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ABSTRACT 

In a natural population of Drosophila persimilis (McDonald Ranch, Napa 
Valley, California), KL and MD chromosomal arrangement frequencies 
undergo a seasonal cycle, with MD common in spring and KL common in 
summer. Samples collected from spring and summer provided isofemale strains 
established as homozygous KL and MD pairs (kinlines) with each pair derived 
from a single heterokaryotype wild progenitor. Haploid doses of chromosomes 
2 and 4 were controlled by marker-cross derivations of kinlines. Percentage 
onset of female receptivity was measured from cultures at 25" and at 15", using 
ten kinlines from spring and nine from summer collections, with fast-mating 
hybrid males as standard testers. Mating tests consisted of 20 tester males X 20 
females of specific age, karyotype, and kinline observed for 30 min. At 25" 
females became receptive at 48 hr  after eclosion: parental line (KLi/KLi 
and MD,/MD,) females were approximately equal at 55 to 60% receptive, 
while among hybrids, MDi/MDj homokaryotype females were significantly 
less receptive (68%) than all other outbred combinations (73 to 77%). At 
15", females became receptive at four days of age, with increases on the fifth 
and sixth days: both parental line and outbred MD/MD females were sig- 
nificantly more receptive (28% at  four days and 62% at six days) than all 
heterokaryotype females (20 to 26% at four days and 55 to 59% at six days), 
which in  turn were more receptive than KL/KL parental and outbred females 
(10% at four days and 40% at six days). Heterosis was expressed at 25", but 
not at 15". Thus, dominance for female receptivity was temperature depen- 
dent. Females polymorphic for these third chromosomal karyotypes possess 
differential temperature sensitivity for onset of receptivity and are likely to 
contribute in a significant way to the observed seasonal frequency cycle in the 
natural population from which they have been derived. 

N Drosophila pseudoobscura, changes in frequencies of chromosomal arrange- ' ments are both cyclic (seasonal) and longterm (several years) (DOBZHANSKY 
1970, 1971). Significant cycles have been less commonly found in the sibling 
species, D. persimilis; however, at McDonald Ranch in the Napa Valley, Cali- 
fornia, studies by DOBZHANSKY and AYALA (1973) revealed a marked cycle over 
two years: the MD (Mendocino) arrangement of chromosome 3 was most fre- 

1 This work in part comes from a di-rtation submitted by the senior author to the Graduate College at the University 
of Illinois at Chicago Circle in partial fulfillment of the requirements for the degree of Doctor of Philosophy in Biology. 

a Supported in part by National Science Foundation Grant BMS72-02110. 
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quent during early spring, while the KL (Klamath) arrangement replaced it in 
summer and early fall. 

Among properties having Darwinian fitness associated with chromosomal 
polymorphism in these species are mating activity and sexual selection (EHRMAN 
and PARSONS 1976; SPIES 1970; SPIESS, SHERWIN and YACHER 1971; SPIESS and 
STANKEVYCH 1973; SHERWIN and SPIESS 1973; YACHER and SPIES 1973; SLATER 
1974; SHERWIN 1975; SPIESS and Yu 1975). We report here measurements of 
female receptivity for D. persimilis strains derived from the McDonald Ranch 
population. We consider differential receptivity of female karyotypes a factor 
contributing to the maintenance of the polymorphism in that natural population. 

Mating activity depends on the speed and persistence of male courtship, as well 
as on the threshold of receptivity and discriminating ability of females. Genetic 
systems controlling the mating activity of the two sexes are probably sex limited 
or sex influenced, since for any single genetic strain the sexual activity of one sex 
has little predictive value for the activity of siblings of the opposite sex (see SPIES 
1970, for review). SPIESS and Yu (1975) tested mating propensity of the two 
sexes separately in D. persimilis derived from a population in Humboldt County 
(redwoods area), California. When mature flies of each sex were tested against 
the opposite sex of a standard tester strain (a double-cross hybrid), significant 
variation among males of different karyotypes was found, but females displayed 
no significant difference in receptivity. 

Since males mature rapidly following their emergence from the pupa, their 
variation in courtship activity is expressed before females of the same age are 
receptive, so that the onset of female receptivity is more critical to the life cycle. 
Onset of female receptivity apparently depends on two independent genetic 
systems, as described by MANNING (1967,1968) : (1) “switch-on”, an all-or-none 
process that determines whether a femsle is accessible to courtship, is probably 
related to juvenile hormone level following eclosion; and (2) “courtship sum- 
mation”, a neural process that results from sufficient courtship by a male to reach 
the critical level for the female to accept the male. 

The association between onset of female receptivity and chromosomal arrange- 
ments was first demonstrated in D. persimilis by SPIES and LANGER (1964). At 
first, owing to limitations in the experimental design, no association between 
onset of receptivity and arrangements was observed. Later, YACHER and SPIES 
(1973) found an association between onset of female receptivity and chromo- 
somal arrangements: flies with the KL arrangement (most frequent in the red- 
woods in summer) were significantly higher in mating activity (on day two) 
than those with the less frequent MD arrangement. However, the time of switch- 
Qn had considerable variability in these strains. To improve the technique of 
ascertaining time of female switch-on and to elucidate its mode of inheritance, 
SLATER (1974) employed techniques of culturing and testing to minimize micro- 
environmental variation among preadult and adult stages and to focus on the 
exact age of females for time of switch-on. Her results confirmed previous studies 
and improved reliability of tests for female receptivity, which provided the 
groundwork for the present study. 
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With fresh samples of D. persimilis collected in spring and summer of 1973, 
we wished to control genetic and environmental variables carefully in order to 
ascertain a consistent measure of female receptivity. The genetic control was 
aimed at suppressing as much variation as possible with the domminant-marker 
stocks available to us, except for that due to differences in genotypes within the 
third chromosome KL-MD arrangements. Derivation of strains to be tested was 
designed to maximize the difference between the two arrangements in producing 
phenotypic effects, as described in MATERIALS AND METHODS. Nineteen parental 
lines and F, progenies were employed to measure receptivity ( “switch-on,’) as 
the percentage of females accepting a standardized strain of male in mating. 

MATERIALS A N D  METHODS 

Source of experimental flies: Drosophila persimilis used in this experiment was originally 
collected by FRANCISCO AYALA (University of California, Davis) in 1973 and by the senior author 
in 1975 at McDonald Ranch (750 ft. elevation), Napa County, California. Each wild D. 
persimilis female was allowed to ovipost in a culture vial, and salivary gland chromosomes of 
the third instar progeny larvae were examined in aceto-orcein stained preparations. Isofemale 
strains derived from April collections were numbered IV-1, IV-2, etc., and those from the June- 
July numbered VI-1 and VII-1, etc. 

D. persimilis in this population has at least four third-chromosomal rearrangements: Klamath 
(KL) and Mendocino (MD) comprise about 95% of this population, while Whitney (WT) and 
Standard (ST) arrangements are rare. Table 1 shows the percentage of KL-MD chromosomal 
arrangements in these samples. The frequencies of KL and MD arrangements were very similar 
to those reported previously by (DOBZHANSKY and AYALA 1973). 

Establishment of marker strains: It has been common practice in  the past to derive homo- 
karyotypic strains by single pair matings from isofemale lines with salivary chromosome 
analysis for a few generations until a homokaryotypic culture is attained. A disadvantage of 
this method is that the homologous third chromosomes established in the strain might originate 
from different natural population progenitors. Thus, it is necessary to establish a unitary origin 
for the homokaryotypic strain used in a quantitative study. The marker technique employed 
here was designed not only to guarantee, in so far as possible with the markers available, that 
each homokaryotypic strain would be derived from a single chromosome taken from the wild 
population, but also to control the genetic background (chromosomes 2 and 4 at least in a single 
haploid dose). All marker mutants had been obtained from BORIS SPASSKY (laboratory of 
TH. DOBZHANSKY, Rockefeller University) in 1969: Chromosome 2: A cd (Delta cardinal) with 
inversion; chromosome 3:  or B1 &/or -t- + (Standard sequence-orange-Blade-Scute) ; chromo- 
some 4:  C y  (Curly) with inversion. Procedures for deriving marker strains to be used in isolating 

TABLE 1 

Percentage of KL and MD arrangements in samples taken f rom the McDonald Ranch, California 

Month 
Arrangements 

KL MD Others+ N* 

April, 1973 
June, 1973 
July, 1973 
June, 1975 

28.0 72.0 0 64. 
39.8 53.6 7.1 28 
58.3 25.0 16.7 23 
53.1 37.5 10.0 32 

* N = Number of chromosomes examined based on two chromosomes contributed by a wild 

t WT, ST. 
female. 
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786 H. F. YU AND E. B. SPIESS 

TABLE 2 

Scheme of matings to establish marker strains (aboue) and KL-MD pairs kinlines 
(below) b y  using the marker strains (A)  and ( B )  

~~~~ 

I. For marker strains: 

Genera tion Cross 

X 2 3 4 X Y 2  3 4 
Go Q A+/A+ A+/A+ A+/A+ A+/A+ x ST Acd or Bl Sc C y  

Y ST or++ ST 
8 

(Wild Q McD IV 3-5, MD/MD (Laboratory marker strain 8 ) 
on chromosome 3 )  

G, 0 Same wild strain (Backcross) x A +  A +  A+ A +  
8 (A) - .- -_ __ 

Y A c d  or C y  

A +  A+ A +  A +  
A cd or B1 Se C y  

8 x (B) - -__- -- 
Y 

G, Inbred progeny from (A) 8 : Marker Inbred progeny from (B) 8 
Marker strain (B) with 
or B1 Sc/  or + +, chrom. 3 

strain (A) homozygous for or, chrom. 3 

11. For kinline paired strains using marker strains (A) and (B) 

Generation Cross 

x 2 3 4  X Y 2  3 4 
A+ A +  or A +  
A +  A+ or A+ 

Go: - -- -- (A) Q 0 

(single male from isofemale strain) 

[or] A+ A MD A+ - __ __ -- [Either] A+ A +  KL A - -_- - _- G,: 
A +  (A+) KL (A+) A+ (A+) MD (A+) 

(+I (+) (+I (f) 
(within single line) 

A +  represents the McD IV 3-5 strain chromosomes, while (+) represents wild-type chromo- 
somes derived from a given isofemale strain. Symbols in parentheses below chromosome lines 
represent equally likely alternatives. 
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kinlines of KL-MD pairs from natural population flies are diagrammed in Table 2 (I):  one 
isofemale strain from the McDonald Ranch population (McD IV 3-5D, MD/MD) was selected 
for its apparent normal viability and fertility. One virgin female from that strain was mated 
to a male from a compound-marker strain (A cd; or BZ Sc; Cy). In Table 2, ST (Standard) = a 
noninverted laboratory sequence, and + = wild type from the natural population. On chromo- 
some 3,  the female from the natural population was homokaryotypic for Mendocino (MD/MD). 
Two kinds of male progeny from this cross were selected as indicated in GI, and these were 
backcrossed to virgin females from the original wild isofemale strain (McD IV 3-5D) to obtain 
females that carried X chromosomes from the natural population. 

The wild-type progeny from Cross A and the progeny with Blade-Scute phenotype from 
Cross B were selected. Wild-type progeny from Cross A were inbred to obtain marker strain (A) 
(orange eyes), which was then maintained by mass mating. The Blade-Scute male progeny 
were crossed to marker strain (A) to obtain marker strain (B) (orange-Blade-Scute phenotype), 
which was maintained by crossing or/or females from marker strain (A) to or BZ Sc/or + + 
males from marker strain (B) to prevent crossing over between markers. Thus both marker 
strains (A) and (B) had third chromosomes from the original marker stock (standard sequence), 
while the rest of the genome was derived from one isofemale wild strain with chromosomes 2 
and 4 made isogenic. 

Derivation of kinlines by marker strains A and B :  Strains to be used in mating tests were 
pairs of Klamath (KL)-Mendocino (MD) arrangements of chromosome 3. Each KL-MD strain 
pair, called a “kinline pair,” was derived fr3m a separate wild inseminated iemale. The genetic 
background between KL and MD members within a kinline pair was likely to be less variable 
than that between KL and MD strains derived from different wild females. Flies within a kinline 
were expected to be isogenic for most oE chromosome 3,  to have one each of their second and 
fourth chromosomes identical, and to have their X-chromosomes all derived from the same iso- 
female strain. Thus, most of the difference in mating expected between KL and MD within 
kinlines would be accounted for by the difference in chromosome arrangement. 

The procedures of deriving kinline pairs are outlined as follows, summarized in Table 2 (11) : 
Before markers were introduced, each isofemale strain was checked for its karyotype by making 
six to nine single pair matings within the strain. Salivary gland chromosomes were examined 
for incidence of both KL and MD arrangements. It was necessary that the wild isofemale strain 
possess both KL and MD arrangements in order to derive a kinline pair. Therefore, any wild 
strain that was completely homokaryotypic, i.e., either entirely KL/KL or entirely MD/MD, 
was discarded at this point. Single males from an isofemale strain that had been ascertained as 
carrying both KL and MD arrangements were randomly chosen and mated with single females 
of marker strain (A) in separate food vials (Go). At least six males irom each wild strain were 
individually mated this way. Chromosomes of progeny larvae were checked to identify the male 
parent’s karyotypes. Since each parental strain was segregating, three crosses were possible at 
Go: KL/KL x ST/ST, KL/MD x ST/ST, or MD/MD x ST/ST. When evidence of KL and 
MD was established either in separate cultures or KL/MD in one culture, then single males 
(GI) were outcrossed with single females from marker strain (B). The progeny of these crosses, 
i.e , G,, had sex chromosomes from the marker strains (i.e., “A), while the chromosomes 2 and 
4 would be far more uniform than would be the case with random progenies from wild strains. 
The salivary gland chromosomes of G, larvae were checked again to certify the karyotype of the 
male parent. G, individuals within each cross would all possess the same genetic combination 
and would produce G ,  flies either homozygous KL or MD and thus a kinline pair by sib-mating. 

If crossing over between homologues had been completely suppressed by inversion het- 
erozygosity (KL/ST o r  MD/ST in G2), only two types of progeny would be produced from sib- 
matings:-wild type (KL/KL or MD/MD) and Blade-Scute [or BZ Sc/(KL) or (MD)]. How- 
ever, with a low frequency of crossing over between the ST and homologous rearrangement, 
nine possible genotypes could be produced by the sib-matings of G,. Therefore, wild-type progeny 
selected from G, could possibly be heterozygous for the or locus (i.e., or + +/+ + f), or Scute 
locus (if Sc was incompletely penetrant, i.e., + f +/f + Sc) or both (i.e., or + Sc/f + +). 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/90/4/783/5993009 by guest on 25 M

ay 2023



788 H. F. YU AND E. B. SPIESS 

To eliminate these undesired genotypes, single pair matings and chromosomal analyses were 
performed for G, wild-type flies and again before mating-test crosses were done. This method 
was very efficient, since no more mutants were detected in later generations after such analysis. 
(See YU (1977) for details of crossing over and Scute penetrance analysis.) In KL/ST and 
MD/ST, crossing over was reduced to 0.9% and 3.6%, respectively between or and Bl and to 
4.9% and 6.0% respectively between Bl and Sc, compared with 8.2% and 17.4% for those regions 
in ST/ST karyotype. 

If a third chromosome carried one or more lethal genes, no wild-type progeny would be 
produced in  the G,. Such strains were discarded at this point. Of 26 heterokaryotypic strains 
tested, four KL chromosomes and two M D  chromosomes were found to have recessive lethals. A 
relatively high frequency of sex-ratio X chromosomes were found in this population (12 out of 
148 chromosomes tested). Most of these strains were lost before markers were introduced. Nine- 
teen pairs of kinlines were obtained from the original samples, because all the others produced 
lethals, sex-ratio, or conditions unfavorable for further analysis. 

Tests for onset of female receptiuity ("switch-on") 
Karyotypes to be tested: Switch-on of female receptivity was determined for intra-line homo- 

karyotypes (HOK) (KL,/KL, and MD,/MD,), inter-line HOK (KL,/KL, and MD,/MDj), 
intra-kinline heterokaryotypes (HTK) (KLi/MDi) and inter-kinline HTK (KL,/MD,) . Each 
HTK was further subdivided according to maternal parent chromosome line. The intra-line 
HOK were the nineteen kinline pairs used as parental lines of the other combinations. For each 
of the six F, karyotypes, nine subgroups were tested, and ten replicates were run for each sub- 
group. Thus, for intra-kinline HOK tests, total females tested were 7200 (19 kinline pairs % ten 
replicates X 20 females per test), while for all outcrosses there were 10,800 females tested (six 
karyotype combinations x nine crosses per combination x ten replicates x 20 females per test). 

Culture conditions: For each set of tests, 30 pairs of virgin flies were introduced as parents 
into a half-pint bottle containing a plastic spoon with culture medium to which dry yeast and 
water had been added. After 24 hr at 25", spoons with eggs were removed and replaced with 
fresh spoons. Each spoon, with approximately 200 to 300 eggs, was inserted into a food bottle 
for larval culture. Food medium consisted of standard cornmeal-agar-molasses-yeast-propionic 
acid. Dry yeast and water were added, and paper strips previously treated with 1% tegosept 
solution were inserted into medium. For each cross, twelve such culture bottles were made UP. 

Four bottles were kept at 25" and eight at 15".  Both incubators had a 12 hr  light:l2 hr  dark 
cycle. 

After 11 to 12 days at warm temperature or after 30 or 31 days in the cool temperature, 
adults emerged, were lightly etherized, and virgin females were isolated, 20 at a time being 
stored in food shell vials (25 mm x 95 mm). Ten vials of virgin females from 25" and 30 vials 
of females from 15" were collected for each cross. These vials were then stored in the same incu- 
bator as the culture bottles for the requisite period before mating tests. Females from 25" were 
always tested at  two days of age, while females from 15" were tested at four, five, and six days 
of age. Preliminary studies showed very few females to be receptive before the age of four days 
from 15". 

I t  was necessary to test all females with fast-courting tester males, and for this purpose, double- 
cross hybrids with reliable high sexual activity were constantly produced (SLATER 1974; SPIES 
and Yu 1975). Upon emergence, hybrid males were collected and stored at 25" in lots of 20 
per vial with food medium, dry yeast, and sterilized paper strips for four to six days before 
mating tests. This storage period was adequate to insure that all males matured and were active 
in courtship. 

Mazing iesis: Each test for receptivity of females ("switch-on") was as follows: 20 double- 
cross hybrid males were first introduced into a plexiglass mating chamber (5 x 10 x 4 cm), 
and within one minute 20 experimental females were introduced without etherization. All mating 
tests were conducted for 30 min at room temperature (21 "), and 20 cm from a fluorescent light 
source of 20 watts (Sylvania cool white lamp), and between the hours of 8:OO a.m. and 1 :00 p.m. 
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When a copulation occurred, time was recorded and mating pairs were removed by aspirator. 
During the testing period, courtship of the males was carefully observed. Any males displaying 
low sexual activity were replaced by others from storage vials. 

In statistical analysis of these data, percentages were transformed into angles according to 
the relation: 

angle = arc sin .\/percentage 

Criterion for receptivity of females: Females were courted by males vigorously and consis- 
tently. A receptive female responds to a courting male by spreading her wings while the male 
pushes her wings forward with his sex combs. A female with her wings spread apart was counted 
as receptive. Unreceptive females were those displaying a rejection response (SPIETH 1952), 
which includes one or a combination of the following behaviors: decamping (running or flying 
away), kicking rearwards at the male with her metathoracic legs, flicking of her wings very 
briefly and vigorously, depressing her abdomen toward the substrate, or extruding ovipositor 
with a twist toward the courting male. To double-cross hybrid males that are active in court- 
ship, most of these female rejection responses were not significantly inhibiting. Frequently, 
sexually active males attempted to copulate with unreceptive females. In such cases, females 
would not spread their wings, males could not position themselves, and sperm transfer was 
therefore inhibited. Such encounters were counted as “rapes,” and it was important to distinguish 
them from the normally occurring copulations. A sample of 20 females following these “rapes” 
were dissected to check on sperm in the seminal receptacles. In all cases examined, no sperm was 
found. 

RESULTS 

Ouerall Percentage of Receptiue Females 
Table 3 summarizes the percentages olf receptive females for various karyo- 

types at different temperatures and ages. The detailed data of receptive females 
for the 19 parental kinlines (intra-line HOK) and six hybrid groups (Fl) with 
nine subgroups in each group are given in Yu (1977). Statistical significance of 
differences between groups and treatments is analyzed below. 

TABLE 3 

Overall percentage of receptive females from the McDonald Ranch population 

Karyotype 

KL,/KL, 
MD,/MD, 
KL,/KL, 
MD,/MD 
KL,/MD, 
MD,/KL, 
KL , /MD 
MD,/KL 

Temperature 
15” 25 

4 

10.7 
27.9 
11.9 
29.1 
19.6 
23.8 
26.3 
23.2 

29.2 
53.5 
35.4 
56.9 
50.2 
47.2 
4.9.2 
45.6 

39.6 
62.4 
41.9 
59.3 
59.7 
55.6 
58.6 
54.8 

e 

60.1 
54.9 
77.2 
68.6 
75.2 
73.3 
78.3 
75.1 

~ 

Weighted average 21.1 44.9 53.3 67.5 

Temperatures during preadult development and in adult storage before testing. Age (days) of 
females at time of testing. N = 200 females for each percentage of each cross or kinline. Thus 
each entry for parental kinlines = 3,800 females and for crosses = 1,800 females. 
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Female Receptivity at 25 : From Table 3 in the right column, it is apparent 
that on the average the outbred F, females are more receptive than the inbred 
parent females. Nevertheless, when individual crosses are examined more closely, 
there is evidence that, while certain F, combinations are heterotic, others are 
equal to the greater parent strain. (Detailed cross results are given in Yu 1977). 
The average differences between F, hybrids and their greater parents, given in 
Table 4 (upper), show consistent positive deviation. Heterosis is therefore 
indicated. 

Female Receptivity at 1 5 O :  In  Table 3, the onset of female receptivity is indi- 
cated beginning on day four at 15". A significant increase occurred after another 
24 hours. By day six, the level of receptivity was increased again. On the average, 
the increment of percentage of receptive females from day four to day five (about 
23%) was greater than that from day five to day six (about 8%). This gradual 
increase is in contrast to the rapid development of female receptivity at 25". 

It is evident that the percentage of receptivity of MD females is greater than 
KL females on each day, both among intraline and interline homokaryotypic 
females. Also MD females are more than one day ahead of KL females. In other 
words, MD females at four days of age are equivalent to KL females at five days 
of age, and so forth. Heterokaryotypic females tend to be intermediate though 
they are more similar to MD than to KL and are more receptive than the 
expected midparent. No significant heterosis is expressed at 15 O. 

From the individual cross data (Yu 1977), F, females are closer to their 
greater parent strain, which is predominantly the MD strain when the F, is a 
heterakaryotype. The average differences between F, hybrids and their greater 
parent are presented in Table 4 (lower). Thus F, females of all karyotypes are 
less receptive than their higher parent at all ages; partial dominance (i.e., 
additivity) is therefore indicated in the direction of the higher parent. 

Correlation between KL and M D  within kinline 
The chromosome marker technique was expected to make each KL-MD pair 

within a kinline share a homogeneous genetic background. If there had been any 
significant influence of the genetic background on female receptivity, then the 
KL-MD pair within kinlines would have been correlated. The correlation 

TABLE 4 

Average differences in percentage recepiiuity beiween F ,  and greater parent ( F ,  - P )  

Karyotype ( P /d ) 
Temp. Age* KL,/KLj RID,/MD, KL,/MD, R.ID,/KL, KLi/hlDj MDl/KLj 

25 2 + 9.2 + 7.8 + 6.9 + 3.2 f 7.2 t l 0 . l  
15" 4 - 4.7 - 3.8 - 8.2 - 6.5 - 2.9 - 3.4 

5 - 3.9 - 3.6 - 3.2 - 6.8 - 4.1 - 5.7 
6 - 6.8 - 8.6 - 6.8 - 3.4 - 4.9 - 5.9 

* Age = days from pupa. 
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coefficients of the KL-MD kinline pairs under different temperatures and ages 
are as follows: +0.068 (four days), 4-0.240 (five days), +0.304 (six days) at 
15", and -0.076 (two days) at 25". None of these correlations is significantly 
different from zero, indicating that the major control of female receptivity is due 
to the third chromosome arrangements and relatively little to the rest of the 
genome, which had been made as uniform as possible. However, the power of the 
test to detect correlations with a sample this size (17 d.f.) is fairly low. There 
may be a slight effect of background among the six day old females, not detectable 
here. 

Analysis of variance 
The data were transformed from mating frequencies to arc sine angles for the 

ten replicates per subgroup. The parental kinlines were derived from wild iso- 
females that were randomly sampled from the natural population about which 
inferences are to be made; therefore, the effect of kinline and their hybrid F, 
groups were tested for significance with a random model. Since all the other 
treatments, i.e., karyotype, temperature, age, and season are fixed elements, 
mixed model analyses of variance were used. 
Two Secrsonal Samples-Kinlines: The original isofemales were collected dur- 

ing two different seasons, early spring (April) and early summer (June-July). 
It was important to test whether or not the two seasonal samples differed signifi- 
cantly in controlling female receptivity. It was also necessary to test whether or 
not these seasonal samples would interact differentially with temperatures. The 
kinlines derived from these samples were therefore tested by a partially hier- 
archical analysis of variance. Results are given in Table 5. The four treatments 

TABLE 5 

Partially hierarchical analysis of variance for two seasonal samples 

Source of variation d i  M S  F 

A. Season 
MSA -= 0.04 
MSB 

60.1004 

MSB 
MSF 

B. Line within season 16 1,531.8880 - = 21.37*** 

C. Treatment 
MSC 
MSE 

15,597.3552 __ = 17.06*** 3 

MSD 
MSE 

MSE 
MSF 

D. Season X treatment 3 2,092.5989 - = 2.29 

E. Treatment x line within season 48 914.1870 = 12.75*** 

F. Error 
Total 

648 71.6888 
712 

* * *  Significant, p<O.OOl. 
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TABLE 6 

Orthogonal contrasts for treatmenis (C. in Table 5) 

Contrast 15O-KL 
Treatment 

15"-MD 25"-KL 25"-MD ss F 

(1) 15" us. 25" -1 -1 + I  + I  1 23,423 ,271 25.62*** 
( 2 )  KLus.MD -1 + 1  -1 + I  1 6,061 272 6.63** 
( 3 )  Interaction + 1 - 1 -1 + 1 1 17,306.923 18.93*** 
Total 3 46,792.065 
Treatment x line within season (E. in Table 5) 48 43,880.975 

* *  Significant, 0.01 < p < 0.025. 
* * *  Significant, p < 0.001. 

are 15"-KL, 15"-MD, 25"-KL, and 25O-MD. In order to simplify the statistical 
analysis, nine out of ten pairs of kinlines from the spring samples were randomly 
chosen (IV 4 was omitted). For 15", the receptivity of females at five days of 
age is used in this analysis solely because females at this age have the sharpest 
increase in receptivity. From Table 5,  it is clear that there is no significant differ- 
ence between these two seasonal samples. Although there are significant varia- 
tions among strains within each season, the interaction between seasonal samples 
with different treatments is not significant. 

The orthogonal contrasts in Table 6 specify the relationship between the two 
temperature treatments, between the two chromosome arrangements and the 
interactions between temperature and chromosome arrangements. All contrasts 
were significant. Temperature significantly influences female receptivity, as does 
the arrangement. The high significance of interaction (contrast 3) suggests that 
the two arrangements respond differentially to the two temperatures. Therefore, 
control of onset of female receptivity by the two arrangements is temperature 
dependent. 

Since there is no significant difference between these two seasonal samples, the 
remaining analysis combines the two seasonal samples. 

TABLE 7 

Tzo-way  analysis of uariance for parental kinlines at 25" 

Souice of variation df MS F 

A. Karyotypes 

B. Kinlines 

1 
MSA 
MSC 

963.7733 __- = 0.83 

MSB 
MSD 

18 1,004.4650 __- = 12.84*** 

MSC 
MSD 

C. Karyotypes x kinlines 18 1,760.9892 -- = 14.85*** 

D. Error 342 78.2032 
Total 379 

* * *  Significant, p < 0.001. 
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Parental Kinlines: Table 7 gives a two-way analysis of variance for the 19 
pairs of kinlines at 25". The receptivity of females possessing the KL and MD 
arrangements do not differ significantly, though variation among kinlines, as 
well as interaction between kinlines and chromoso'me arrangements, is signifi- 
cant. In 12 KL lines, females were more receptive than in the corresponding MD 
kinline, while, for the other seven, MD females were more receptive than KL 
ones (Yu 1977). Thus, these chromosome arrangements affect female receptivity 
differentially among the lines. On the average, however, KL and MD females 
were about equal when cultured at warm temperatures. 

The female receptivity variation at 15" among parental kinlines of different 
ages, tested by a three-way analysis of variance, is presented in Table 8. Female 
receptivity is affected significantly by age, chromosome arrangement, and kin- 
line. It is evident that MD females are more receptive than KL females at 15" 
at each age, with KL lagging by one day in nearly all kinline pairs. The inter- 
action between age and karyotype is not significant, that is, aging has the same 
effect on female receptivity of both karyotypes in terms of increase from day to 
day. 

PI Hybrids: Table 9 (I) presents a two-way nested analysis of variance of 
the F1 female hybrids developed at 25 ". Though no significant difference among 
karyotypes as a group is obtained, Duncan's multiple-range tests (STEEL and 

TABLE 8 

Three-way analysis of uariance for parenial kinlines at 15" 

Source of variation d t  IMS F - 

A. Age 
MSA 
MSE 

50,337.8750 - =161.83*** 2 

MSB 
MSF 

B. Karyotype 1 63,632.7137 - = 28.59*** 

C. Kinline 
MSC 
MSH 

2,070.7880 -- = 33.88*** 18 

MSD 
MSG 

D. Age x karyotype 2 56.9398 - = 0.20 

E. Age x kinline 
MSE - = 5.09*** 

MSH 
36 311.0466 

MSF 
MSH 
MSG 
MSH 

F. Karyotype X kinline 18 2$25.5044 - = 36.42*** 

G. Age x karyotype x kinline 36 2 7 7.90% = 4.54*** 

H. Error 
Total 

1026 61.1109 
1139 

*** Significant, p < 0.001. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/90/4/783/5993009 by guest on 25 M

ay 2023



794 H. F. YU A N D  E. B. SPIESS 

TABLE 9 

(I.) Two-way nested analysis of variance of F ,  hybrids at 25" 

Source of variation df M S  P 

MSA 
MSB 

5 626.0314 -- = 1.20 A. Karyotypes 

B. Groups within karyotype 

C. Error 
Total 

48 
MSB 
MSC 

5 19.5826 - = 5.25*** 

486 98.8055 
539 

(11.) Duncan's multiple range test for the six F ,  karyotypes' means at 25" 
Karyotype (?/a") KLi/MDj KLi/KLj MD,/KLj KL,/R.ZD, MDl/KLi hIDi/MDj 

Means 78.3 77.2 75.2 75.1 73.3 68.6 

Means enclosed by the same line are not significantly different. 
~ ~ ~~~ 

* * *  Significant, p < 0.001. 

TABLE 10 

(I.) Partially hierarchical analysis of variance for five-day-old F ,  hybrid females at 15" 

Source of variation df MS F 

A. Karyotype 

B. Age 

C. Group within karyotype 

D. Ag? X karyotype 

= 21.33*** 
MSA 5 28,875.5373 -- 
MSC 

MSB 
MSE 

13,231.4244 - = 50.12*** 2 

48 
MSC 
MSF 

1,353.4688 - zz 25.07*** 

E. Age x group within karyotype 96 

MSD 
182.5250 

10 MSE 
= 0.69 

F. Error 
Total 

1458 
1619 

MSE 263.9619 - = 4.89*** 
MSF 

53.9970 

(11.) Duncan's multiple range iest for the six F ,  karyotypes' means at 15", five-day-old females 
Karyotype (? /a")  lLZDi/l\ZDj KLi/MDi KL,/MD, MD,/KLi MDi/KLj KL,/KLj 

Means 56.9 50.2 49.2 47.2 45.6 35.4 
______ 

Means enclosed by the Sam3 line are not significantly different. 

* * *  Significant, p < 0.001. 
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TORRIE 1960) were used in order to determine which of the differences among 
the six karyotypes means is significant. Table 9 (11) presents the Duncan test that 
shows MD homokaryotypes to be significantly lower than all the other groups. 
The two reciprocal crosses, i.e., KLi/MD, us. MDi/KLi and KLi/MDj us. MDi/ 
KLj, do not differ significantly from each other. Thus, in contrast to inbred 
kinlines with little difference between KL and MD, outcrossed females with 
MD/MD are significantly less receptive than any karyotype containing KL 
when grown at warm temperature. 

The outcrossed females developed under 15" were analyzed by a partially 
hierarchical analysis of variance as given in Table 10 (I). The six karyotypes 
differ significantly. Duncan's tests shown in section I1 of the table compare the 
means of the six groups. The mean of MD/MD is significantly greater than all 
the other karyotypes, while the mean of KL/KL is just the opposite. Heterokaryo- 
types are intermediate between the two homokaryotypes. Among the four het- 
terokaryotypes, those with KL mothers are more receptive than those with MD 
mothers, though there is continuity (non significance) between succeeding mem- 
bers of pairs in the series of four. 

The effect of age and the interaction between age and karyotype in these Fl 
are similar to the parental lines at 15". Aging increases the female receptivity 
significantly, and the effect of aging is the same for all karyotypes. Duncan's tests 
indicate that the increments between ages are significant for both parental and 
F, groups. 

DISCUSSION 

Control of switch-on by the third chromosomal arrangements 
Relative frequencies of chromosomal arrangements in many species of Dro- 

sophila are stable in natural populations. Such stable frequencies may display 
geographical clines or seasonal cycles (DOBZHANSKY 1970). Such stable chromo- 
somal polymorphism in natural populations suggests that chromosome arrange- 
ments possess differential adaptedness in specific environments. SPIESS and his 
colleagues (SPIES and LANGER 1964; SPIESS 1970) and PARSONS and KAUL (1  966, 
1967) had found that significant adaptive functions associated with chromosome 
polymorphism in D. pseudoobscura and D. persimilis were mating propensity 
and sexual selection. The frequency of chromosome arrangements in natural 
populations and the mating propensity of arrangement karyotypes are often 
positively correlated. Such correlation holds more consistently than the correla- 
tion between these arrangements and other fitness properties, such as fecundity, 
viability or rate of development (SPIESS 1958). High mating propensity might 
improve the natural rate of increase of different karyotypes by reducing the time 
to onset of female receptivity, that is, by reducing the time to Grst mating 
(LEWONTIN 1965; MERTZ 1971). The rapid development of receptivity by 
females possessing the most common chromosomal arrangements in natural popu- 
lations, which are expanding in spring, could be responsible in large part for their 
relatively higher Darwinian fitness (SPIESS 1970; YACHER and SPIES 1973). 
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Highest receptivity under warm temperatures in summer must be balanced 
against high density in that season, and rate of maturation might not have as 
much utility as simply higher fecundity. 

The primary objective of this experiment was to measure the onset of female 
receptivity in D. persimilis from a natural population at McDonald Ranch, Napa 
Valley, California, in order to elucidate the possible mechanisms that could help 
account for the seasonal cyclic changes of chromosome frequencies. The 19 kin- 
line pairs (KL-MD) and their progenies tested in this study were descendants of 
wild inseminated females collected at two different seasons-spring (April) and 
summer (June-July). The two seasonal samples and those from the same locality 
over a three-year period had shown low KL-high MD in spring and the reverse 
in summer (DOBZHANSKY and AYALA 1973). However, the two seasonal samples 
were not different in their onset of female receptivity, nor did they display sig- 
nificant interaction with temperature. Therefore, it is apparent that the two 
seasonal samples are likely to be genetically equivalent with respect to control 
of receptivity, though a larger sample from each season might indicate more con- 
trast between seasons. 

Female receptivity onset, as demonstrated in this report, is associated with 
the chromosome 3 arrangements and is significantly modified by temperature 
changes. At low temperature (15"), MD/MD females become receptive most 
rapidly, whether inbred or outbred. No heterosis is expressed at cool temperature. 
I n  contrast, at warm temperature (25"), MD/MD outcrossed females were the 
least receptive. KL/KL karyotype females display the opposite receptivity with 
temperature: at low temperature. both inbred and outcrossed KL/KL females 
were slowest in switch-on; at higher temperature, outcrossed KL/KL was signifi- 
cantly superior to outcrossed MD/MD. The KL/MD heterokaryotypic females 
were less extreme than the two homokaryotypes at both temperatures; thus, they 
were more homeostatic between temperatures, analogous to some other fitness 
properties, such as viability (DOBZHANSKY and LEVENE 1955) and mating activ- 
ity (SPIESS 1970). 

The differential dependency on temperature of female receptivity between 
karyotypes is likely to be a significant factor in the seasonal cyclic changes of 
the two arrangements observed in the McDonald Ranch population. Temperature 
is a critical environmental factor that can differentially affect the relative fre- 
quencies of receptive females carrying these chromosome arrangements. The fact 
that changes in fitness of these karyotypes parallel the changes of temperature 
might contribute to the maintenance of chromosome polymorphisms in this 
natural population (HEDRICIC 1976; HEDRICK, GINEVAN and EWING 1976). 

Female receptivity at switch-on 
In  D. persimilis from a summer sample of the Humboldt redwoods, California, 

population, the time of receptivity onset (switch-on) at warm temperature (25') 
was previously found to be two clays after eclosion (YACHER and SPIES 1973). 
The results obtained here confirmed their finding. However, a relatively higher 
level of female receptivity at two days was observed here than in YACHER and 
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SPIESS'S experiments. Their results showed that the percentage of receptive 
females at two days of age ranged from 14.7% (MD-high) to 25.4% (KL-high), 
while in the present study a minimum of 55% of females (MDi/MDi) had 
become receptive at day two. Homogamic matings had been employed by 
YACHER and SPIESS, while standardized double-cross hybrid males were used in 
this experiment. Mating success in homogamic mating tests depends not only 
on the threshold of female receptivity, but also on the sexual activity of the males. 
It is known that, in D. persimilis, males are more variable in their courtship 
activity than are females in receptivity at the same age (SPIESS and Yu 1975). 
Therefore, the lower receptivity and higher variation in YACHER and SPIESS'S 

experiment was due to the use of variable males. SLATER (1974) used double- 
cross hybrid males to test female receptivity at switch-on for strains, F,, and F, 
progeny from that same population (Humboldt) . Her experiments also showed 
higher, less variable and more reliable female receptivity values than those in 
YACHER and SPIESS'S observations. In addition, culture conditions were rigorously 
controlled by SLATER. These results suggest that females of D. persimilis from 
these two natural populations are not different in their order of KL/KL being 
greater than MD/MD in the onset of receptivity at warm temperature. 

Onset of female receptivity at low temperature is characterized by a slow but 
steady increase. The low-temperature effect on mating activity in D. persimilis 
from the Humboldt population was studied by SPIES and SPIESS (1967). The 
rate of mating for flies developed under 15" was slow until flies were at least 14- 
days old, and the age of maximum mating percentage (about 35%) was 18 days. 
However, homogamic mating was used in that experiment, and which sex was 
responsible for such slow mating was not ascertained. Use of reliably fast-mating 
males in the present study indicates that the slow increase in total mating 
observed in the early experiments must have been largely due to retardation of 
males when raised at cool temperatures. 

Influence of genetic background on female receptivity 
The modification of chromosome 3 control of mating propensity by the poly- 

genic background has been investigated by many authors. Significant evidence 
for a polygenic influence on the chromosome control of mating activity came 
from selection experiments by SHERWIN and SPIES (1973) and SHERWIN (1975) 
in D. pseudoobscura from the Mather, California, population. SPIES (1970) 
pointed out that large linkage blocks retained by inversions represent a major 
control system, which may respond quickly and efficiently to selective forces, 
while genetic modifiers in the remainder of the genome may be concentrated by 
selection to influence the expression of this major block. 

One main purpose of using the marker technique in this experiment was to 
reduce the heterogeneity of the genetic background. However, owing to the 
deficiency of markers available, the reduction of heterogeneity could not be com- 
pletely accomplished. As indicated before, the KL-MD members within a kinline 
were isogenic for most of their third chromosomes, had at least one of the second 
and fourth chromosomes identical, and their X chromosomes were derived from 
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the same isofemale strain, but the fifth (dot) chromosome remained uncontrolled. 
Among the F, progeny, the genetic background of the inter-kinline (HTK) het- 
erokaryotype (KLi/MD, and MDi/KLj) would be expected to be the most 
heterogeneous, followed by the inter-line (HOK) homokaryotype (KLi/KLj and 
MDi/MDj), with intra-kinline HTK (KLi/MDi and MDi/KLi) the least het- 
erogeneous. Contrasting results between the two heterokaryotypes were expected 
to be caused by the difference in their heterogeneity of the genetic background. 
The only significant contrast is that at cool temperature; there is a significant 
difference between the HTK reciprocals (Table 10 11). But this difference of 3% 
to 4% can be accounted for on the basis that the nine kinlines used for one set 
of HTK's were not the same set as that used for their reciprocals. because testing 
for maternal effects was not originally part of our experimental design. There- 
fore, we conclude that there has been no significant effect of genetic background 
heterogeneity. 

Temperature-dependent phenotypic expression 

The receptivity of outcrossed females displayed heterosis at warm temperature, 
but was intermediate at cool temperature. Thus, phenotypic expressions are due 
to differential interactions between genotype and temperature. Heterosis ex- 
pressed at extreme temperature had been demonstrated for many other fitness 
properties (see PARSONS 1973, for a summary of heterosis under stress environ- 
ments). LANGRIDGE (1962) had proposed the hypothesis that heterosis could be 
attributed to temperature-sensitive alleles likely to be recessive in natural p o p -  
lations, therefore leading to temperature sensitivity in homozygotes rather than 
in heterozygotes. This hypothesis seems to be oversimplified and cannot explain 
heterosis due to other environmental conditions, as pointed out by VAN VALEN 
(1967) and SPIES (1967). Recently, molecular level allozyme heterosis has been 
widely investigated and cumulative evidence indicates that heterosis at the 
molecular level is due to higher stability, higher enzyme activity or greater func- 
tional diversity in heterozygotes (see JOHNSON 1975 for  a summary). 

Hetcrozygotes increase the diversity of enzyme variants or primary gene 
products. The warm temperature (25") tested in this experiment is not far from 
a stress temperature (28') for D. persimilis (SPIES observation); having a 
diversity of enzyme variants available may allow homeostasis in development 
to insure a more efficient onset of female receptivity than would a single enzyme 
variant. Partial dominance at cool temperature (15") probably indicates the 
higher efficiency of enzyme variants from the faster onset parent, which is the 
MD arrangement almost exclusively. 
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