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HE frequency of meiotic crossing over in Drosophila females is known

to be influenced by such non-genetic factors as the age of the fly, the
temperature prevailing during larval, pupal, and adult life, exposure to
X-rays, radium radiations, and ultraviolet radiation, treatments designed
to render the female temporarily sterile, and the length of time spent in the
larval stadium (for reviews of the literature on this subject cf. BRIDGES
1929, STERN 1933, Lupwic 1938). The investigation described below was
undertaken to determine whether or not another environmental factor
affecting the frequency of genetic recombination in D. melanogaster—and
one which could be a source of complication in the last of the above men-
tioned correlations—might, under certain conditions, be the availability
of food during the larval stage.

This question has been briefly touched upon by several earlier investi-
gators. PLouGH (1917) was unable to detect any influence of prolonged
partial starvation of ‘larvae upon crossing over. GOWEN (1919) noted
differences in the amount of crossing over shown by flies raised on fer-
mented banana and genetically comparable individuals raised on an arti-
ficial food mixture consisting of starch, sugar, peptone, yeast, and water,
but these differences were not certainly significant. Finally, the papers of
SEREBROVSKY (1927) and BERGNER (1928) contain data which can be
interpreted as indicating that food conditions have an effect on the fre-
quency of genetic recombination, although these data, for reasons which
will be discussed below, do not permit a satisfactory evaluation of the
role of nutrition. ’

The results of this investigation were reported in a preliminary fashion
at the 1940 Christmas meetings of the Genetics Society of America (NEEL
1941).

MATERIALS AND METHODS

The first step in the present work involved a mass mating of approxi-
mately roo wild type females with an equal number of rucuca males. The
latter were homozygous for a well known combination of third chromo-
some genes—namely, roughoid (ru, 0.0), hairy (k, 26.5), thread (th, 43.2),
scarlet (st, 44.0), curled (cu, 50.0), stripe (s7, 62.0), sooty (e, 70.7), and
claret (ca, 100.7). When the females were laying freely, eggs were collected
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at four hour intervals and placed in lots of 6o to 70 on well yeasted corn-
meal-molasses agar contained in one-fourth pint milk bottles. Develop-
ment took place at 26°C. At a mean egg-larval age of 70 hours the larvae
were divided into two groups. One group, the controls, completed develop-
ment under the previously existing conditions. Larvae belonging to the
other group were placed in vials containing nothing but Kleenex (an ab-
sorbent cleansing tissue) which had been moistened with water. A high
proportion of the larvae so treated formed puparia, and puparium forma-
tion and the subsequent eclosion took place at approximately the same
time or even slightly earlier in the experimental group than in the controls.
This observation agrees with the findings of ALrATOV (1930) and BEADLE,
TatuM, and CraNcy (1938). The mean weight of 58 newly eclosed females
developing from control larvae was 1.11 mg, while that of 171 females
developing from partially starved larvae was 0.64 mg.

TABLE 2
The percent of crossing over in the diflerent regions during successive periods.

PERIOD
REGION
I 2 3 4 5 6 7 8
A. CONTROL
1 22.0 16.0 16.3 16.0 15.8 17.6 16.2 17.3
2 4.8 2.T 1.2 2.0 1.8 1.6 1.1 0.0
3 12.4 7.6 7.2 9.9 8.3 7.2 7.8 9.7
4 9.8 7.8 9.8 10.5 6.9 8.6 10.5 6.0
Total 49.0 33-5 34.5 38.4 32.8 35.0 35.6 33.0
B. EXPERIMENTAL
1 19.4 18.4 18.2 18.2 16.8 19.4 20.8 16.2
2 4.4 2.3 2.4 2.9 0.7 1.7 0.8 0.7
3 12.2 10.4 9.2 9.1 8.6 9.4 7.5 11.0
4 II.I 9.5 9.0 10.7 10.8 9.2 10.9 10.3
Total 47.1 40.6 38.8 40.9 36.9 39.7 40.0 38.2

Female flies developing from the two types of larvae were collected
within 12 hours of eclosion and each placed for two days in a vial contain-
ing about a dozen rucuca males. The largest of the control females and the
smallest of the experimental group were chosen for this backcross. The
two day period in a vial with an excess of the rucuca males was found to
be necessary to insure the fertilization of even a minority of the females.
At the end of the two days, each female, together with the dozen or so
males, was transferred to a one-fourth pint milk bottle containing well
yeasted food, allowed to remain there three days, then transferred to a
fresh bottle where she was allowed to remain a similar period of time, and
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so on until eight successful transfers had been effected. From the offspring
of this back cross the frequency of crossing over between %, i, st, cu, sr,
and e* during successive periods in the two types of females was deter-
mined. Only those females were used in the calculation of recombination
frequencies which began to lay during the first three day period and con-
tinued to lay during at least six successive periods. Six out of 20 attempted
control matings and 11 out of 43 matings involving females which had
developed from partially starved larvae met this condition.

RESULTS

Although crossing over was followed between six genes, recombination
between two of them, ¢4 and sf, was so rare that for all practical purposes
they marked a single locus, and so sf will be omitted from further consider-
ation. The section of the chromosome studied may thus be divided into
four regions, as shown below:

I 2 3 4

h————th——cu sr e.
The offspring of the backcross were classified as to which, if any, of the
above regions of their maternally derived third chromosome had under-
gone crossing over. The results are summarized in tables 1 and 2, where
the data from individual females have been averaged together by periods.
The total number of flies involved in the two series is 14,088. As is apparent
from table 1, complementary crossover and non-crossover classes of flies
were for the most part represented by approximately equal numbers. The
complementary classes arising from no crossing over (normal and % ¢4 cu
sr e*) and from single crossing over in region 4 (4 th cu sr and e*) showed
the largest deviations from equality. Since such significant viability differ-
ences between classes as did obtain were the same in the two series, they
cannot be a factor in any inequality in the amount of crossing over ob-
served in the two groups.

Figure 1 summarizes graphically the data of tables 1 and 2. The abscissa
of this figure is the time axis of the experiment; the ordinate represents the
observed mean frequency of recombination per chromosome recovered or,
if the decimal is moved two places to the right, total observed map dis-
tance between % and e¢. The controls showed an initial high in crossing
over, followed by a sharp drop and irregularly sustained low. The curve
given by the experimental flies appears to be a “damped” replica of the
control curve, with a lower initial frequency of recombination but higher
later values. The general shape of the two curves is remarkably similar,
even to the minor inflections. From the second to the eighth period there
is on the average 13 percent more crossing over in the experimental flies
than in the controls.
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Two questions at once arise concerning these data. First, of what sig-
nificance are the differences between successive points on the two curves—
that is, in this experiment what is the most probable true relation between
age and crossing over, from which the data obtained represent random
deviations? Second, are these two curves significantly different from one
another?

In order to provide an answer to the first question, two row contingency
tables were constructed, comparing the frequency and distribution of
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FIGURE 1.—A comparison of control flies and flies developing from partially starved larvae,
with respect to the relation between age and the observed mean frequency of recombination in
the third chromosome.

crossing over in chromosomes recovered from control flies during successive
periods. Thus, a comparison was made of the amount of crossing over ob-
served during the first and second periods, the second and third, the third
and fourth, etc. The experimental series was treated in the same way.
A x? test of the significance of the differences observed between successive
periods was then applied to each table. The analysis revealed that for both
series there is a significant difference in the frequency and distribution of
crossing over during the first two periods. The only other instance where
such a significant difference was noted is between the fourth and fifth
periods of control flies. Not only are the successive values observed in the
latter seven periods not significantly different, with one exception, but also
no clearly defined trend in the data is apparent. Otherwise put, between
the fifth and twenty-sixth days of the experiment, the points of the two
curves shown in figure 1 do not deviate significantly from a straight line
of zero slope. In the case of the control flies, the straight line which best
fits the latter seven points would intercept the ordinate at about 0.350,
while a similar line of fit to the experimental results would cross the ordi-
nate in the neighborhood of 0.395. In these experiments, then, an initial
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high in crossing over is quickly followed by a sustained low. Any assump-
tion of a more complicated relationship seems gratuitous. The relation of
these findings to the observations of other workers will be discussed in a
later section of the paper.

TasLE 3

Test of the significance of the total difference in frequency and distribution of crossing
over in control and experimental flies. Delails in text.

PERIOD I 2 3 4 5 6 7 8 TOTALS
x? 4.706 14.958 10.479 11.922 &.216 5.416 2.082 2.928 60.707
Degrees of
freedom 7 7 6 6 5 4 4 3 42
P <.7 <.05 <.z <. <2 <.3 <8 <K.5 <.03& >.02

We may now consider the second of the two questions raised above—
namely, what is the probability that the differences between the two series
are of significance? To answer this, contingency tables similar to those
described above were prepared, comparing for each period the frequency
and distribution of crossing over in chromosomes recovered from control
and experimental flies, and a x? obtained for the difference between the
two. Table 3 summarizes the results of the analysis. Differences in the
number of degrees of freedom in the various periods are due to the fact
that when certain crossover classes were poorly represented (fewer than
seven individuals), they were combined with adjacent classes in order to
get significant numbers. It is apparent that for only one of the eight pe-
riods, the second, are the differences between the two series beyond the
accepted level of significance. But since both x* and the degrees of freedom
are additive quantities, they may be totaled and an estimate obtained of
the significance of the differences observed over the entire course of the
experiment. When this is done, the probability that crossing over is the
same in the two series is less than o0.03 but greater than o.02.

This method of analysis fails to take into account the consistency of the
difference between the two series—that is, the uniformly higher rate of
crossing over in the experimental flies, except for the first period. Our
previous analysis has shown that between the second and eighth periods
the two curves approximate straight lines of zero slope. It should therefore
be permissible, for both the control and experimental series, to combine
the data of the latter seven periods and set up a single table comparing
the chromosomes recovered from the two groups from the fifth to the
twenty-sixth days of the experiment. This treatment is shown in table 4.
The probability that the two series are not different during this interval
is, according to this method of analysis, less than o.or1.
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TABLE 4

A comparison of crossing over in control and experimental flies, during the fifth to
twenty-sixth days of adult life.

REGION
SERIES TOTAL
o] 1 2 3 4 I 1 OTHERS
3 4
Control 4044 797 81 303 436 81 79 18 5920
Exp’l 3697 848 99 440 458 95 99 25 5761
x2=123.671 Degrees of freedom=7 P<o.o1

In view of the small number of parental flies used in the derivation of
the curves (six control and 11 experimental females), the possibility
existed that the differences between controls and experimentals were due
to the existence in either or both series of one or several aberrant females
showing recombination frequencies quite different from those found in the
others. However, analysis of the data for consistency by the usual methods
employed in the analysis of variance revealed no evidence for a lack of
homogeneity in either the control or experimental females.

In the studies dealing with the relation of recombination to age, ex-
tremes of temperature, and X-rays, it was found that the region of the
chromosome most susceptible to the effects of these agencies was in the
vicinity of the centromere (PLoUGH 1917; MULLER 1926; BRIDGES 1929;
MATHER 1939). Clear cut evidence for a similar localization of effect was
not found in the present work. During the period of the sustained low, the
ratio of experimental to control crossing over in the various regions was
as follows: k-th,- 1.121+0.045; th-cu, 1.271t0.171; cu-sr, 1.166 £0.063;
and sr-e*, 1.119 +0.065. This grouping of all the data of the latter seven
periods bearing on crossing over in a given region seems justified, since, as
is apparent from table 2, during these periods the differences between
control and experimental results for any given region were rather con-
sistently in the same direction. All of the ratios are above 1.c0, two of the
four significantly so. The highest ratio is found in the short tA-cu region,
which contains the centromere, but at the same time this ratio differs less
significantly from unity than any of the others. This may in part be due
to the statistical methods employed, since there is a relatively larger error
in the estimation of the length of a small segment than of a large segment.
Accordingly, too literal emphasis should not be placed upon the compara-
tive estimates of significance obtained. None of the ratios differs signifi-
cantly from any of the others. We may therefore conclude that the increase
in crossing over is well distributed along the length of the chromosome
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studied, with the possibility of a maximum effect in the region of the
centromere not excluded.

Of the possible ways of accounting for this generally distributed increase,
two are outstanding: (1) a decrease in the interference between adjacent
points of crossing over, or (2) a general increase in the coefficient of crossing
over, resulting in proportionately greater numbers of both single and
multiple exchange chromosomes. These two explanations are not mutually
exclusive; the observed results may be due to a suitable combination of
both these factors. If the first possibility obtains to any significant extent,
then both coincidence values and the proportion of chromosomes which
are the result of multiple crossing over within any two regions should be
higher in the experimental than in the control series. Unfortunately for
the purposes of this experiment, the regions for which it is feasible to cal-
culate coincidence and the proportion of multiples—namely, regions 1
and 3, and 1 and 4—are on opposite sides of the centromere, and it is well
known (and confirmed by these data) that as a rule there is no interference
between crossing over on opposite sides of this region. A decision between
the two possibilities is thus not practical on the basis of the material at
hand. It seems unlikely that decreased interference alone can account for
the whole of the effect. '

DISCUSSION

To the list of agencies known to influence the frequency of crossing over
in Drosophila females should be added still another, the type of larval
nutrition. However, the detailed effects of nutrition appear to differ from
those of the other agencies, which in turn differ among themselves. Thus,
the effects of age, temperature, and irradiation are most strongly apparent
—or even sharply localized—in the region of the centromere; nutritional
effects appear to differ from all these in that the increase was observed to
be more uniformly distributed over the entire section of the chromosome
under surveillance. KIkkawa (1934) has stressed the possibility that any
experimentally produced increase in crossing over in the region near the
centromere is attended by a compensatory decrease in the more remotely
situated regions. This possibility also emerged from the earlier irradiation
experiments of MAVOR (1923a, 1923b) and MULLER (1926). The present
data offer no support to this hypothesis, but it should be pointed out that
crossing over was not followed in the most distal portions of the chromo-
some. The nutritional effects also differ from those of temperature and
possibly irradiation in that the former persist longer than the latter after
the cessation of treatment.

SEREBROVSKY (1927) and BERGNER (1928) have published data indicat-
ing that the frequency of crossing over is correlated with the length of
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larval life; the first investigator obtained a negative correlation and the
latter a positive. A reexamination of their data in the light of the present
findings suggests that the apparent correlation between the length of the
larval stage and the frequency of crossing over may be largely or entirely
due to a mutual dependence of these two phenomena on a third variable,
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FicurE 2.—A graphic comparison of the results of five investigators who have studied the
relation between age and crossing over in the third chromosome of Drosopkila melanogaster. The
numbers affixed to the various curves refer to the following studies:

Investigator Region covered
1. PLOUGH, 1921 se-5s-€*-10
2. BRIDGES, 1929, experiment 1 ru-D-si-pP-ss-¢*
3. BRIDGES, 1929, experiment 2 ru-h-D-si-pP-ss-¢*
4. BERGNER, 1928, control 1 D-cu -
5. BERGNER, 1928, control 2 D-cu
6. POLITZER, 1940 se-cp-gld-¢’’
7. NEEL, this paper, controls h-th-cu-sr-e*

a nutritional effect, since the lengthened larval periods in each case were
due to poor nutritional conditions. It is not apparent why SEREBROVSKY’S
results should differ in direction from those of BERGNER and the present
investigator.

The work of STADLER (1926) and OEHLKERS and his students and col-
laborators (cf. OEHLKERS 1937) renders it probable that the amount of
crossing over in plants is likewise influenced by nutritional circumstances.

The tendency toward increased crossing over under adverse living con-
ditions is not without adaptive significance to the organism. It would lead
to a larger number of new factor combinations under just those conditions



LARVAL NUTRITION AND CROSSING OVER 515

where it is imperative that the organism explore its genetic potentialities
to the fullest extent possible.

Finally, we may turn to a consideration of the relation between age and
crossing over. This subject has been considered by a number of investiga-
tors, and particularly by BRIDGES (1929), KikKAWA (1934), and POLITZER
(1940). These investigators state that the initial high and subsequent de-
cline in the frequency of crossing over are followed by a second, less pro-
nounced high, and a second decline—that is, that with increasing age there
are significant periodic fluctuations in the amount of recombination. In
figure 2 are summarized graphically the results of five different investiga-
tors who have studied under standard conditions the relation between age
and crossing over in some portion of the third chromosome of D. melano-
gaster. In examining this collection of curves, one is impressed by two
points: (1) the fact that in all cases but one there is an initial high in the
frequency of crossing over, followed by a decline, and (2) the considerable
degree of divergence in the course of the latter, and numerically less relia-
ble, portions of the curves. An attempt has been made to analyze, insofar
as it is possible from the published data, the latter portions of all these
curves with respect to possible significant trends, particularly when they
are considered in conjunction with one another. This is a rather difficult
procedure, but it would appear quite probable that if these curves are all
expressions of the same fundamental relationship, then the nature of that
relationship in this particular chromosome is an initial high in the fre-
quency of crossing over, followed by a sustained low. Certainly the “peri-
odic fluctuations” can at this stage of the analysis be as well attributed to
the operations of chance and uncontrolled environmental variables as to
the effect of some inherent physiological rhythm of the female.

Much of this work was carried out during the summer of 1940 at the
Department of Genetics, CARNEGIE INSTITUTION OF WaAsHINGTON, Cold
Spring Harbor, New York; I am greatly indebted to the members of this
institution for facilities and suggestions.

SUMMARY

The frequency of crossing over in the /4-e* region of the third chromo-
some of Drosophila melanogaster females was significantly increased in flies
which during the larval stage had been removed from all food from the
seventieth hour of egg-larval life until the time of puparium formation
(development at 26°C). Except for the first few days, this increase in the
amount of crossing over was consistently apparent throughout the entire
26 day period that the females were under observation.

The increase was distributed along the entire portion of the third chro-
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mosome studied; the possibility of a maximum effect in the region of the
centromere remains open.

In both the control and the experimental series, the relation of crossing
over to age was characterized by an initial high in the frequency of recom-
bination, followed by a sharp decrease and sustained low.
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