTAL
NUMBER 1 : 2 f 1,2
3 136 115 i 2 33 34 00 321
5 59 84 4 i 22 15 1 0 185
7 242 264 i3 12 68 64 0 2 665
10 131 109 1 3 J 33 25 10 306
11 245 203 10 8 : 31 48 2 3 570
12 104 100 5 1 ] 47 26 10 284
13 223 211 8§ 10 63 68 00 583
16 186 216 10 7 75 69 0 0 563
18 309 290 16 22 66 87 11 792
19 102 95 9 6 37 26 0 0 275
20 81 91 4 1 36 27 00 240
23 183 247 13 6 78 63 01 591
24 101 105 1 0 13 20 00 240
27 101 101 5 2 29 27 0 0 265
28 175 208 5 8 7235 10 524
29 150 148 4 1 43 36 01 383
30 178 165 1 35 40 39 0 2 460
33 415 436 14 9 114 114 00 1102
34 73 33 3 4 15 18 00 166
35 122 114 7 6 32 32 0 1 314
40 92 82 6 3 19 15 00 217
41 164 157 9 6 49 62 0 0 447
44 62 7 1 3 26 27 0 0 193
46 209 239 18 14 68 53 10 622
47 74 77 2 2 29 25 0 0 209
52 279 296 8§ 9 91 88 11 773
53 121 108 4 4 37 41 00 315
54 232 250 10 4 81 66 00 643
55 307 291 18 19 76 81 01 793
58 209 194 5 11 51 62 0 1 533
60 171 170 16 13 43 44 00 457
61 285 301 9 12 83 99 01 790
63 78 100 7 2 21 25 00 233
65 156 178 8 8 62 58 00 470
66 250 228 14 12 54 48 00 606
68 669 703 45 32 209 213 1 1 1873
69 268 264 10 12 79 84 01 718
70 91 77 3 4 39 37 00 251
71 308 278 15 2 78 94 20 717
7 143 132 5 7 46 41 0 1 375
73 129 101 2 5 30 34 20 303
74 81 131 5 1 26 6 00 270
75 196 189 13 © 74 35 1 0 534




VARIABILITY OF CROSSING OVER IN MAIZE

TaBLE 14 (continued)

PLAKT CROSSOVERS IN REGION
NUMBER NON-CROSSOVERS TOTAL
1 2 1,2
76 8 111 5 4 28 30 00 263
78 97 104 4 5 27 31 0 0 268
80 217 241 10 6 39 67 00 600
81 97 80 4 2 18 25 00 226
82 135 136 2 4 35 33 00 365
83 242 248 11 11 99 64 00 675
85 145 161 7 10 39 41 1 4 408
87 96 107 5 2 29 34 00 273
88 86 77 7 4 21 21 00 216
89 54 45 1 2 13 12 00 127
90 219 218 8 9 60 60 00 574
92 130 123 10 3 4 32 00 342
95 37 43 4 1 12 12 00 109
96 73 67 3 3 36 25 00 207
98 170 153 8§ 9 46 49 00 435
99 235 261 8 14 81 88 01 688
Total 20,178 870 5919 39 27,006
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Crossover data, female gametes, family 4003.

L. J. STADLER

TaBLE 15

(Tiller ears excluded).

CROSSOVERS IN REGION

PLANT NON-CROSSOVERS TOTAL
1 2 1,2
2 116 96 8 4 24 41 3 2 294
4 187 161 5 4 41 41 11 441
S 337 333 10 12 4 72 4 2 844
7 342 324 17 13 99 96 00 891
9 307 296 5 6 100 102 10 817
10 210 205 6 5 52 33 10 512
11 185 178 1 4 40 61 00 469
13 292 312 4 6 65 92 00 771
15 161 200 6 2 46 61 0 0 476
16 390 360 6 5 65 83 11 911
17 206 155 2 4 36 51 00 454
18 254 235 6 7 62 77 00 641
19 188 221 5 8 55 53 0 0 530
20 331 330 10 9 84 81 11 847
24 216 183 3 2 47 38 0 0 489
27 316 328 1 6 109 107 00 877
28 464 471 15 15 105 126 0 0 1196
29 448 470 5 8 100 96 00 1127
30 262 247 4 3 61 63 00 640
31 273 211 79 379 01 713
32 250 258 8 9 50 52 00 627
33 221 218 7 6 48 51 00 551
34 362 355 11 .17 95 73 20 915
40 385 377 10 14 89 86 0 0 961
44 406 386 71 90 92 00 992
46 354 345 14 14 117 112 01 957
47 325 335 14 19 102 94 00 889
52 358 344 7 15 92 94 00 910
53 179 162 4 7 31 34 00 417
54 406 459 8 11 93 82 0 0 1059
55 182 160 8 10 50 61 0 0 471
58 0 79 6 1 12 18 00 186
59 419 425 17 15 80 92 01 1049
61 410 426 3 5 8 91 0 0 1024
63 338 328 12 16 87 86 00 867
65 296 277 4 3 60 61 10 702
66 393 391 15 15 89 96 00 999
67 212 201 5 5 46 56 00 525
68 157 168 8 8 50 53 00 444
69 206 198 5 5 38 53 0 0 525
70 307 315 18 15 114 104 11 875
71 439 424 12 18 87 91 00 1071
72 469 419 13 18 106 92 00 1117
73 305 277 16 11 9% 99 0 0 804
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TasrE 15 (continued)

31

CROSSOVERS IN REGION
PLANT NON-CROSSCVERS TOTAL
1 2 1,2
75 268 277 9 9 121 103 11 789
76 456 379 22 17 98 104 00 1076
77 218 244 9 4 67 75 00 617
80 301 274 10 6 60 68 00 719
81 338 364 11 6 95 97 00 911
83 262 247 4 0 71 67 00 651
85 337 331 13 11 45 81 10 819
86 262 279 2 4 50 45 00 642
87 325 380 9 7 77 102 00 900
88 404 403 8 7 130 136 00 1088
89 306 297 9 8 93 88 00 801
90 207 206 5 6 61 66 10 552
93 119 107 1 0 16 31 00 274
95 157 155 4 6 4 42 10 409
96 348 360 9 8 80 98 00 903
98 278 266 4 9 67 67 00 691
99 389 375 11 13 97 95 0 0 980
100 50 52 1 3 14 13 00 133
Total 35,658 1033 9109 32 45,832
Ears without separation of Sy, s3 (crossovers in C-W; region)

3 157 148 —_ — 4 61 —_ = 410
12 95 99 — - 41 39 _ = 274
14 307 304 —_—— 118 99 —_— 828
35 97 108 —_ = 30 2 —_ = 264
41 384 362 —_ — 83 110 —_ — 939
42 98 89 _- - 26 20 —_ - 233
78 74 65 —_—— 33 18 —_ — 190

Grand total 38,045 —_ 10,893 —_ 48,970
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TaBiLE 16
Crossover perceniage in male and female gametes. Family 4003.

L. J STADLER

W — 0 OO N N~ 00 W W N S AN N WO
8 NV“N"‘HﬁMNNNC\Iv—-‘v—iv—ﬂv—t"!NNﬁNv—deﬂy—q
g HH A A A H A H
5 IS A F OO NRDF WD D s
E Nv—tc\l!\ll"):OlﬂCﬂ"t\! M NND O NN NS O N
| [ { l |
z SOMMOS MMV NS TR HD ™
8 o 2 e e == N R IR~
=1 CR H oA A A A A
MEE | @M e min 0 0 0nn e s alo oo e e
R e A RN B AN B B = R R
L’) Pl BN B B B o\ Bila) BEQVEE BN of Bt B BN o B oV Bia N of Bl et Bl IR o R S S |
N~ N NN SRR DN NN NS N O
oﬂ"j (\;v—(vﬂﬂv—{vﬁv—ivﬂv—‘v—lv—‘v—‘v—iv—;o.NNN‘—‘Nv—‘ﬂMﬁ
=9 A HAH A HHH A H A A H A H
HE | NONMOO = I M AR AQ R RN DR O
0 N e OO H QW DD o SH OOy I U I W e
AN AN NN AN NN ™ NN NN A AN NN
® D 0N N NS O I~ T N N SN ok O
:ﬁ: NvﬂNv—i—dv—dv—*C\lNNvﬂv—dv—(v—lvﬂNNNﬁNv—'v—v—l—q
5 HoH A A A H A A A A
o= W D= 0 0D vt v v 10D O O N e WO 00 N D0 [ B I
A NN MERNNO®MmIE NN - OO 0 D s
| | | | | | |
5 CONMODAMNCTTMORXL—=NRRRRARND D
Bl 08 | MmO A O DS~ ="SO0DOOD =S~
2T | H R
N £§ SO WM FMIS FHIS H DN FOSONM DD H O
L B 10— O = OO O A H ISR N XXX FEND WO W
() — N e NN v O O\ v e O v v el v o e TN O TN v e O
-, - O N NONCNIN NN DNAND DD =D
o 8 O et v et v D N N N D
k<! \ o ST
FE | HHHHHHHHHHHHHHHHHAE = HHH
SE|lnmamamnooa ™o —HoOma SN0 X003 R
S0 VAWM NS 0 = FDOND DWW N
| N v o= NN v NN NN NN N NN
i
!
© LR ol B L S Vo R ol = N~ - SRV R S SV I~ N~ S SV ST I = e
g C o o0 OO0 COSOOOCDDDOSODOD
E L X H A H HH H A A H A R
g
=] O~ N0 DO 0O N
A S oo CC o0 SN RSN OO~
| I | | |
z R e e I A B SR R R R B s enan
128 COoO0C0000000DODOODDDDOD DD
A1 BT | MR HH A A A H
& ﬁ?o O ) F O NN DN N G0 D O 0N
41 0N O Ll IS — e NN Nt on AN O e o)
o | QNI NN 00 00 s 1 O O WD N DML e
28 | COOD OO0 DOSDOD
SR | BT T H H R A
R R R =Rl R - R B R B B!
?ﬂNﬁ"WMWWNONN«*"ﬁN’f‘fNKA"NNN*
e &
Z o ~ > ~ oy e vy
55 mhgzﬁggaggmgg%:$$$gﬁm-r,lnm
=l
z




VARIABILITY OF

CROSSING OVER IN MAIZE

33

GEeNETICS 11:

Ja 1926

BN O W D00 N G0 N0 X
3 Nv—:(\lv—:vd'—tv—ﬂt\l — Oy v O v O v v O O O e N v v
g HHHHHHHHHHHHHHHHHHHHHHHHH
5 e I~ H N0 O N DI N0 QM 0 H O
g f!‘l\OQOONﬁ' mﬁ'mmmemv)Tc\lemgﬂ‘m
[ [
% O OHA¥MNOANOQA OO SAONNS =
g O (\io‘v-;v—;o'—qv-ﬂw—ioo—q‘—dov—tw—(v-(v-ﬂv—qo‘—cv—tq—tv—av—qo
8 =8 HHHHHHHHHHAHHAHH A A A HHHHHHH
| EE | o4 N NmmoomndnendOo0mnonomnono
S E ) t - <
FIHE|22Q2S8RR2RNRASISRRIISZRSRN
e i i D R B B R B b B BB b
o 8 — o ot ot S vl vt v v v e ot O vl ol ot O N N O
EE | HHHHHHHHHHHHHHH+HHHHHHHHHH
SE NNV A0 =R H M H0OW SRS H 0
b H W) N0 e O U0 OIS s PO W)
AN AN AN AN N AN, AN ANNN NN NN ANNANANNANAN NN
3 FOEmNMNOOMEAYAY YN NN QAN
5 Nv—i(\lv—lv—tv—lv—ft\lHv—;—iv—(v—(!—'Nv—iw—lw—tNNﬁ(")Nv—lv—l
3 HHHHHHHHAHHHAHHHH A HHHHHHHHH
b=} OISO NO 0NN N~ ] N O Q¢ o+
A MOV —AOmINPVNAFNMANN O NND NN
| [ 1 | o
.
~ =z
g g RO AT RN NOARN VOO ARADA—ORNXO N~
i B 28 N0 A0~ 000~ mOmMO =00 OO
= o] EE| HHHHHAHHHHHHHHHHHHHHHHHHHH
3 N ﬁeﬁd SOOI N A H OIS N O RO NGO NN O
< & W OO~ NN O F QRN NN M =R D
o) e O] v v N NN v v NN v v OO v v NN v v v
bt
2
= NQAMAN OO O NN N 0NN O
ué’): e v v e O vt vl v el e v v v v v v v v O v O] O e v
i SE | HHHH S HH S H H
SE | ¥ANMNO VRN OINRN O QD W 0
W a0 N NOYN i H NN ATONAR QN
NN ™ AN =N NN ANNNANNN A ANNN—A NN
] AMANYY YN MRy Hy 00 NSO
g CO 0000000000000 mMO OO
8 | HHHAHHHHHHAHAA AT HHHFHHHHHHH
=) OO MMOMAN I~ N NN~ WV~ O RND
A olmou—-ﬂo TO OO M OOCNNG OO w -
ol | |
R R R B R R R B B R R B K R B R K B
% T | ocoocococcococooco0oocococooocooe0
EE | HHHHHOHAHAHH O HHHAD D AHAHAH
S 8| RRVILC0ACNRINONNLR® ¥ m OO
&) N DN N NN NN = O v o N
@ "?Q:OO_‘O.V?N'{Q:OOQF\O.I\WI\ o IS 00 vwi D = 0 O W
28 | PO 0000000000000 OO0
SE| HHHH T HHHHHAHHHH T H A HHHHH A
S| FRALNANNQOEWMON AN IO NN
MmN HH NN NN NN ) N
-]
z ) o)
EE BEBEEVBIRNNARLRITIRLERSIRRERS
z




34

L. J. STADLER

TABLE 17
Repeated pollinations from plant 4003-68.
CROSSOVERS IN REGION
DATE
TASSEL AUGUST NON-CROSSOVER 5 s TOTAL
Main 2 140 176 8 8 57 47 00 436
4 135 182 4 7 46 42 0 0 416
4 151 140 4 2 56 47 01 401
5 182 205 10 4 40 58 00 499
7 297 341 19 10 119 115 00 901
8 42 51 0 2 15 14 00 124
First tiller 7 184 194 1 7 51 57 00 504
8 111 101 5 8 27 35 00 287
9 268 253 20 10 81 8t 00 713
10 7 93 4 5 30 27 00 236
12 70 76 6 4 20 17 00 193
13 74 82 2 2 14 21 01 196
Second tiller 9 9% 75 6 4 25 38 00 244
10 83 93 6 3 23 33 11 243
11 138 143 6 7 43 48 11 387
12 82 90 6 8 25 33 00 244
13 68 82 5 3 28 24 00 210
14 128 155 7 6 35 53 01 385
Third tiller 13 143 141 9 7 48 34 0t 383
14 26 32 3 3 8 12 00 84
16 134 138 10 6 26 48 0 2 364
17 155 171 12 9 51 41 00 439
Fourth tiller 18 106 117 11 6 28 37 10 306
19 35 38 4 1 14 6 00 98
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TasirE 18
Repeated pollinations from plant 4013-2.
CROSSOVERS IN REGION
TASSEL DATE NON-CROSSOVER TOTAL
1 2 1,2

Main July 25 23 24 0 2 9 8 00 66
July 27 86 96 5 4 30 34 00 255
July 28 153 153 8 4 51 72 01 442
July 29 49 57 2 2 16 23 10 150
July 30 57 58 3 2 30 44 00 194
July 31 41 35 3 4 18 22 0 0 123
Aug. 1 34 48 3 4 18 27 00 134
First tiller Aug. 5 76 59 4 3 35 34 00 211

Second tiller
(transplanted) Aug. 7 49 50 20 22 30 01 154
Aug. 9 34 39 11 13 16 10 105

TaBLE 19
Repeated pollinations from plant 4017-5.
CROSSOVERS IN REGION
TASSEL DATE NON-CROSSOVER TOTAL
1 2 1,2

Main July 25 130 103 7 6 18 24 00 288
July 27 116 121 9 12 39 39 01 337
July 28 115 106 1 16 36 34 00 308
July 31 99 102 9 3 31 14 00 258
Aug. 2 96 107 2 4 24 15 00 248
First tiller Aug. 3 152 145 12 7 35 38 00 389
Second tiller Aug. 7 9 73 5 2 25 26 10 222
(transplanted) Aug. 10 76 64 0 0 14 19 01 174
Third tiller Aug. 10 77 66 4 4 21 10 0 2 184
Aug. 12 142 151 9 5 32 27 00 366
Fourth tiller Aug. 14 211 176 6 15 55 41 00 504
Aug. 16 67 56 | 4 1 20 11 00 159

GENETICS 11: Ja 1926
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TasLE 20
Repeated pollinations from plant 4617-21.
CROSSOVERS IN REGION
TASSEL DATE NON-CROSSOVER | TOTAL
1 “ 2 1,2
— |

Main July 26 82 86 15 20 14 0 0 208

July 27 127 106 25 29 21 00 290

July 29 137 146 79 32 4 00 375

July 30 94 102 3 3 26 22 00 250

Aug. 2 27 32 2 1 7 4 00 73

First tiller i Aug. 3 83 9 4 3 26 24 00 231

’ Aug. 7 77 87 4 1 25 25 01 220

Second tiller | Aug. 7 54 66 01 19 26 00 166
(transplanted) ! Aug. 9 57 57 31 18 17 00 153

| Aug. 10 75 74 24 0 1619 00 190

i Aug. 11 106 124 9 3 ‘ 36 33 00 311

Third tiller ‘ Aug. 16 106 150 3 4 i 31 49 01 344

TasLE 21
Crossover data, first tassel and first liller tassel, family 4003.
FIRST TASSEL FIRST TILLER TASSEL
PLANT Crossovers in region ) i Crossovers in region
Non- Total Non- Total
crossover 1 2 l, 2 CTOossOover 1 2 1, 2
13 88 7012 2 16 18 00} 196} 66 623 3| 2228 00/ 184
16 [ 112 111 15 4| 40 33 00 305 7410535 3| 3536 00| 238
18 | 181 185 (12 12 | 34 51 10| 476 | 128 105 | 4 10 | 32 36 01! 316
23 69 8 |6 24 2722 00 211 1141627 4 5141 01| 380
28 1110130 4 5| 51 34 10 335} 65 7811 3| 2121 00 189
41 90 101 | 5 3| 29 43 00| 271 74 56,4 3| 2019 00| 176
46 94 121 12 7| 27 29 10| 201 | 11513816 7 | 41 24 0.0 331
54 165187 |7 2 66 41 00| 468 | 67 6313 2| 1525 00 175
55 | 114 117 10 9| 35 33 00 318 95 94|35 7| 18123 00, 242
58 1106 9912 4| 2535 014 272103 953 7| 2627 00, 201
61 80 103 | 4 2| 2927 00| 245|107 102 3 4| 3137 01| 285
65 48 3611 2| 2115 00| 143|108 12217 6| 4143 001! 327
66 | 101 8 14 2| 2318 00 237|149 139 [10 10 | 31 30 00 369
68 | 140 176 | 8 8 | 57 47 00| 436|184 194 {11 7| 35157 00| 504
69 66 703 4 2227 00| 192 | 8 84 {2 4| 2424 00| 226
73 60 4911 2| 1717 10| 1471 69 521 3| 1317 10 156
83 67 6112 2 2619 00| 177 | 8 8 {5 6| 4023 00| 245
83 67 7413 3] 2518 00] 190] 78 874 7 1423 14 218
99 127 144 6 5| 5050 00| 382|108 117 |2 9| 3138 01} 306
j
Total 3913 177 1197 ¢+ 5 15292 3818 191 1129 10 5148
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TaBLE 22
Crossover data, first ear and first tiller ear, family 4003,
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FIRST EAR

FIRST TILLER EAR

PLANT Crossovers in region Crossovers in region
Non- Non-

crossovers 1 2 1,2 Total Crossovers 1 2 1,2 Total
7 1195173 {8 5| 3549 00| 485181159 |7 7| 5661 00| 471
11 (185178 |1 4| 40 61 00| 469 | 163 146 | 5 6| 40 53 00 413
13 1130157 |1 1| 3438 00| 361|118 1273 5| 3429 00| 316
16 162 159 { 2 1 36 40 00 400(219204 |3 1 53 55 00| 535
17 1206 1552 4| 36 51 00 454 | 157171 {3 6] 37 55 00 429
19 | 106 123 ({4 6| 2524 00| 2881 61 6910 O 12 16 00| 158
24 216183 |3 2| 47 38 00| 480 | 165139 |3 3| 58 49 00| 417
31 172165 | 3 7| 43 45 00| 4351321494 3| 3543 00} 366
33 122121817 6| 4851 00 551 (2182271 3| 44 56 00| 549
34 1198179 |6 9| 58 43 20| 495 59 73{2 2| 2713 00| 176
46 1191167 |7 5| 350 61 01| 482175164 |5 6| 59 53 00| 462
52 (17117313 9| 4145 00| 44218716510 2| 40 57 00| 451
53 (179162 (4 7 31 34 00| 417 | 158 140 | 3 1| 39 48 00| 38
54 22923314 6| 42 46 00| 560|196 195 |7 5| 38 37 00 478
61 1216234 |2 2| 4743 00| 544 47 66|10 3| 12 17 00| 145
63 | 182187 (8 8| 54 52 00| 491|160 142 | 9 12| 52 53 00| 428
67 | 146 128 | 4 3| 33 33 00| 3471175191 {3 4| 6348 00| 484
68 | 157 168 |8 8| S0 53 00| 444 | 216 214 (13 14 | 67 62 01| 587
69 | 206198 |5 5| 58 53 00 525|144 165 |7 7| 41 52 00| 416
80 1221105 3} 2526 00| 291 54 53[1 2| 1917 00} 146
85 | 1371356 5 16 30 00] 320|131 1113 7] 303t 00| 313
99 | 198 185 |4 6| 43 42 00| 478 | 158 161 |2 9| 49 48 10 428
Total | 7695 209 1870 3 9777 6504 192 1858 2 8557
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