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ABSTRACT 
Genes that  influence mating and/or fertilization success may be  targets  for strong natural selection. 

If females remate frequently relative to  the  duration of sperm storage and  rate of sperm use, sperm 
displacement may be an  important  component of male reproductive success. Although it has long  been 
known that  mutant laboratory stocks of Drosophila differ in  sperm  displacement, the  magnitude of the 
naturally occurring genetic variation in this character has not  been systematically quantified. Here we 
report  the results of a  screen for variation in sperm displacement among 152 lines of Drosophilia mlanogas- 
ter that were made homozygous for second and/or  third chromosomes  recovered  from  natural  popula- 
tions. Sperm  displacement was assayed by scoring the progeny of c n ; h  females that  had been mated 
sequentially to c n ; h  and tested males in either  order. Highly significant differences were seen  in both 
the ability to displace sperm that is resident  in the female’s reproductive  tract and in the ability to resist 
displacement by subsequent sperm. Most lines exhibited nearly complete  displacement, having nearly 
all progeny  sired by the second  male, but several lines had as few  as half the progeny fathered by the 
second male. Lines that were identified  in the screen  for naturally occurring variation in sperm displace- 
ment were also characterized for single-strand conformation polymorphisms (SSCP) at seven accessory 
gland protein (Acp) genes, Glucose dehydrogenase (Gld), and Esterase-6 (Est-6). Acp genes encode 
proteins  that  are in  some cases known to be  transmitted to  the female in the seminal fluid and  are likely 
candidates  for  genes that might  mediate the  phenomenon of sperm displacement. Significant associa- 
tions were found between particular Acp alleles at  four different loci (AcpZhAa/Ab, Acp29B, Acp36DE and 
Acp53E) and  the ability of males to resist displacement by subsequent  sperm.  There was no correlation 
between the ability to displace resident sperm  and  the ability to resist being displaced by subsequent 
sperm.  This lack  of correlation,  and  the association of Acp alleles with resisting subsequent sperm only, 
suggests that different  mechanisms  mediate the two components of sperm displacement. 

W HEN a female Drosophilia melanogaster mates with 
two males in succession, most of her offspring 

will be  produced with sperm from the second male, a 
phenomenon known  as “sperm displacement” or 
“sperm  precedence.” Two important aspects of sperm 
precedence  are  the ability to prevent the use  of resident 
sperm by either removing the sperm or by changing its 
storage in such a way that it is  less  likely to be used 
and  the ability to resist being displaced by subsequent 
inseminations. Details of the mechanism whereby 
sperm displacement in Drosophila is accomplished are 
still unknown. Simple mechanical theories have been 
proposed based on the fact that  much  more sperm is 
delivered than is stored, so that  upon second mating, 
a  random mix  of  newly delivered and stored sperm will 
favor the second male (LEFEVRE and JONSSON 1962; 
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NEWFORT and GROMKO 1984). Also it has been shown 
that  the last male’s semen in some way prevents use of 
the  resident sperm (HARSHMAN and PROUT 1994). 

As we learn details of the phenomenology of the re- 
lated topics of sperm storage and use, we can begin to 
formulate models for the mechanism of sperm displace- 
ment (BIRKHEAD and HUNTER 1990; PARKER et al. 1990). 
In  the female, sperm is stored in both  the seminal re- 
ceptacle and the paired spermathecae,  and it appears 
that  the  spermathecae  are  the long-term storage organs 
(FOWLER 1973). LEFEVRE and JONSSON (1962) claimed 
that females have nearly perfect sperm utilization and 
that rapid remating does not increase lifetime fecun- 
dity, but subsequent studies generally show an increase 
in lifetime fecundity when remating is allowed. There 
is clearly inefficient use of sperm immediately after mat- 
ing (NEWPORT and GROMKO 1984), and  the  phenome- 
non of sperm precedence  undoubtedly involves factors 
that  determine when and how sperm are  stored. One 
of the factors that  determines when females are re- 
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ceptive to remate is depletion of sperm (MANNING 1967; 
GROMKO and PYLE 1978; FUKUI and GROMKO 1989). On 
the  other  hand, FOWLER and PARTRIDGE (1989) ob- 
served that  the  rate of remating is greater  than  that 
needed to  maximize the females' reproductive success. 
GROMKO and MARKOW (1993) demonstrated  that fe- 
males in the field remate in response to low sperm  load. 
They captured flies and separated  them as they began 
to copulate,  but before sperm  transfer, and scored the 
flies' fecundity in the laboratory. GROMKO and MARKOW 

(1993) found  that  the females that were receptive to 
remating  produced fewer progeny than  control females 
(those not remating) . The lower fecundity of the re- 
ceptive females could  be due  both to partial exhaustion 
of sperm storage and to displacement or inactivation 
by seminal fluid that  precedes  sperm transfer (HARSH- 
MAN and PROUT 1994). 

Whether females choose to remate because of sperm 
depletion (MANNING 1962, 1967) or because of deple- 
tion of some other substance in seminal fluid remains 
unclear, and it may  well be  that  both factors are in- 
volved. Sons of tudor females are sterile because they 
produce  no sperm,  but they do transmit seminal pro- 
teins in their ejaculate (BOSWELL and MAHOWALD 

1985). When a female is mated to these males, there is 
a refractory period,  but it is not as long as that after 
mating with a wild-type male, suggesting that seminal 
proteins  alone do  not fully explain the refractory period 
(KALB et al. 1993).  It is clear however that substances 
in the seminal fluid and  not sperm itself are responsible 
for  the transiently reduced receptivity  of females after 
mating (SMITH 1956; CHEN 1984; KALB et al. 1993). 
Identification and molecular cloning of the sex peptide, 
one of the  proteins  produced in the male accessory 
gland and transferred to the female in seminal fluid, 
has allowed manipulation of the system to clearly dem- 
onstrate its function  (CHEN et ul. 1988). Injection of 
sex peptide  into female Drosophila results in transient 
reduced mating receptivity and increased rate of  ovipo- 
sition. By making transformant lines with the  gene  for 
sex peptide driven by the hsp70 promoter, AIGAKI et al. 
(1991) were able to show that expression of sex peptide 
results in females behaving as though they had recently 
mated,  just like the injection experiments. Sex peptide 
appears to have functions consistent with adaptations 
that increase male reproductive success. 

By altering  sperm use and manipulating  the  repro- 
ductive behavior of females, variation in seminal pro- 
teins may be of profound evolutionary significance to 
the male, so we can expect apriori that  natural selection 
may be driving changes in these proteins. Two-dimen- 
sional protein gel electrophoresis has provided evi- 
dence  that  proteins of the accessory gland in males are 
more polymorphic than testis-specific proteins (COUL 
HART and  SINGH 1988) and  that they exhibit  greater 
degrees of interspecific divergence (THOMAS and SINGH 

1992). Esterase-6 has been implicated in sperm compe- 
tition (GILBERT 1981),  and  the  finding of Est-6 nulls 
having decreased competitive ability supports this find- 
ing (GILBERT and RICHMOND 1981). Gld is a  candidate 
gene  for  a role in sperm displacement because of the 
location of its protein  product at high concentration  in 
spermathecae (SCHIFF et al. 1992). AGUAI~E et al. (1992) 
examined molecular variation in  the AcpZ6Aa and 
Acp26Ab genes (formerly Mst26Aa and Mst26Ab) in the 
four species of the D. melanoguster subgroup, and they 
found  an unusually high level  of amino acid replace- 
ment.  The variation revealed by DNA sequencing and 
by restriction site  analysis was not consistent with neu- 
trality. These results are all  suggestive that accessory 
gland  proteins  are targets of adaptive evolution, but 
there  are  important gaps in the  picture. The observa- 
tion that these proteins  are  present in semen may sug- 
gest potential  for these proteins to be relevant in de- 
termining  mating success, but what is missing is a causal 
connection between accessory gland proteins and func- 
tional variation in reproductive fitness. 

Further progress in understanding  the evolution of 
sperm displacement requires  ascertainment and quanti- 
fication of functional  genetic variation. By identifjmg 
homozygous lines derived from natural  populations 
with strong and weak sperm displacement ability, we 
may gain access to useful genetic tools for  understand- 
ing  the molecular basis for  sperm displacement. At the 
same time, the  functional variation is  of intrinsic impor- 
tance in  understanding  the  population genetics and 
evolution of sperm displacement. In this report we ex- 
amine genetic variation at  the  functional level in the 
phenomenon of sperm  displacement and test for corre- 
lated molecular variation in nine targeted genes. The 
phenomenology of sperm displacement is  most  easily 
scored by allowing females to mate with two different 
genotypes of male in succession. By following the prog- 
eny genotypes one can immediately ascertain the dy- 
namics of sperm use (LEFEVRE and JONSSON 1962; 
PROUT and BUNDGAARD 1977; see also SMITH 1984). In 
this paper we report tests  relative to a  control genotype 
of a series of lines homozygous for second and/or third 
chromosomes from natural  populations, and identify 
lines with  varying degrees of sperm displacement. 

MATERIALS AND METHODS 

Drosophila cultures: Throughout  the  experiment,  the fe- 
males and control males were a laboratory stock of cn o b  
tained from  the Bloomington Stock Center  at  Indiana Univer- 
sity. The homozygous lines from Raleigh, NC, were extracted 
in the laboratory of TRUDY MACKAY (North Carolina  State 
University) and were kindly provided by Dr. MACKAY The 
lines from Beltsville, MD, were extracted in the laboratory of 
BUN CHARLESWORTH (University of Chicago) and were 
kindly provided by Dr. CHARLESWORTH. Standard cornmeal- 
molasses-agar medium was used, and cultures were main- 
tained  at 25" on a 12 hr light/dark cycle. 
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vial 1 vial 2 vial 3 

Day 

FIGURE I.-Design of the tests of sperm displacement. Vir- 
gin en; bw females were mated  en masse to virgin en; bw males 
for 2 hr,  and females were separated  into individual vials  (vial 
1). Two  days later,  three males of the homozygous lines were 
added  to  each vial, and mating was allowed for 12 hr.  The 
males were removed and females transferred to fresh vials 
(vial 2),  and 3 days later they were transferred again (vial 3). 
One week later females were discarded. Progeny from the 
three vials were scored on day 17 or 18 after oviposition began. 

Sperm  displacement  tests: The  phenomenon of sperm dis- 
placement can be tested both as the ability of the first male’s 
sperm to resist displacement by a subsequent male (“de- 
fense”),  and as the ability of the second male’s sperm to 
displace the first male’s sperm  (“offense”).  The design of 
the  experiment allows variation in  these two components  to 
be assayed separately (Figure I ) .  In  the offense experiments, 
virgin 4-5-day-old cn;bw females were mated first to same- 
aged, virgin cn;bw males en masse for 2 hr. Single females 
were then aspirated into individual shell vials, where they were 
allowed to oviposit for 2 days. These vials were designated as 
“vial 1.” Then  three males of the same tested line were placed 
in each vial for  the second  mating and left for 12 hr. Second 
males were then removed and females were transferred by 
aspiration to vial  2. After 3 days females were transferred again 
without  anesthesia to vial 3, and 1 week later females were 
discarded. Eye-color phenotypes of progeny  from all three 
vials were scored on  the 17th or 18th day after females began 
oviposition. The fraction of all progeny  in vials 2 and 3 that 
were sired by the second male is designated as the statistic 
“P2” (GROMKO et al. 1984).  In  the offense tests, a male line 
with a higher P2 score  has  a higher fitness. 

The tests of defense were the same as those for offense 
except  the females were mated first to  the males of the various 
homozygous lines. Following the same  protocol, e.g., times of 
transfer, the females were then  mated to virgin en; bw males. 
Variation among lines in the  proportion of progeny sired by 
the two male genotypes reflects differences  in the ability of 
the homozygous lines to resist displacement by en; bw sperm. 
The  count of progeny sired by the first male,  designated P1, 
is the score  used to quantify the defense test results. Higher 
defense  PI reflects greater ability to resist displacement by 
subsequent  sperm. Fecundity was scored as the total count of 
all progeny in all three vials. 

It was not possible to test all lines at  one time, so the experi- 
ment was split into blocks. Every line was tested for  both 
offense and defense components in  at least two blocks. The 
five most extreme lines  at both  ends of the distribution of P1 
and P2 were retested in a third block. Note that offense and 
defense components  are tested completely independently of 
one  another. 

Analysis of molecular variation in Acps by single-strand con- 
formation  polymorphism: The  method of single-strand con- 
formation polymorphism (SSCP) was used to classify the lines 
into allelic classes for  each of seven Acp loci, GZd and Est- 
6 (AGUADE et aZ. 1994). The oligonucleotide  primers were 
designed from published and  unpublished DNA sequences 
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kindly provided by Dr. WNA WOLFNER (Cornel1 Univer- 
sity). These primers were used to amplify fragments of  DNA 
in the  range of 200-400 bp long.  These DNA fragments were 
then  denatured  and  run  on a  mutation  detection enhancer 
(MDE) gel, which allows single-stranded DNA molecules to 
fold. Although  these  molecules are probably in a dynamic 
state of changing  conformation, single-stranded DNA mole- 
cules of this size under these  conditions usually assume a 
unique consensus  folding  conformation visible on a  gel. The 
migration of these fragments was visualized either by silver 
staining, or, if the initial PCR  was done with  35S-labeled  ATP, 
by autoradiography.  This SSCP  analysis  allows alleles to be 
classified into co-migrating groups,  but yields no information 
about  the  degree of similarity of nonidentical alleles. Lines 
whose second  chromosomes had been made homozygous 
were scored for  the accessory gland  protein  genes Acp26Aa, 
Acp29B, Acp36DE and Acp53E. Third  chromosome extracted 
lines were scored for  the accessory gland  protein  genes 
Acp63F,  Acp76A,  Acp95EF, GZd (Glucose dehydrogenase, lo- 
cated at 84D) and Est-6 (Esterase-6, located at 69A1-5). 

Statistical  analysis: The primary null hypothesis was that 
all lines had  the same degree of sperm  displacement. The 
model is ejk = p + 4 + B(L)ii + t i j k ,  where C j k  is the observed 
displacement statistic (P1  or  P2), p is the  grand  mean, L, is 
the effect of the zth line, B(L)li is the effect of it jth block 
nested in the zth line and eijt is the  error  term, assumed to 
be normally distributed with mean zero.  Separate tests were 
performed  for chromosomes Band 3, and offense and defense 
components were tested separately. Standard  methods of 
nested analysis of variance (ANOVA) were applied  for hypoth- 
esis testing. The P1 and P2 statistics are  proportions,  and as 
such the sampling variance is greatest for values near  one- 
half. The  dependence of the variance on  the  mean,  and  the 
skew  of the distribution of PI and P2 (Figure 2), necessitated 
use of the arcsine  square root transformation. Analysis of re- 
siduals from  the fits of the  linear models showed them to be 
independent of predicted values, as is appropriate  for applica- 
tion of  ANOVA. 

The second test was whether  there was an association be- 
tween Acp allelic classes and  the displacement phenomena. 
This was tested by putting lines into allelic classes and testing 
the null hypothesis that allelic classes were equivalent in P1 
and P2 statistics using a  nested  model ANOVA.  Two-, three-, 
and four-locus haplotypes of Acp loci were also compared in 
their  sperm displacement  phenotypes in a like fashion using 
ANOVA. Statistical tests were performed with the SAS statisti- 
cal routines GLM and VARCOMP. 

RESULTS 

Sperm  displacement  tests: The extracted-chromo- 
some  lines of D. melanogaster exhibit  significant  hetero- 
geneity in  sperm  displacement  in  both  the  offense and 
defense  directions. The statistics P1, P2 and  fecundity 
were all significantly  heterogeneous among lines by AN- 
OVA  (Tables 1 and 2). The magnitude of differences 
in  line  means of offense P2 and  defense P1 is depicted 
in Figure 2, showing a majority of lines  with nearly 
complete  displacement  and a tail of weakly displacing 
lines. The extreme  lines  were  retested  in a completely 
independent  third  block, and nested  ANOVA  recon- 
firmed the significance of line  heterogeneity.  ANOVA 
also  showed  that  there was significant  heterogeneity 
among  second  chromosome  l ines by themselves and 
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FIGURE 2.-Histograms  of line means of offense P2 (A) 
and defense P1 (B). P2 is defined as the  fraction of  progeny 
sired by the  second  male to mate, and in offense tests, P2 
scores  how  well the  second males sperm  displaces  resident 
sperm. P1 is the  fraction of progeny  sired by the first male, 
and in the defense  tests, P1 scores how well the first male's 
sperm  resists  being  displaced by subsequent sperm. 

among  third  chromosome lines by themselves (Tables 
1 and 2).  There was significant heterogeneity  among 
lines whether P1 and P2 were calculated from scores of 
just  the second vials (as reported in Tables 1 and 2) or 
the second and  third vials pooled. Although results of 
vials 2 and 3 were highly correlated ( T  = 0.907 and 
0.802, P < 0.0001 for offense and defense crosses), 
vial 2  counts were more balanced and  had lower error 
variance. Part of the reason for  the success in detecting 
significant genetic variation in sperm displacing ability 
was undoubtedly  the power of the tests afforded by 
the sufficient sample sizes (12,300 vials and 275,352 
progeny; APPENDIX). 

On a vial-by-vial  basis, the offense P2 score was posi- 
tively correlated with fecundity ( r  = 0.16, P < O.OOOl), 
and this correlation persisted among  line means (Table 

3). Females produce  more total progeny if the second 
male has strongly displacing sperm.  This may reflect  a 
correlation between efficiency  of sperm use and  sperm 
displacement, or it may be caused by an elevated ovipo- 
sition rate of females after matings with strongly displac- 
ing males. If the offense component of displacement is 
largely mediated by ejaculate volume (see DISCUSSION), 

then  one would expect  the larger volume ejaculates 
to also carry larger  amounts of  all seminal proteins, 
including sex peptide (all else being equal).  In  the de- 
fense crosses, one might expect  that  a  more strongly 
displacing genotype might actually reduce  the total fe- 
cundity of a female, but  the  correlation between de- 
fense P1 and fecundity was not significant on  either a 
vial-by-vial  basis ( r  = -0.038, P = 0.284) or  among line 
means  (Table 3). 

Fecundity was significantly higher  among doubly 
mated females than  for females that mated only once. 
In  the offense crosses, the  mean fecundity was 57.59 .f 
1.94 and 93.06 2 1.26 for singly and doubly mated 
females, respectively,  while in the defense crosses, the 
mean fecundities were 52.54 t 2.87 and 85.86 t 1.16, 
respectively. The increase in fecundity caused by a sec- 
ond mating may be due to a stimulation of oviposition, 
or it may be due to a  replenishment of sperm stores 
that would otherwise run  out. Females lay eggs in vial 
2 from days 2 to 5  after  the first mating, so depletion 
of sperm stores is unlikely to affect offspring counts 
from vial 2 (LEFEVRE and JoNSsON 1962).  Therefore, if 
vial 2 exhibits differences in fecundity between singly 
and doubly mated females, it is most likely caused by 
stimulation of oviposition. The mean counts of off- 
spring  emerging  from vial 2 were 22.71 ? 0.83 and 
30.88 +- 0.49 for singly and doubly mated females, re- 
spectively (offense crosses), so  clearly the oviposition 
rate  increased after the second mating. Respective 
counts for vial 3 were  22.78 -+ 1.06 and 36.58 t 0.69. 
Because  vial 3 showed a significantly greater increase 
in fecundity of doubly mated females over that seen in 
vial 2, we conclude  that alleviation of sperm depletion 
also plays a role in elevated fecundity after  the  second 
mating. 

The correlation between  offense P2 and defense P1  is 
not significantly different from zero ( r  = -0.19, P = 0.06). 
One line appeared to fall out of the cluster of other line 
means (Figure 3), and when  this line was deleted, the 
correlation fell to r = -0.105 ( P  = 0.303). Many potential 
mechanisms for sperm displacement would predict a posi- 
tive correlation between  offense and defense, including 
the simplest  possibility that sperm are washed out to  vary- 
ing extents by varying  volumes  of  ejaculate. The indepen- 
dence of offense and defense suggests that these two com- 
ponents may be mediated by different genetic 
mechanisms, a conclusion that has bearing on  the results 
of the Acp tests  below. 

Of the 4100 females whose progeny were followed, 
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TABLE 1 

Analysis of variance of the offense component of sperm  displacement 

193 

Sum of Mean 
Chromosome Source d.f. squares  square F P r2 

P2 
2 

3 

2 and 3 

Fecundity 
2 

3 

2 and 3 

Line 
Error 
Line 
Error 
Line 
Error 

Line 
Error 
Line 
Error 
Line 
Error 

35 
216 
104 
785 
151 

1073 

35 
222 
104 
812 
151 

1107 

7.111 
21.875 
17.473 
80.162 
27.081 

106.235 

67515 
551968 
293941 

1455923 
408253 

2145326 

0.203 2.01 0.0014  0.24 
0.101 
0.168 1.65  0.0001 0.18 
0.102 
0.179 1.81  0.0001 0.20 
0.099 

1929  0.78  0.8137 0.1 1 
2486 
2826 1.58 0.0005  0.17 
1793 
2703 1.40 0.0021 0.16 
1937 

In the offense tests, the females are mated first with cn;bw males, followed by the males homozygous for 
wild second and/or  third chromosomes. P2 is the fraction of offspring fathered by the second male. Fecundity 
is the total count of progeny produced by the female. P is the probability of obtaining  greater among-line 
heterogeneity by chance; 8 is the approximate  portion of variance explained by the model. 

-20% mated only once. In  both  the offense and de- 
fense crosses, there was significant heterogeneity 
among lines in the fraction of females that  mated twice. 
In the offense tests, a female will mate with the second 
male if the male’s courtship provides sufficient stimula- 
tion, and the  proportion of females that  remate varies 
significantly from one line to another = 424.4, 
P < 0.001). In  the defense tests, a female will decline 
to mate with the second male (who is cn;bw) if she is 
not yet receptive, and this too varies  across lines 
(x&,Odf = 470.3, P < 0.001). The fraction of females 
who  only mate with the first male in the defense tests 

is scored as “refractoriness.” Table 3 shows that lines 
of males  with stronger sperm displacement defense are 
also the lines that make females less  likely to remate 
(P1 and refractoriness are  correlated). Similarly, lines 
that  are  better displacers are also lines that  are  more 
successful at mating with premated females (P2 and 
remating  are  correlated). Surprisingly, males from lines 
that  are most  successful in mating with  previously mated 
females are also lines that  induce  the shortest refractory 
period in females. 

Associations  between  sperm  displacement and molec- 
ular variation in target  genes: Linkage disequilibrium 

TABLE 2 
Analysis of variance of  defense component of sperm  displacement 

____ 

Sum of Mean 
Chromosome  Source d.f. squares  square F P r2 

PI 
2 Line 35  7.702 0.220 2.74 0.0001 0.25 

3 Line 103 16.476 0.160 2.16 0.0001 0.24 
Error 290 23.287 0.080 

Error 709 52.509 0.074 

Error 1056 78.194 0.074 
2 and 3 Line 149  26.791 0.179 2.43  0.0001  0.26 

Fecundity 
2 Line 36 97073. 2696. 1.24 0.1679 0.12 

3 Line 103 247324. 2401. 1.78 0.0001 0.19 
Error 302 654902. 2168. 

Error 772 1039449. 1346. 

Error 1134 1831943. 1615. 
2 and 3 Line 150  404961.  2699.  1.67  0.0001  0.18 

In the defense tests, the females are mated first with the males homozygous for wild second and/or  third 
chromosomes, followed by cn;bw control males. P1 is the fraction of progeny fathered by the first male. 
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TABLE 3 

Correlations among lime means of mating  parameters 

P1 Fec-0 Fec-D  Refrac Remate 

P2 -0.192  0.466  0.159  -0.162 0.225 
(0.056) (0.001) (0.116) (0.052) (0.005) 

P1 0.002 -0.104 0.196 -0.049 
(0.984) (0.292) (0.020) (0.566) 

Fec-0 0.144  0.001 -0.045 
(0.153) (0.994) (0.579) 

Fec-D 0.009  0.001 
(0.916) (0.997) 

Refrac -0.397 
(0.000) 

Fec-0 is the fecundity of females in the  offense tests; Fec- 
D is the fecundity of  females in the defense tests; Refrac is 
the fraction of  females  in the defense tests who  remain refrac- 
tory and  do not remate; Remate is the  fraction of females in 
the offense tests  who  did remate. Values in parentheses are 
associated  probability. 

among Act  loci  would  disallow independent tests  of 
associations between Acp alleles and sperm displace- 
ment, so statistical significance of linkage disequilibria 
among Acp loci was tested first by Fisher exact tests. Six 
pairwise  tests among  the  four second chromosome Acp 
loci yielded one pair with a  nominal tail probability of 
0.018.  However,  with  six  tests, the  Bonferroni correc- 
tion for  simultaneous  inference  requires  a tail probabil- 
ity of 0.05/6 = 0.0083 for an experiment-wide signifi- 
cance of 0.05. We conclude that the second  chromosome 
Acps are  not  in significant linkage disequilibrium. Simi- 
larly, the five third  chromosome loci yielded 10 painvise 
tests, none of which had  a tail probability less than 
0.05. Because it appears  that  the Acp loci are in linkage 
equilibrium, we can proceed to test associations be- 
tween Acps and sperm displacement separately for each 
locus. 

After coding lines according to their Acp allele, a 
nested ANOVA on each Acp locus tests the null hypothe- 
sis that  the alleles are identical in  displacement  pheno- 
types. The model is ejk = p + Ai + L(A)!i + t i jk ,  where 

is the observed displacement statistic (PI  or  P2), p 
is the  grand  mean, A, is the effect of the  ith Acp allele, 
L(A) is the effect of the j th line nested in  the ith allele 
and t+  is the  error  term. Only a single locus had a 
marginally significant effect on offense (Acp76A), and 
in this particular case the effect is caused by a single 
line  represented by nine vials. Four of the  nine loci 
showed a significant effect on defense (Tables 4 and 
5), and they happen to be  the  four second chromosome 
loci. The structure of the  data, with incomplete  repre- 
sentation of haplotypes and unequal sample sizes for 
each Acp allele, demands  that we be cautious in inter- 
preting significance values. One very  conservative way 
to assess significance is to construct  the null distribution 

1.61 

.. - . . . .  2 = .  . *  
d o  

.* . . . *  

C 
0.8. 

"Om6* 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0 

Defense PI 
FIGURE 3.-Scattergram  showing  the lack of correlation 

between offense P2 and  defense P1 ( r  = -0.19, P = 0.06). 
Deleting  the  outlier  yields r = -0.105 (P = 0.303). Each dot 
is a line mean of the angular transformed  data. 

of F for  the ANOVA by shuffling the  correspondence 
between Acp and P1 phenotypes. For each of 1000 
shufflings, we repeated  the ANOVA and tallied the re- 
sulting Fvalues. In  the case  of  all four second chromo- 
some Acfi, the observed F fell above the  top 1% of 
these distributions. We conclude  that  the significant 
association between Acps and sperm  displacement P1 
values  were not spuriously generated by a  quirk of the 
structure of the data. 

As in any correlative association, the association be- 
tween  P1 and second chromosome Acp alleles is not a 
demonstration of causality,  as unobserved variation at 
genes in linkage disequilibrium with the Acp may ac- 
count for the observed differences. Given the fact that 
the Acps are expressed in the seminal fluid and  the 
protein  products  are transmitted to the  female, it seems 
plausible that  the differences in defense measures are 
due in part to differences at  the Acploci. The suggestion 
that Acps are  more  important to defense than offense 
has important implications for the mechanism whereby 
Acps influence  the  phenomenon of sperm displace- 
ment. 

When the  mean  and SE of  P1 are tallied for each 
allele, the  magnitude of the effects associated with the 
allelic differences become  apparent (Table 5 ,  Figure 
4). The allele means of  P1  vary  by more  than 2 SEs for 
each of the  four second chromosome Acp loci. In the 
case  of Acp53E, one allele with an unusually low P1 was 
present in only one  line, so the ANOVA was repeated 
after  excluding  that allele. The remaining four alleles 
were  still  significantly heterogeneous in P1, indicating 
that Acp53E or a  gene in linkage disequilibrium with 
Acp53E, clearly influences sperm displacement defense. 
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TABLE 4 

195 

Sperm  displacement vs. alleles of Acp genes 
~~~~ 

Sum of Mean 
Source d.f. squares square F Value P > F  

Acp26Aa 4 1.364 0.341 4.02 0.008 
LINE (Acp26Aa) 20 1.696 0.085 1.60 0.098 
Error 42 2.224 0.053 

Acp29B 1 1.084 1.084  7.33 0.008 
LINE(Acp29B) 27 3.992 0.148 2.66 0.001 
Error 112 6.222 0.055 

Acp36DE 3 1.721 0.574 3.81 0.012 
LINE(Acp36DE) 25 3.765 0.150 2.71 0.001 
Error 112 6.222 0.056 

Acp53E 5 3.128 0.626 4.62 0.001 
LINE(Acp53E) 23 3.115 0.135 2.44 0.001 
Error 112 6.222 0.056 

Simple ANOVAs in which lines with the same Acp allele at a given locus are pooled together,  and  the null 
hypothesis is that  the  mean P1 is the same for  the different Acp alleles. Error is variance within each allelic 
class. Only tests in which there was a significant effect of Acp alleles are  reported. 

The observation that all four  second  chromosome 
loci  were associated with variation in P1, and  none of 
the  third  chromosome loci were so associated, made us 
question  whether  the effect was caused by the Acp loci. 
An alternative is that  there was an  aberrant second chro- 
mosome line causing the allelic effect. Recall that  the 
Acp’s are  not in linkage disequilibrium and that this is 
a nested ANOVA, so the significance of an allelic effect 
is corrected by variation among lines having the same 

TABLE 5 

Defense P1 statistics stratified by A@ allele 

Acp26Aa allele 
1 0.288 -C 0.072 (5) 
2 0.199 ? 0.073 (4) 
3 0.159 ? 0.027 (12) 
4 0.343 -C 0.056 (9) 
5 0.208 2 0.078 (1) 

1 0.232 ? 0.022 (24) 
2 0.307 2 0.035 (12) 

1 0.316 ? 0.029 (23) 
2 0.193 ? 0.025 (10) 
3 0.193 ? 0.058 (2) 
4 0.208 ? 0.082 (1) 

1 0.267 2 0.040 (12) 
2 0.172 t 0.032 (14) 
3 0.383 ? 0.043 (5) 
4 0.208 ? 0.082 (1) 
5 0.017 t 0.020 (1) 

Acp29B allele 

Acp36DE allele 

Acp53E allele 

6 0.171 2 0.024 (3) 

Values are  means ? SE with the  number of lines bearing 
each allele. PI values are calculated from vials 2 and 3 and 
are  untransformed. 

Acp allele. Nevertheless, we sequentially removed each 
line and repeated  the analysis, asking whether  there 
remained an association between P1 and Acp alleles. In 
all  cases,  all four loci retained significance, so no single 
line explains the result. We calculated the  components 
of variance from Table 4 and saw that Acp allelic differ- 
ences  explain, in the case  of Acp26Aa, Acp29B, Acp36DE 
and Acp5?E, 21, 14, 14, and 21% of the  nonerror vari- 
ance, respectively. If these effects were additive, this 
would  imply that 70% of the variance of P1 is explained 
by these four loci, but second chromosome haplotypes 
explain only 32% of the  nonerror variance, indicating 
some departure from additivity. 

Even though  the Fisher exact tests revealed no cases 
of significant association among Acps, the second chro- 
mosome data  contain only 20  of the possible  240 four- 
locus haplotypes. This imposes a  structure  on  the  data 
that gives  us  low power to test the  importance of each 
locus individually. The  apparent nonadditivity of Acp 
effects  also  suggests that  examination of two-, three-, 
and four-locus haplotype effects might be informative. 
Table 6 reports significant heterogeneity in three of the 
six  two-locus  tests, two of the  four three-locus tests, and 
the four-locus test (after  correcting  for simultaneous 
inference). Presence of Acp53E in a haplotype appears 
to be necessary for significance of variation in defense 
among two-, three- and four-locus haplotypes. These 
results demonstrate how difficult it is to ascribe pheno- 
typic effects to particular alleles from naturally oc- 
curring variation, but they also suggest that  further ex- 
amination of the role of Acps in sperm displacement is 
warranted. 

It was also  possible to test the association between 
Acp alleles and female mating behavior. The design of 
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Acp26Aa Acp29B Acp36DE  Acp53E 
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FIGURE 4.-Pl values (mean 5 1 
SE) calculated for  each  second  chro- 
mosome Acp allele. Only the Acp loci 
exhibiting significant heterogeneity 
among Acp alleles are plotted. 
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Gene and  Allele 

the  experiment allowed females to choose whether to 
mate with the second male, so we can ask whether the 
female's decision to remate  depended  on  the Acp geno- 
type of the male. In offense crosses, the decision may 
depend  on  the genotype of the second males  who are 
courting  the female. We constructed contingency tables 
of counts stratified by Acp allele and by whether or not 
the female remated. For none  of  the  nine  candidate 
genes was the chi square significant. In defense crosses, 
the second males are all cn;bw, so variation among tests 
might be caused by differential refractoriness of the 
females, caused by mating with the first  males.  Of the 
nine contingency tables constructed to test associations 

between candidate  genes  and refractoriness, Acp53E 

P < 0.004) were both significant. This result is consis- 
tent with previous observations of an effect of Est-6 on 
remating latency (RICHMOND et al. 1980), although we 
do not know whether the  higher activity variants re- 
sulted in longer refractory periods. 

(X:df = 25.89, P < 0.0001) and Esterase-6 ( X &  = 25.89, 

DISCUSSION 

The 152 homozygous lines that were examined in 
this study exhibited significant heterogeneity in both 
the ability to displace sperm stored in a female's repro- 

TABLE 6 

Analysis of two-, three- and four-locus haplotypes of chromosome 2 accessory gland protein genes 

Acp26Aa  Acp29B  Acp36DE  Acp53E NO. of 
(n = 5) ( n  = 2) (n = 4) ( n  = 6) haps MS F P 

Two loci 1 
1 
1 
0 
0 
0 

Three loci 1 
1 
1 
0 

Four loci 1 

1 
0 
0 
1 
1 
0 
1 
1 
0 
1 
1 

0 
1 
0 
1 
0 
1 
1 
0 
1 
1 
1 

0 
0 
1 
0 
1 
1 
0 
1 
1 
1 
1 

8 
10 
11 
6 

10 
10 
14 
15 
18 
14 
20 

0.1330 
0.1056 
0.1922 
0.1474 
0.1639 
0.1505 
0.0949 
0.1388 
0.1247 
0.1206 
0.1116 

2.51 
1.99 
3.63 
2.65 
2.95 
2.71 
1.79 
2.62 
2.36 
2.17 
2.11 

0.0298 
0.0644 
0.0015 
0.0263 
0.0035 
0.0068 
0.0767 
0.0080 
0.0123 
0.0151 
0.0221 

~ 

n = number of observed alleles. The first line of the table reports  the analysis of variance comparing the 
8 observed two-locus haplotypes for Acp26Aa and Acp29B. MS, mean  square for the among-haplotypes effects; 
F, the  appropriate test statistic for significance of among-haplotype effects; P, appropriate for  each independent 
test. Because six tests were done  on two-locus haplotypes, a table-wide Bonferonni  correction would make the 
nominal significance value be 0.05/6 = 0.008. By this criterion,  three of the six  two-locus tests are significant, 
and two of the  four three-locus tests are significant. 
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ductive tract  from  a previous mating (offense) and in 
the ability of sperm to resist being displaced by a subse- 
quent mating  (defense).  The mechanism for  sperm dis- 
placement is not known in D. melanogaster, and  the term 
“displacement” is used here in the operational sense 
to reflect the use of the sperm by the female in  produc- 
tion of offspring. Whether  the first male’s sperm are 
physically removed from  the reproductive tract is not 
known, although females can be observed depositing 
excess sperm onto  the medium after a single mating 
(FOWLER  1973). The variation in displacement revealed 
by this study is  fairly  typical  of  many  recessive characters, 
with most lines exhibiting  a  normal  phenotype of strong 
displacement, and  rare lines that  exhibit weak displace- 
ment, presumably caused by recessive  loss-of-function 
mutations.  Arguments  about  the possible molecular 
mechanisms by which sperm  displacement might be 
effected lead us to conclude  that seminal proteins  are 
likely candidates  for factors that mediate displacement. 
Our finding of significant associations between allelic 
variation in four  genes  for accessory gland  proteins, 
and  the defense aspect of sperm  displacement, strongly 
motivate further investigation of the role of these pro- 
teins in this important  component of fitness. 

The basic phenomenology of sperm storage by fe- 
males may provide clues to how Acps may relate to 
sperm displacement. In particular, females appear to 
have a  degree of behavioral control over sperm use. 
Although 3000-4000 sperm are actually transferred to 
the female, only  -600-1000 sperm  are actually  re- 
tained by a singly mated female in these storage com- 
partments  (GILBERT  1981). FOWLER et al. (1968) showed 
that  the  distribution of sperm  in  the storage organs 
depends  on  the size  of the  sperm load: if few sperm  are 
transferred, 50% may be stored in the  spermathecae 
(and  the  remainder in the seminal vesicle), whereas 
only 20% of a large ejaculate will be stored in the sper- 
mathecae. There is some evidence that  the sperma- 
thecae serve  as the long-term storage organs, suggesting 
that  sperm in the seminal vesicle  is used before  that in 
the spermathecae. The observation that  the  sperm from 
the first male is sometimes used very late in the female’s 
life, after many progeny of a second male are  produced 
(PROUT and BUNDGAARD 1977), is consistent with  this. 
If A c e  influenced the transport of sperm to the sperma- 
thecae,  that by itself might result in  a  connection be- 
tween Acp function and sperm displacement. 

Our results motivate investigation of molecular mech- 
anisms whereby sperm  displacement occurs. Proteins 
contributed by the male may result in the  phenomenon 
of sperm  displacement in two formally distinct ways. In 
the first, the  proteins of the first and second male inter- 
act directly with the sperm to result in loss of  motility, 
incapacitation or  death. This would require  that  the 
proteins somehow act on  the  other male’s sperm  more 
than  one’s own sperm,  a possibility that exists because 

Drosophila transfer seminal fluid before  sperm trans- 
mission  (FOWLER 1973), providing a window  of oppor- 
tunity for seminal proteins to play their role in the 
female’s reproductive tract before  sperm arrive. The 
seminal proteins may have an incapacitating effect on 
sperm, and  the two-stage transfer of seminal fluid and 
sperm may  allow time for seminal proteins to incapaci- 
tate resident  sperm and to lose most of their  function 
by the time the  second male’s sperm  are  transferred 
to the female. HARSHMAN and PROUT (1994) obtained 
indirect evidence that seminal proteins incapacitate 
sperm that  are  resident in the female’s storage organs 
by demonstrating  reduced fecundity of mated females 
by subsequent  mating with spermless males that trans- 
mit seminal proteins. The second possibility  is that  the 
seminal proteins may affect the female’s reproductive 
tract in such a way as to influence her ability to store 
sperm from one  or  the  other male. For example,  the 
striking effects of the sex peptide  (CHEN et al. 1988), 
the observation that Acp26Aa is proteolytically  cleaved 
in  the female, and  that  other Acp products circulate in 
the female’s hemolymph (MONSMA and WOLFNER 1988; 
MONSMA et al. 1990) support  the plausibility of this 
mechanism. Defense against displacement by another 
male’s sperm may be mediated by seminal proteins 
causing females to store  the  sperm with greater tenacity. 
It is also  possible that  there  are specific male-female 
interactions, such that  different female genotypes favor 
specific genotypes of males (FOWLER 1973, p. 338). 

To get  a  rough idea of the  magnitude of fitness differ- 
ences between homozygotes for  the Acp alleles, we can 
compare the mean fraction of offspring fathered by 
males in a  random  mating  population in which females 
are assumed to mate twice.  Because there were no sig- 
nificant differences among alleles in offense and be- 
cause generally almost all offspring are fathered by the 
second male, let us assume that  the offense P2  was 1 for 
all alleles. (Note  that  the  experiments  found significant 
differences among lines in offense P2, but  that  the dif- 
ferences were not associated with Acp alleles.) Assume 
also that the two orders of matings with two different 
male genotypes occur with equal frequency. If the de- 
fense P1 for two lines relative to cn;bw are x and y, and 
assuming the offense P2  is 1.0, then  the relative fitness, 
calculated from the relative counts of progeny pro- 
duced  for  the two lines is x( 1 + y) :y( 1 + x). For allele 
means of Acp5?E, this gives a  range in relative fitnesses 
of >25%. This must be considered as a  crude approxi- 
mation, because we had to assume that females mate 
exactly  twice  with the same relative timing as  in our 
study, and we cannot know  what other pleiotropic ef- 
fects might be expressed by Acp alleles. 

The magnitude of fitness variation among alleles of 
Acp loci demands  an  explanation  for  the  maintenance 
of this polymorphism. One possibility  is that allelic  vari- 
ation in Acp genes has multiple pleiotropic effects and 
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that these effects oppose  each other in such a way as 
to balance the polymorphism. This seems unlikely be- 
cause of the high degree of specificity of expression of 
some of the Acps in the male accessory gland (CHAPMAN 
and WOLFNER 1988).  The Acps in this study are ex- 
pressed only in the  adult male accessory gland, so natu- 
ral selection can maintain polymorphism only by influ- 
encing  the  function of the  proteins in whatever roles 
they play in reproduction.  Our correlational results sug- 
gest at least some role in sperm displacement, which 
begs the question of  how a gene  mediating sperm dis- 
placement can maintain a polymorphism. PROUT and 
BUNDGAARD (1977) presented  the  population genetics 
theory for  the case  of sperm displacement determined 
by a single gene,  and they found  that  a stable polymor- 
phism in a sperm-displacement locus can be maintained 
if the sperm displacement  parameters  are nontransitive. 
In  particular,  for  the  three genotypes at  one diallelic 
locus, the  displacement  parameters  are nontransitive if 
AA outcompetes Aa, Aa outcompetes aa, but aa outcom- 
petes A A .  We did not perform tests of transitivity, be- 
cause the  protocol using en; bw markers only  allows com- 
parison to en; bw tester males. 

If AcF are involved in the process of sperm displace- 
ment, molecular evolutionary aspects of these genes 
require some explanation. Observations of high levels 
of polymorphism (COULHART and SINCH 1988) and of 
interspecific divergence (THOMAS and SINCH 1992) in- 
dicate that  either  natural selection is driving the diver- 
gence of these genes or that they are unusually mutable. 
Results of AGUADE et al. (1992) show that  the  pattern 
of polymorphism and divergence is not consistent with 
neutrality, supporting  the  idea  that  natural selection 
drives the divergence and/or polymorphism. By identi- 
fying three lines of D. melanogasterwith Pelement inserts 
near Acp loci (CLARK et al. 1994), we have performed 
reverse genetics to construct excision lines that have 
lost the  function of specific Acps. The role of AcF in 
reproduction is further suggested by the two- to four- 
fold increase in transcription and a twofold increase in 
translation of the  genes after males mate (DIBENE- 
DETTO et al. 1990). Acps thus  appear to present  good 
candidate  genes  for inquiry into  the  genetic  and molec- 
ular basis for sperm displacement. They may also pro- 
vide the tools for  inferring  whether  there is variation 
in a female component of Acp processing or whether 
there  are  interactions between Acps and a female com- 
ponent  that is important in reproductive success. There 
is need  for  further analysis  of functional variation in 
components of sperm use (YANDERS 1963; FUKUI  and 
GROMKO 1989). We plan to perform  a complementary 
screen to quantify variation among lines in the female 
component of sperm displacement, and to ask whether 
different genotypes of female are  more  or less condu- 
cive to sperm displacement. Further analysis  of the  pop- 
ulation biology and molecular mechanisms for action 

of genes  encoding seminal proteins may provide an 
explanation  for  the conflicts between males and fe- 
males in reproductive strategies for sperm storage and 
sperm use. 
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APPENDIX 

TABLE 7 

A@ allelic  classes  and  means of sperm  displacement  statistics 

Offense Defense 

Chromosome  Line  Haplotype P2 Fecund P1 Fecund 

MD2 

NC3 

NC2 2 
10 
12 
15 
17 
19 
25 
35 
37 
43 
63 
84 
85 
87 
88 

101 
112 
117 

6 
10 

105 
107 
112 
121 
125 
234 
240 
242 
246 
25  1 
30  1 
304 
305 
309 
313 
314 

4 
7 
8 
9 

13 
14 
15 
17 
19 
22 
23 
24 
31 
32 
33 
34 
36 
40 

2212 
0113 
0122 
1111 
3112 
321  1 
3115 
2121 
1212 
0213 
3226 
0126 
0213 
3113 
2222 
4121 
4112 
4112 

2111 
1211 
1111 
3212 
1113 
41 12 
41  12 
3136 
4222 
4111 
4222 
321 2 
3132 
3121 
3111 
3121 
5144 
4111 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

5  4121 
1  0121 
1 0123 
1 2121 
110121 
1 2121 
111121 
1 2121 
3  3121 
5  2121 
1  0101 
010120 
1  2121 
1  2121 
1 2121 
1 5121 
1 0121 
5  6101 

- 
- 

0.864 
- 

0.955 
0.562 

- 

- 
- 
- 

0.835 
0.834 
0.828 
0.924 

0.916 
0.952 
0.91  1 

- 

0.562 
0.857 
0.386 
0.967 
0.945 
0.953 
0.910 
0.776 
0.969 
0.975 
0.732 
0.964 
0.479 
0.956 
0.990 
0.961 
0.913 
0.940 

0.738 
0.931 
0.977 
0.988 
0.772 
0.886 

0.844 
0.948 
0.984 
0.500 

0.973 
0.782 
0.932 
0.681 
0.695 
0.799 

- 

- 

32.71 
28.33 
77.15 
33.40 
21.75 
68.29 
32.1  1 
41.40 
17.00 
91.50 
64.09 
64.33 
81.45 

101.79 
74.44 
64.33 
71.59 
73.50 

69.31 
49.20 
85.57 
56.10 
47.70 
66.20 
69.10 
86.17 
61.50 
51.60 
73.78 
96.90 
49.50 
74.10 
97.50 
71.80 
57.25 

137.67 

50.05 
88.50 
53.56 
55.1 1 
95.60 
27.70 
33.12 
77.70 
73.60 
64.60 
22.10 
75.12 
61.40 
71.00 
73.20 
56.30 
56.60 
69.90 

- 
- 

0.457 

0.109 
0.058 
0.017 
0.562 
0.039 

0.171 
0.192 
0.177 
0.451 
0.068 

- 

- 

- 
0.563 
0.170 

0.273 
0.320 
0.265 
0.121 
0.104 
0.515 
0.059 
0.073 
0.112 

0.340 
0.235 

0.295 
0.062 
0.332 
0.087 
0.208 

- 

- 

0.500 
0.200 
0.31  1 

0.345 
0.400 
0.057 
0.188 
0.581 
0.107 
0.029 
0.284 
0.018 
0.015 
0.381 
0.478 
0.500 
0.244 

- 

13.00 
61.00 
29.07 
47.83 
85.54 
51.88 
29.17 
11.33 

148.00 
38.50 
71.16 
59.33 
81.88 
75.56 
57.06 
43.33 
51.70 
62.65 

77.20 
57.80 
41.80 
31.56 
66.80 
42.58 
31.67 
41.11 
57.50 
37.50 
50.50 

114.25 
43.90 
55.80 
74.00 
78.40 
67.40 

116.70 

39.67 
63.09 
50.00 
25.83 
48.67 
59.38 
31.43 
33.00 
76.44 
56.58 
68.50 
62.78 
42.12 
47.00 
55.56 
74.90 
36.11 
77.70 
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TABLE 7 

Continued 

Offense Defense 

Chromosome Line Haplotype P2 Fecund P1 Fecund 

201 

MD? 

44 
45 
46 
48 
50 
54 
55 
59 
64 
73 
74 
75 
85 
86 
87 
94 
97 

101 
105 
106 
107 
111 
115 
116 
117 
119 

9 
19 
50 

101 
108 
123 
125 
129 
137 
141 
145 
205 
207 
208 
220 
222 
225 
226 
243 
303 
306 
309 
313 
314 
315 
316 

111111 
1 8221 
1 0121 
3 2121 
1 0110 
1 4110 
0 3111 
1 2111 
1 2121 
1 0121 
1 2111 
1 3121 
1 2111 
6 0111 
1 0101 
1 2121 
1 2121 
1 0121 
6 0101 
1 2121 
1 2111 
1 2121 
6 2111 
5 2121 
0 4110 
1 2121 

1 0101 
1 7101 
1 0101 
1 6121 
1 3121 
1 9121 
1 2121 
1 1101 
1 0101 
6 4121 
1 2121 
1 2121 
2 2121 
1 0321 
1 3111 
1 2122 
1 2121 
1 3111 
1 0102 
3 2121 
1 0121 
4 0102 
5 1122 
1 2122 
1 0122 
5 2122 

0.777 
0.845 
0.741 
0.737 

0.859 
0.641 
0.809 
0.725 
0.916 
0.666 
0.868 
0.870 

0.785 
0.958 

0.911 
0.963 
0.899 
0.853 
0.976 
0.721 
0.815 
0.912 

- 

- 

- 

- 

0.728 
0.731 
0.828 
0.880 
0.981 
0.986 
0.958 
0.648 
- 
- 

0.516 
0.882 
0.862 
0.766 
0.991 
0.793 
0.952 
0.985 
0.925 
0.980 
0.789 
0.944 
0.673 
0.960 
0.557 
0.856 

63.78 
97.30 
58.50 
44.43 
68.60 
65.68 
46.90 
85.00 
58.50 
66.89 
35.90 
71.86 
58.20 
72.00 
49.60 
64.00 
47.70 
91.70 
92.33 
70.10 
87.30 
86.20 
47.93 
73.10 
45.50 
63.44 

49.90 
90.50 
97.40 
76.40 
90.70 
85.10 

112.90 
118.67 
44.70 
48.60 
49.89 
72.50 
66.60 
81.70 
85.50 
76.00 
71 .OO 
55.86 

113.40 
52.69 
44.20 
86.80 
67.33 
80.17 
71.50 
72.00 

0.273 
0.071 
0.462 
0.206 
0.393 
0.099 
0.236 
0.500 
0.243 
0.194 
0.036 
0.368 
0.166 
0.253 
0.179 
0.349 
0.310 
0.446 
0.330 
0.360 
0.137 
0.184 
0.066 
0.561 
0.264 
0.413 

0.600 
0.212 
0.159 
0.466 

0.148 
0.139 
0.194 
0.051 

0.236 
0.224 
0.441 
0.224 
0.331 
0.214 
0.041 
0.162 
0.163 
0.180 
0.407 
0.136 
0.197 
0.130 
0.013 
0.043 

- 

- 

71 .OO 
51.10 
61.29 
57.40 
66.20 
93.08 
53.62 
51.25 
55.50 
68.20 
54.00 
74.70 
48.62 
62.60 
70.36 
81.00 
56.00 
68.00 
39.25 
70.14 
59.56 
60.60 
84.40 
64.30 
66.90 
56.80 

41.40 
73.50 
82.20 
31.60 
39.10 
63.44 
74.11 
70.40 
64.50 
56.40 
47.70 
49.38 
68.33 
80.22 
56.85 
89.30 
77.00 
57.00 
52.90 
87.1 1 
56.40 
71.20 
54.67 
85.67 
77.20 
86.77 

The first four digits of the haplotype are  the second chromosome Acp loci AcpZ6Au, Acp29B,  Acp36DE and 
Acp53E. The next block  of digits correspond to the  third chromosome genes Acp63F, Est-6 (2 digits), Acp76A, 
Gld and Acp95EF. Zeroes  in the haplotypes signify  missing data. Displacement statistics are for vials 2 and 3 
and are  untransformed. 
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