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Rapid divergence in genital structures among nascent species has been posited to be an early-evolving cause of reproductive

isolation, although evidence supporting this idea as a widespread phenomenon remains mixed. Using a collection of interspecific

introgression lines between two Drosophila species that diverged approximately 240,000 years ago, we tested the hypothesis that

even modest divergence in genital morphology can result in substantial fitness losses. We studied the reproductive consequences of

variation in the male epandrial posterior lobes between Drosophila mauritiana and Drosophila sechellia and found that divergence

in posterior lobe morphology has significant fitness costs on several prefertilization and postcopulatory reproductive measures.

Males with divergent posterior lobe morphology also significantly reduced the life span of their mates. Interestingly, one of the

consequences of genital divergence was decreased oviposition and fertilization, which suggests that a sensory bias for posterior

lobe morphology could exist in females, and thus, posterior lobe morphology may be the target of cryptic female choice in these

species. Our results provide evidence that divergence in genitalia can in fact give rise to substantial reproductive isolation early

during species divergence, and they also reveal novel reproductive functions of the external male genitalia in Drosophila.

KEY WORDS: Drosophila, mating success, morphological evolution, reproductive isolation.

External reproductive structures have long been of interest to
evolutionary biologists because of their incredible diversity
of form. Among these structures, the external genitalia have
attracted particular interest for three primary reasons. First,
because external genital structures evolve rapidly among species,
they are useful characters in systematics, especially for compar-
isons among young species (Engel and Kristensen 2013; Kjer
et al. 2016). Second, external genitalia provide a powerful model
for understanding how sexual selection and sexual conflict affect
morphological change over short evolutionary time scales (Eber-
hard 1985). Third, because of their central role in reproduction,
it has been hypothesized that mismatch between interacting
male and female genital structures has the potential to cause
reproductive isolation (RI) among nascent species (Dufour 1844;

De Wilde 1964; Eberhard 1992). Although abundant evidence
supports that divergence in genital morphology is often a con-
sequence of sexual selection or conflict (Eberhard 1985; Hosken
and Stockley 2004; Simmons 2014; Brennan and Prum 2015),
the importance of divergence in genital morphology as a cause
of RI has been debated (Shapiro and Porter 1989; Masly 2012).
Nonetheless, several recent studies in a variety of taxa
support the idea that morphological divergence in external
genitalia can indeed cause RI early during the speciation
process via both mechanical and sensory incompatibilities.
One well-characterized example of mechanical incompatibil-
ity between male and female genitalia occurs among several
species of Carabus (subgenus Ohomopterous) ground beetles,

where species divergence in male aedeagus morphology causes
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substantial damage to the female vaginal appendix during cop-
ulation, resulting in reduced reproductive output, damage to the
aedeagus, and even female mortality (Sota and Kubota 1998; Na-
gata et al. 2007; Sota and Tanabe 2010; Kyogoku and Sota 2015).
Genomic studies also show that the greatest genetic divergence
among these species occurs in regions associated with genital
morphology (Fujisawa et al. 2019), consistent with divergence
in genitalia as the initial cause of RI in this group. Divergence
in male genital bristle morphology between Drosophila yakuba
and Drosophila santomea impedes insertion of the aedeagus
during mating, significantly reducing insemination success and
often causing damage to the female genitalia (Kamimura and
Mitsumoto 2012). And, in the damselfly genus Enallagma,
divergence in species-specific morphology gives rise to both
mechanical incompatibilities that reduce copulation success and
sensory incompatibilities where females refuse to mate with
males that possess divergent genital morphology, resulting in
nearly complete RI (Paulson 1974; Barnard et al. 2017).

Despite these and other examples, the relative importance
of divergence in genital morphology as a common contributor
to the evolution of RI early during speciation remains unclear.
The reason for this is that because many recognized species are
often separated by multiple RI mechanisms, isolating any poten-
tial contribution of divergence in genital morphology to RI can
sometimes be difficult as later-evolved incompatibilities could
mask the effect of genital mismatch. One particular set of gen-
ital structures that have received considerable attention because
of their striking morphological differences among young species
and potential for understanding the genetic and developmental
bases of complex traits are the epandrial posterior lobes (PLs) in
Drosophila. The PLs are bilaterally symmetrical cuticular pro-
jections on either side of the male external genitalia that insert
between female abdominal segments VII and VIII during copu-
lation (Robertson 1988; Eberhard and Ramirez 2004; Kamimura
and Mitsumoto 2011). These structures evolved among the four
species of the Drosophila melanogaster complex (Jagadeeshan
and Singh 2006) and are essential in each species for secur-
ing genital coupling during mating (Frazee and Masly 2015;
LeVasseur-Viens et al. 2015). Early tests of the contribution of
the PLs to RI showed that mismatch among the species gave
rise to defects in copulation duration, sperm transfer, and ovipo-
sition, prompting the authors to conclude that divergence in geni-
tal morphology causes "cryptic” RI among these species (Price
et al. 2001). However, it has been difficult to interpret these
results as mate discrimination and divergence in seminal fluid
proteins (Sfps) among these species could affect many of these
reproductive measures. Two later studies tested the effects of vari-
ation in PL. morphology on reproductive success by modifying PL
size and shape within species, with somewhat contrasting results.
In D. melanogaster, reductions in PL size and length:width gave
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rise to decreased copulation duration, reduced sperm transfer, and
reduced oviposition, even under competitive fertilization condi-
tions (Frazee and Masly 2015). However, in Drosophila simu-
lans, reductions in PL size and modifications in shape showed no
apparent effect on copulation duration or sperm transfer, although
variation in PL morphology had an effect on male copulation suc-
cess in a competitive mating environment (LeVasseur-Viens et al.
2015).

A robust test of divergence in PL. morphology as a cause
of RI requires the generation of species-specific variation
in PL morphology in the absence of other RI barriers that
separate species. Here, we use an interspecific introgression ap-
proach to test the hypothesis that divergence in PL morphol-
ogy can give rise to substantial incompatibilities at the earliest
stages of species divergence. Our test takes advantage of several
Drosophila mauritiana-Drosophila sechellia genetic introgres-
sion lines that possess small chromosomal segments (~1.5 Mb on
average) of the D. mauritiana genome within a predominantly D.
sechellia white (w) genomic background (Masly and Presgraves
2007). Pure species D. mauritiana possesses small finger-shaped
PLs, whereas D. sechellia possesses much larger goose-head-
shaped PLs, with a long neck and characteristic “beak.” Several
of these D. mauritiana-D. sechellia introgression lines possess
interspecific variation in male PL morphology, including trans-
gressive variation in PL size, whereas others possess morphology
that is similar to D. sechellia w (Masly et al. 2011). Importantly,
these introgression lines do not possess any strong RI barriers
that are observed between the two pure species such as intrin-
sic hybrid sterility or behavioral isolation (Masly and Presgraves
2007; Cattani and Presgraves 2009; Masly et al. 2011; McNabney
2012). We use these lines in mating experiments to D. sechellia
w females and quantify several reproductive measures to identify
the potential effect(s) of divergent PL morphology on fitness loss.

Material and Methods

DROSOPHILA STOCKS

Drosophila stocks were reared on cornmeal-molasses-agar
medium at 25°C and 65-70% relative humidity under 12-h
light:dark conditions. The D. mauritiana-D. sechellia intro-
gression lines used in our study represent the full range of PL
morphologies observed among these lines (Fig. 1) and include
lines that broadly possess significant reductions in PL size com-
pared to D. sechellia w, lines that possess significant differences
in shape compared to D. sechellia w, lines that possess larger
size, but similar shape compared to D. sechellia w, and lines that
possesses both larger size and a difference in shape. We also in-
cluded two “introgression control” lines in our study that possess
PL morphology that is not significantly different from that of D.
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Figure 1. Examples of epandrial posterior lobe morphological variation among genotypes. (A) Male terminalia in D. sechellia. One of

the posterior lobes is shaded yellow. D and V indicate the dorsal and ventral axes. (B) Drosophila sechellia w; (C) Q1(A), an introgression
genotype that possesses significantly smaller PL size compared to D. sechellia w; (D) 3Q1(A), an introgression genotype that possesses
significantly different shape compared to D. sechellia w; (E) YAR1(A), an introgression control genotype with PL morphology similar to D.
sechellia w; (F) DEE1(B), an introgression genotype that possesses significantly different shape compared to D. sechellia w; (G) 4G4C(A),
an introgression genotype that possess larger size, but similar shape compared to D. sechellia w. Scale bars: (A) 100 wm, (B-G) 25 um.

sechellia w. This collection of D. mauritiana-D. sechellia intro-
gression lines also mirrors those used in a previous study that
quantified PL insertion-site wounds suffered by females during
mating with males that possess interspecific PL morphologies
(Masly and Kamimura 2014). We quantified PL morphology
among the individuals used in our study and confirmed that the
PL phenotypes among the 12 genotypes was similar to those
described in previous reports (Supporting information Table S1).

MATING ASSAYS TO QUANTIFY PRE- AND
POSTCOPULATORY REPRODUCTIVE MEASURES

We used a design similar to that used in a previous study of PL
morphology on reproductive success (Frazee and Masly 2015),
which allows for both pre- and postcopulatory measures to be
measured from a single male with a particular PL phenotype.
Three-day old virgin D. sechellia w females were placed in eight-
dram food vials with one to five three-day old virgin males of
a particular genotype within one hour of first light. Once copu-
lation occurred, all males that were not copulating were imme-
diately removed from the mating vial via aspiration. For each
successfully copulating pair, we recorded copulation latency
(minutes), copulation duration (minutes), and the copulation ori-
entation of the male during mating. Copulation orientation was
scored as abnormal if a male maintained an abnormal mounting
position (skewed at an angle of at least 45° to either side of the
female or leaning straight back at a 90° angle) for at least one
continuous minute during the entire copulation period. Males and
females were immediately separated after copulation ended. Fe-

males were frozen immediately to enable quantification of male
sperm transfer to the reproductive tract and males were placed
in isolation in individual food vials. We allowed frozen females
to thaw before we dissected the female reproductive tract in 1x
PBS on a glass slide and removed the spermathecae, seminal re-
ceptacle, and uterus/common oviduct. The contents of these or-
gans were then spread on the slide, allowed to dry, fixed in 3:1
methanol:acetic acid, and stained with 0.2 pg/mL DAPI to vi-
sualize sperm nuclei. Sperm nuclei were quantified using 100x
magnification. We scored sperm number twice for all samples
with consistent results (r = 0.98).

The isolated individual males remained in their separate food
vials for three days following their initial mating to replenish ex-
pended sperm before being mated individually with a new D.
sechellia w virgin female. Mated females were transferred to a
new food vial every three days for 15 days. We recorded the num-
ber of eggs that were laid, the number of eggs that hatched, and
the total number of progeny that emerged from each of the five
vials. Progeny were scored up to day 19 after the adults were
first introduced into each new vial. We tested an average of n =
30 males for each genotype we studied, and each set of mating
experiments was scored blind with respect to male genotype.

MALE SPERM ABUNDANCE AND MOTILITY ASSAY

We measured the abundance and motility of sperm in the testes
of males from each of the genotypes we tested in our experi-
ments using the assay described in Orr (1992) and Masly et al.
(2006). Briefly, virgin males were aged for five to seven days in
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isolation before their testes were removed, dissected in 1x PBS,
and immediately examined under a compound microscope with
dark-field optics at 100x magnification. We classified each male
into three sperm motility classes: “Many” for males with abun-
dant motile sperm present that fill multiple fields of view; “Few”
for males that show only a few localized patches of motile sperm;
“None” for males that possess no motile sperm.

EFFECT OF WOUNDS ON EGG LAYING

Drosophila male genital structures often wound females dur-
ing mating (Kamimura 2010), and variation in wounding exists
among D. sechellia w females that mate with D. mauritiana-D.
sechellia introgression males (Masly and Kamiura 2014). Thus,
it is possible that female reproductive output may be affected by
wounds that occur during mating. Because not all females suffer
wounds during mating (Kamimura 2010; Masly and Kamimura
2014), and the presence or absence of wounds can only be de-
termined by dissecting a female within a few days postmating,
we generated wounds at the PL insertion site manually using an
insect pin in both virgin and mated females. First, we collected
newly enclosed D. sechellia w females and anesthetized them
under light CO,, then gently inserted an unsterilized 0.25 mm
diameter insect pin (Bioquip Products) between abdominal seg-
ments VII and VIII on either side of the abdomen at the site of
PL insertion during copulation. An insect pin of this size sub-
stantially exceeds the size of the D. sechellia w PL, and wounds
were evident by trace amounts of hemolymph that leaked out at
the insertion sites. These virgin females were allowed to recover
for four days in isolation before being placed in individual food
vials and transferred to a new vial every three days for nine days.
Control four-day old virgin D. sechellia w females that were not
wounded were likewise placed in food vials and transferred. We
recorded the total number of eggs laid across all three vials. Al-
though virgin Drosophila females do lay eggs, the presence of
male Sfps in the female reproductive tract stimulates oviposition
and substantially increases oviposition amounts (Wolfner 1997).
Also, because D. sechellia females lay fewer eggs compared to
females among D. sechellia’s sister species (Coyne et al. 1991),
it is possible that differences in oviposition amounts might be dif-
ficult to detect between wounded and unwounded virgin females.
Therefore, we also tested the effects of wounds on oviposition
in mated females. Virgin males and females were collected and
aged in isolation for three days. After this time, one virgin male
and one virgin female were paired together in a food vial, and the
males were removed after 24 hours. Females were then lightly
anesthetized using light CO, and wounded with an insect pin as
described above. Wounded experimental mated females and un-
wounded control mated females were returned to individual food
vials and transferred to a new food vial every three days for nine
days.
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ENZYME-LINKED IMMUNOSORBENT ASSAYS
(ELISAS)

Several Sfps are known to affect oviposition in Drosophila
(Wolfner 1997; Chapman and Davies 2004). Thus, variation in
Sfp transfer during mating among D. mauritiana-D. sechellia
introgression males could potentially affect female oviposition
amounts. Sex Peptide (SP), is a Sfp that is a major component
of the male ejaculate and is functionally conserved within the
D. melanogaster species group (Tsuda et al. 2015; Tsuda and
Aigaki 2016). To estimate Sfp transfer from a single mating, we
performed ELISAs using an antibody against SP following the
protocol described in Sirot et al. (2009). Three-day old virgin
D. sechellia w females and experimental and control males were
mated individually as described above and copulation duration
was recorded for each successful mating. Immediately after mat-
ing, males and females were separated and flash frozen in liquid
nitrogen. Samples were stored at —80°C until dissection.

We generated SP standards by dissecting the accessory
glands from 30 virgin D. sechellia w males and homogenizing
them in a microcentrifuge tube containing 60 wL of 10% Dul-
becco’s phosphate buffered saline (DPBS; 14 mM NaCl; 0.2 mM
KCI; 0.1 mM KH,;POy4; 0.7 mM Na,HPO,) with complete Pro-
tease Inhibitor (PI) Cocktail Tablets (Roche). Accessory glands
were homogenized for 30 seconds, then the pestle was rinsed with
1.2 mL of 10% DPBS with PI. Two hundred microliters of the
homogenate was serially diluted (dilution series: 1, 1/2, 1/4, 1/8,
1/16, 1/32, 1/64, 1/128, 1/256, 1/512) and 50 pL of each dilution
was added to Immulon 2 HB flat bottom 96-well ELISA plates
(Thermo Scientific) in triplicate. We also included 10% DPBS
with PI on each plate in triplicate as a blank for the absorbance
measurements.

The uterus from each mated D. sechellia w female was dis-
sected in ice-cold 10% DPBS with PI and placed into a microcen-
trifuge tube containing 20 wL of 10% DPBS with PI. Each uterus
was homogenized for 30 seconds, and the pestle was then rinsed
with 200 pL of 10% DPBS with PI. Each of the samples was then
serially diluted (dilution series: 1, 1/2, 1/4, 1/8, 1/16) and 50 pnL
of each dilution was added to the plate. Once filled, plates were
sealed and placed on an orbital shaker overnight at 4°C. The lig-
uid was then aspirated out and the bound sample in each well was
incubated in 100 L of blocking buffer (5% nonfat milk, 0.05%
Tween-20 in 1 x DPBS) on an orbital shaker for one hour at room
temperature (RT) followed by 50 wL of rabbit anti-SP (1:750
dilution in blocking buffer) for two hours at RT. The SP anti-
body was removed, and each well was washed three times with
0.05% Tween-20 in 1 x DPBS. Samples were then incubated with
50 nL goat antirabbit horseradish peroxidase (1:2000 in blocking
buffer) for one hour at RT then washed as before. Following these
washes, 100 nL of 3,3’, 5,5’-tetramethylbenzidine substrate was
added to each well and incubated for 15 minutes at RT. Each
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reaction was quenched with 100 wL 1M HCI, and the absorbance
of the wells was immediately measured at 450 nm (ODysp) using
an EL 800 Universal Microplate Reader (Bio-Tek Instruments).

To generate the standard curves for each plate, the average
ODysp of the blank was subtracted from the average ODysy of
each dilution factor, and these values were plotted against the di-
lution factor ODysy to obtain a linear equation with R”> values
for each plate (R*> values among plates were 0.98-0.99). To en-
able comparisons across all plates, we used a linear conversion
to standardize ODys( values, so that the standard curves each had
a slope of one and a y-intercept of zero. We report the results
using standardized ODysy values from our dilution factor of 1/4
treatments, but our analyses using the ODys( values from other
dilutions yield similar results.

MATING ASSAYS TO MEASURE FEMALE LONGEVITY
In a mating experiment separate from the one described above
that measured pre- and postcopulatory reproductive measures, we
performed single-pair matings to measure D. sechellia w female
longevity after a single mating with either introgression or con-
trol males. Three-day old virgin D. sechellia w females and virgin
males were paired individually within an hour of first light in food
vials and observed to mate. Mated females remained isolated in
individual food vials and were observed daily to record mortality.
Surviving females were transferred to a fresh food vial every five
days until all females had died. Survivorship was recorded as the
number of days a female survived after mating. We tested an av-
erage of n = 30 females in matings with males from each of the
genotypes used in our study, and each set of mating experiments
was scored blind with respect to male genotype.

MORPHOLOGICAL MEASUREMENTS

To test for the effect of variation in PL morphology on pre-
and postcopulatory reproductive measures, and to test for the ef-
fect of variation in PL morphology on SP transfer, we obtained
representations of PLs using a morphometric approach that al-
lows us to represent complex morphologies. Left and right PLs
and epandrial ventral plates (lateral plates) were dissected from
males, mounted in polyvinyl alcohol medium (Bioquip Prod-
ucts) on glass slides, and imaged at 200x magnification. The
outline of each PL was manually traced using ImageJ (Rasband
1997-2019) and enclosed with an artificial baseline drawn in line
with the lateral plate. PL area was measured as the area within
each closed contour. Each PL outline was converted into (x, y)
coordinates that were used in elliptical Fourier analysis (Kuhl
and Giardina 1982; Ferson et al. 1985), which allows represen-
tation and comparison of disparate shapes with high precision
(Kuhl and Giardina 1982; Lestrel 1997) and effectively captures
morphological variation in PL. morphology both between and
within species (Liu et al. 1996; Macdonald and Goldstein 1999;

Zeng et al. 2000; Masly et al. 2011; McNeil et al. 2011; Masly
and Kamimura 2014; Frazee and Masly 2015; Takahara and
Takahashi 2015; Takahashi et al. 2018; Tanaka et al. 2018). For
each PL, we obtained 80 Fourier coefficients and used principal
components analysis (PCA) to reduce the number of variables
that describe variation in PL morphology. Because PCA results
are dependent on the collection of observations used to perform
the calculations, we performed PCA by grouping males used
in the matings to measure pre- and postcopulatory measures, and
the males used in matings to quantify SP transfer separately, so
we could compare the PL. morphologies of individuals within
each experiment. In both sets of analyses, elliptical Fourier co-
efficients were adjusted to standardize location, orientation, and
handedness within the coordinate plane prior to PCA. We then
selected one PL at random from each individual we dissected
to include in our PCA, and PCA was performed using singular
value decomposition of the elliptical Fourier coefficient data ma-
trix. The first three PC scores explained approximately 75 per-
cent of the morphological variation in each dataset and these first
three PC scores were used together to represent PL morphology
in our statistical analyses. Although it is difficult to assign exact
morphological correlates to each PC score, in general PC1 cor-
relates with PL area, PC2 correlates with PL length:width, and
PC3 with prominence of the characteristic D. sechellia “beak”
structure (Fig. 1). Because male body size can affect copulation
and fertilization success in some insects (e.g., Andersson (1994);
Choe and Crespi (1997)), we measured the length from the tibio-
tarsal joint to the tibiofemoral joint of the male forelegs to provide
an estimate of overall body size (Catchpole 1994; Kacmarczyk
and Craddock 2000; Siomava et al. 2016).

ESTIMATING THE STRENGTH OF FITNESS LOSS

To quantify the strength of fitness deficits caused by divergence
in PL morphology, we estimated the strength of deficits in sperm
transfer, oviposition amount, and fertilization success as they
might contribute to RI using the following general equation from
Sobel and Chen (2014):

RI=1-2 x < )
H+C

In our experiment, we defined C by selecting the conspecific
matings between D. sechellia w males and females, and matings
between introgression control males (introgression lines 4G5(A)
and YARI(A)) and D. sechellia w females. We used this group
to compare differences in R/ between two different H groups of
matings. Hyyp, included matings for which introgression males
possessed divergent PL. morphology that was greater than one
standard deviation outside of the C group mean at the lower tail
of the distribution for PL area (males coming primarily from in-
trogression lines 4C2(A), 3Q1(A), and QI(A)), and H,or Which
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included a random sample of introgression males that possessed
morphologies that were similar to those of the D. sechellia w
males and the introgression control males. This allowed us to
identify the potential effect of PL morphology on RI in our ex-
periment versus a general effect of males with hybrid genotypes.
Larger values of the parameters H and C indicate higher fitness,
and this calculation produces R/ values between —1 and 1, where
0 indicates no reproductive barrier, 1 indicates a complete repro-
ductive barrier, and —1 indicates complete H group advantage.

STATISTICAL ANALYSES

We tested the potential effect of variation in the number of
males initially present during mating on pre- and postcopula-
tory reproductive measures using multivariate analysis of vari-
ance (MANOVA). In the prefertilization model, copulation la-
tency, copulation duration, and sperm transfer amount were used
as response variables and the number of males used in each in-
dividual mating experiment was the categorical explanatory vari-
able. In the postcopulatory model, the total number of eggs laid
by a female and the total number of offspring were used as re-
sponse variables with the number of males as the explanatory
variable.

To test for the effect of variation in P morphology on dif-
ferent reproductive phenotypes, we performed a series of lin-
ear models including generalized linear models (GLMs) and
analysis of variance (ANOVA) using different combinations of
explanatory variables and a single reproductive measure as the
response variable. For prefertilization reproductive measures,
GLMs were used to test the effect of PL. morphology and tibia
length as explanatory variables against copulation latency, copu-
lation duration, and sperm transfer as response variables, respec-
tively. Because variation in prefertilization reproductive measures
could affect postfertilization measures, in addition to PL. mor-
phology and tibia length, we also included copulation duration,
and sperm transfer amount as explanatory variables in the mod-
els on oviposition amount and total offspring as response vari-
ables, respectively. Copulation latency and copulation duration
were also used as explanatory variables to test variation in sperm
transfer as a response.

Copulation orientation was modeled as a binary response
variable and analyzed using a GLM with PL morphology, tibia
length, and copulation duration as explanatory variables, and
ANOVA was used to test the effect of copulation orientation on
both sperm transfer and oviposition amount. Egg hatch success
was calculated as the number of eggs that hatched divided by the
total number of eggs that were laid. Egg hatch was modeled as a
proportion, and a GLM was used to test the effect of PL morphol-
ogy, tibia length, and copulation duration on egg hatch success.
Because these data were overdispersed, we corrected for overdis-
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persion by fitting the model using quasibinomial distributed er-
rors with a logit link function.

SP transfer amounts were analyzed using a GLM with the
standardized ODgysy values as the response and PL morphol-
ogy, tibia length, and copulation duration as explanatory vari-
ables. Differences in sperm motility and abundance among the
D. mauritiana-D. sechellia introgression lines were compared us-
ing a chi-square test. Female survivorship data were partitioned
by genotype based upon the wounding quantification results for
these genotypes described in Masly and Kamimura (2014), and
analyzed using a Cox proportional hazard model with mortality
as a constant hazard. Comparisons of oviposition amounts be-
tween wounded and unwounded females were performed using
t-tests.

We used all of our available observations to maximize our
sample size for each statistical test that we performed. All statisti-
cal analyses were performed using R release 4.0.2 (R Core Team
2020). Figures were constructed using either the base graphics
package in R or the package ggplot2 (Wickham 2009). Means
are reported =1 SEM.

Results

POSTERIOR LOBE MORPHOLOGY AFFECTS MULTIPLE
REPRODUCTIVE FITNESS MEASURES PRIOR TO
FERTILIZATION

Although D. mauritiana-D. sechellia introgression males do not
display any behavioral isolation that prevents mating (McNab-
ney 2012), we observed that copulation latency can often be
prolonged with individual mating pairs in food vials. This was
observed even for individual male-female mating pairs of D.
sechellia w placed in food vials. To facilitate copulation in a rea-
sonable observation period, we included additional males in mat-
ings with a single D. sechellia w female. In contrast to the ex-
pectation that the presence of additional males during courtship
and mating would affect reproductive measures as has been ob-
served in D. melanogaster (Bretman et al. 2013), the number
of males in a vial had no effect on either prefertilization mea-
sures (copulation latency, copulation duration, sperm transfer;
MANOVA, Wilks’ lambda = 0.94, df = 4, P = 0.07) or postcopu-
latory measures (total oviposition, total offspring; Wilks’ lambda
= 0.97, df = 4, P = 0.31). We thus performed our statistical
analyses without including the number of males per vial as a
covariate.

We tested the effect of male morphology on the prefer-
tilization phenotypes that we measured. Although tibia length
showed a significant effect on copulation latency with larger
males exhibiting shorter latencies (F 367 = 20.8, P = 6.9% 1079),
tibia length had no effect on copulation duration (F; 367 = 1.97,
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P = 0.16), or sperm transfer to the female (F;3¢5; = 0.31, P
= 0.56). In contrast, PL morphology had significant effects on
each of these three reproductive measures (copulation latency:
F3367 = 13.4, P = 2.6x 1078, copulation duration: F3 357 = 4.46,
P = 0.0042, P = 0.003, sperm transfer: F33p = 3.56, P =
0.015). Because prefertilization traits culminate in sperm trans-
fer to the female, it is possible that copulation latency and/or
copulation duration may affect levels of sperm transfer from a
single mating. We thus tested the effects of these measures on
sperm transfer and found that neither had a significant effect
(copulation latency: F 313 = 0.46, P = 0.5, copulation duration:
Fi3120 = 0.81, P = 0.37). Intrinsic deficits in male sperm abun-
dance and motility also do not explain the reduced sperm transfer
amounts, as we observed no significant differences among geno-
types (x? = 13.3,df =22, P = 0.92; Supporting information
Table S2).

The most visually striking mating trait during our obser-
vations was male orientation on the female during the duration
of copulation. Males of certain D. mauritiana-D. sechellia
introgression lines would often experience difficulty maintaining
a normal copulation position on the back of the female during
mating. In particular, these males would maintain copula skewed
at an angle of 45° to either side of the female or lean straight back
at a 90° angle. We modeled copulation position as a binary trait
(normal vs. abnormal) and tested the effects of PL. morphology,
tibia length, and copulation duration on male positioning. We
found that although tibia length (G>=207,df =1, P =0.15;
Supporting information Table S3) and copulation duration (G?
= 3.24, df = 1, P = 0.07) had no effect on male positioning,
PL morphology had a significant effect on a male’s ability to
maintain the proper orientation (G*> = 11.4,df =3, P = 0.01).
In particular, males with smaller PLs were more often unable
to maintain copulation orientation (Supporting information Fig.
S1; Table S3). We also tested the potential effect of copulation
position on sperm transfer, and found no effect (F; 33 = 2.78,
P = 0.10). Taken together, the results of our analyses show that
males with smaller or abnormally shaped PLs remained in cop-
ula for longer periods, suffered abnormal copulation positioning
more frequently, and transferred fewer sperm than males that
possessed PL morphology that was either similar to D. sechellia
w or larger than D. sechellia w.

POSTERIOR LOBE MORPHOLOGY AFFECTS FEMALE
OVIPOSITION AND CONTRIBUTES TO FERTILIZATION
SUCCESS

In D. melanogaster, females that mate with males possessing
smaller or narrower PLs significantly reduce the number of eggs
that they lay from a single mating (Frazee and Masly 2015). We
found a similar effect of PL morphology when D. mauritiana-
D. sechellia introgression males mated with D. sechellia w fe-
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Figure 2. Variation in posterior lobe morphology affects oviposi-
tion. Variation in posterior lobe morphology is shown across the
distribution of principal component 1 (PC1) and principal compo-
nent 2 (PC2). The number of eggs oviposited by females after
mating is shown by the size of each plotted point. Oviposition
amounts in the lowest and highest tenth percentiles are shown in
red and blue, respectively, with 75% normal-probability ellipses.
Images of posterior lobes show representative examples of the
distribution in morphology across the PC1-PC2 axes. Numbers in
parentheses show the proportion of morphological variation ex-
plained by each principal component.

males (F3300 = 9.13, P = 8.5x 1079), although there was no ef-
fect of tibia length () 299 = 1.08, P = 0.30), copulation duration
(F1298 = 1.07, P = 0.30), copulation positioning (F; 33 = 3.7,
P = 0.06), or sperm transfer (¥} 297 = 1.15, P = 0.28) on ovipo-
sition amounts (Fig. 2).

There was high correlation between the number of hatched
eggs and the number of offspring across genotypes (r = 0.86),
consistent with the lack of substantial viability effects observed
in heterozygous introgression males (Masly and Presgraves 2007;
Cattani and Presgraves 2009). We thus used the ratio of hatched
eggs to total eggs laid as an estimate of fertilization success.
Our tests revealed that PL morphology (G* = 120.8, df = 3, P
= 8.4x107*; Table S3), tibia length (G*> = 40.7, df = 1, P =
0.017), and copulation duration (G*> =35.1,df =1, P = 0.028)
all had significant effects on egg hatch, but copulation position
(G>=13.1,df =1, P = 0.18) and sperm transfer amount (G* =
17.6, df = 1, P = 0.12) did not. The aspect of PL. morphology
that had the greatest effect on egg hatch was PC2 (+ = 2.75, P
= (0.004), which roughly corresponds to PL length:width (Fig. 2,
Supporting information Table S3).
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Figure 3. Posterior lobe morphology has no effect on Sex Peptide transfer during mating. (A) Variation in posterior lobe morphology is

shown across the distribution of principal component 1 (PC1) and principal component 2 (PC2). SP amount transferred to females after

mating is shown by the size of each plotted point. Red and blue 75% normal-probability ellipses show the SP amounts in the lowest and
highest tenth percentiles, respectively. (B) Correlation between SP abundance in the female reproductive tract after a single mating and
copulation duration and (C) tibia length. (D) Average SP transfer amounts among genotypes. White shows D. sechellia w, black bars show

D. mauritiana-D. sechellia introgression lines with divergent posterior lobe morphologies, and grey bars show D. mauritiana-D. sechellia

introgression lines with D. sechellia-like posterior lobe morphology. Statistically homogeneous groups were assigned using « = 0.05.

VARIATION IN OVIPOSITION IS NOT A
CONSEQUENCE OF REDUCED SEMINAL FLUID
PROTEIN TRANSFER OR POSTERIOR LOBE
WOUNDING

Introgression males that possess smaller or misshapen PLs trans-
fer fewer sperm than pure species D. sechellia w males or males
that possess larger PLs. The possibility exists that in addition to
transferring fewer sperm in a single mating, these introgression
males might also transfer less Sfps, which could contribute sub-
stantially to the observed reduction in egg laying associated with
variation in PL. morphology. To estimate Sfp transfer amounts,
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we performed ELISAs to quantify the amount of SP transferred
to the female reproductive tract from a single mating. There was
no significant effect of copulation duration (F;s3 = 0.213, P =
0.65), tibia length (F 5, = 2.748, P = 0.10), or PL morphology
(F349 = 041, P = 0.75) on SP transfer amount during mating
(Fig. 3). Interestingly, the introgression lines differ in the amount
of SP they transfer (ANOVA, Fjj49 = 432, P = 1.7x107%;
Fig. 3D), however, this difference does not appear to be asso-
ciated with PL. morphology. In particular, males from two dif-
ferent introgression lines with similar P morphology (Q1(A)
and 4C2(A); Supporting information Table S1) each reduce
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oviposition amounts in the females with which they mate, yet
QI(A) males transfer SP amounts that are comparable to D.
sechellia w, whereas 4C2(A) males transfer the largest amounts
of SP observed among the genotypes that we measured (Fig. 3D).
Thus, it does not appear that reduced Sfp transfer explains the re-
duced oviposition in matings to introgression males with smaller
or abnormally shaped PLs.

Oviposition could also be reduced as a consequence of
species-specific divergence in Sfps. Sfps diverge rapidly among
Drosophila species (Panhuis et al. 2006), thus, any substantial
protein sequence divergence in Sfps encoded by D. mauritiana
alleles within the introgression regions could be incompatible
with their interacting partners in the female D. sechellia repro-
ductive tract. The extent of the D. mauritiana genetic mate-
rial within each introgression has been estimated for the col-
lection of D. mauritiana-D. sechellia introgression lines (Masly
and Presgraves 2007). We identified genes within each D. mau-
ritiana introgression that encode Sfps that are transferred to the
female during mating among species of the D. melanogaster sub-
group (Findlay et al. 2008, 2009; Sepil et al. 2019) and obtained
their molecular evolutionary rates using previously published re-
sults from population genomic comparisons between D. simu-
lans and D. mauritiana (Garrigan et al. 2012) and between D.
melanogaster and D. simulans (Begun et al. 2007). McDonald-
Kreitman test results show that none of the 13 transferred Sfps
that exist within the introgression regions are evolving by posi-
tive natural selection (Supporting information Table S4). We also
examined evolutionary rates for the known sperm proteins in D.
melanogaster (Dorus et al. 2006; Wasbrough et al. 2010) that are
encoded by genes within the D. mauritiana introgressions. Al-
though some of these genes show a signature of positive selec-
tion (Supporting information Table S4), it is unclear from their
known or predicted functions whether these proteins localize to
the sperm cell membrane where they could potentially interact di-
rectly with the female reproductive tract. Moreover, the transfer
of sperm alone to the female has a negligible effect on oviposition
compared to the effect of Sfps (Heifetz et al. 2001), thus, it seems
unlikely that incompatible interactions with divergent sperm pro-
teins would give rise to such significant reductions in oviposition
that we observed.

Because introgression males with divergent PL. morphology
cause wounds at the PL insertion sites more often than D. sechel-
lia w males (Masly and Kamimura 2014), it is possible that the
reduced oviposition we observed is a consequence of mated fe-
males diverting resources from reproduction to immunity and
wound repair. To test this idea, we used fine insect pins to gen-
erate wounds at each PL insertion site manually on both virgin
and inseminated D. sechellia w females and compared oviposi-
tion rates between wounded and unwounded individuals. Inter-
estingly, wounded virgin females laid slightly more eggs than

unwounded virgin females (32 & 8; n = 12 vs. 28 = 5; n =
17), although this difference was not significant (7 = 0.47;
P = 0.32). Inseminated females that were wounded manually
also laid slightly more eggs than inseminated females that were
not wounded manually (63 £ 5; n = 16 vs. 59 & 6; n = 17),
although this difference, too, was not significant (3; = —0.56;
P = 0.58). Thus, our results show that the reduced oviposition in
mates of males with smaller or misshapen PLs does not appear
to be a consequence of either Sfp transfer amount or divergence,
nor resource reallocation as a consequence of wounds suffered
during mating.

FEMALES MATED TO MALES WITH DIVERGENT
POSTERIOR LOBE MORPHOLOGIES SUFFER
DECREASED LONGEVITY

Because males with divergent PL morphologies wound females
more severely than either D. sechellia w males or males with
larger than normal PLs (Masly and Kamimura 2014), it is pos-
sible that these males might also reduce female lifespan and
further reduce female fecundity, similar to the deleterious ef-
fects of divergent genital morphology observed in some inter-
specific crosses (Masly 2012). We quantified D. sechellia female
longevity after a single mating and found that longevity among
females mated with males of different genotypes is significantly
different (Cox proportional hazard model, xz = 140.1;df =
11; P < 2.2’107'%). In particular, the D. mauritiana-D. sechel-
lia introgression males that wound significantly more than
D. sechellia w males caused earlier female mortality (mat-
ings with introgression males: X = 44 &= 1 days; matings with
D. sechellia w males: (X = 67 & 3 days; x> =49.5,df =2,P <
1.84'10~!; Fig. 4; Supporting information Fig. S2). Interest-
ingly, females that mated with introgression males of geno-
types that do not wound significantly more than D. sechellia w
(including two genotypes that possess divergent PL morpholo-
gies) also experienced significantly earlier mortality compared to
those mated with D. sechellia w males (x = 52 + 1 days; P =
3.2'107%, Fig. 4). Although we cannot completely exclude the
possibility that Sfps from the D. mauritiana-D. sechellia intro-
gression males have slightly deleterious effects on D. sechellia
w female life span (e.g., Chapman et al. 1995; Holland and Rice
1999), it is worth noting that although these introgression males
do not wound individual females significantly more severely than
D. sechellia w males statistically, almost all of these genotypes
wound females more frequently than D. sechellia w (Masly and
Kamimura 2014). The one exception was an introgression control
genotype (4G5(A)) that wounds females less than D. sechellia
w males (Masly and Kamimura 2014), and shows longer female
longevity after mating compared to D. sechellia w (Fig. 4), al-
though this difference is not significant (X2 =142,df =1,P =
0.23).
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Figure 4. Divergent posterior lobe morphology causes earlier fe-
male mortality postmating. Survivorship curves for females that
mate with D. sechellia w males (solid black line), D. mauritiana-
D. sechellia introgression males that wound females significantly
more than D. sechellia w (solid red line), introgression males that
possess divergent posterior lobe morphologies, but do not wound
females significantly more than D. sechellia w (dashed red line),
and introgression males that possess D. sechellia-like posterior
lobe morphology and do not wound females significantly more
than D. sechellia w (dashed black line).

DIVERGENCE IN POSTERIOR LOBE MORPHOLOGY
DECREASES FITNESS

To estimate the magnitude of the fitness consequences caused
by divergence in PL. morphology, we calculated the strength of
reproductive barriers posed by divergence in PL morphology
using the framework described in Sobel and Chen (2014). In
particular, we defined two groups of introgression males—one
which consisted of males that possessed significantly divergent
PL morphologies and one which consisted of males that pos-
sessed PL morphologies similar to D. sechellia w. We calculated
each group’s fitness costs for sperm transfer amount, oviposition,
and egg hatch, then compared these three measures to those cal-
culated from the matings using D. sechellia w males and the two
introgression control genotypes that possess PL. morphology sim-
ilar to D. sechellia w. For each of the three reproductive mea-
sures, matings with males that possess divergent PL. morphology
cause greater fitness deficits than matings with males that have
D. sechellia PL. morphologies (Table 1).

Discussion

Our results show that even modest divergence in PL. morphol-
ogy can decrease fitness, and thus, could contribute to the evolu-
tion of RI. Although divergence in PL morphology among the
D. mauritiana-D. sechellia introgression males did not cause
complete RI, the fitness deficits suffered by both sexes provides
proof-of-principle support that mismatched genitalia can con-
tribute to RI early during speciation by providing substantial
selective pressure on reinforcement (e.g. Comeault and Matute
2016). Previous studies in D. simulans have shown that the PLs
serve an important function for copulation success in a compet-
itive mating environment (LeVasseur-Viens et al. 2015), and to-
gether with the present results and those within D. melanogaster
(Frazee and Masly 2015), these data suggest that PL. morphology
alone could potentially give rise to fairly strong RI at early stages
of species divergence in the D. melanogaster complex.

Similar to the consequences of variation in PL. morphology
within D. melanogaster, our results show that interspecific vari-
ation in PL morphology among the D. mauritiana-D. sechellia
introgression lines affects several prefertilization and postcopula-
tory reproductive measures, and they are also generally consistent
with those obtained from crosses among pure species within the
D. simulans clade (Price et al. 2001). In particular, we found that
divergence in PL morphology can cause deleterious fitness con-
sequences on sperm transfer, oviposition, and egg hatch. Our data
also show that postcopulatory fitness deficits do not appear to be
a due to divergence in Sfps between species. Notably, we found
that the direction of the reproductive consequences with respect
to PL morphology was similar between our study and the study
comparing crosses among the pure species (Price et al. 2001).
Specifically, when pure species females mate with males possess-
ing smaller PLs compared to those of conspecifics, oviposition
and egg hatch success are both reduced. Conversely, increases in
PL size beyond that which is typical of conspecific males often
gives rise to increases in copulation duration and sperm transfer
amounts. When this PL size increase is modest, there appears to
be little effect on fitness in single matings, although in the case
of substantial increases (e.g. D. simulans male x D. mauritiana
female) sperm transfer can be so voluminous that the sperm mass
obstructs the passage of eggs (Price et al. 2001).

Table 1. Formulae and data for the strength of reproductive measures that contribute to fitness deficits associated with divergence in

posterior lobe morphology.

Reproductive measure RI formula Hiyp Hiorm C Ry Rl orm
Sperm transfer 1 =2 X G e e e &) 256 383 421 0.24 0.05
. mean # eggs laid (H)
Fecundity 1 =2 X e Fap oD e 7T =) 147 158 166 0.06 0.02
TOp. €22S hatche
Egg hatch 1 =2 X (5o eges huiched i+ prop. eggs hachea @) 065 075 074 007  —0.002

prop., proportion; #, number.
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Unlike the results of crosses among the pure species, we
found that males possessing divergent PL. morphology decrease
the longevity of their mates. These differing results might be
explained by variation in the severity of wounds induced by
male external genital structures during mating. Males of all four
species of the D. melanogaster complex cause wounds during
mating (Kamimura and Mitsumoto 2011), and a previous study
using the D. mauritiana-D. sechellia introgression lines showed
that reductions in PL size or abnormal PL shape increased the
frequency of wounding to D. sechellia w females, whereas in-
creases in PL size had no effect on wounding compared to con-
trols (Masly and Kamimura 2014). Crosses between pure species
could also vary in their degree of wounding, although this has not
been measured. But, if the reduction in female longevity we ob-
served is a consequence of copulatory wounding, then some inter-
specific crosses might not produce the same severity of wounds
that is observed among the D. mauritiana-D. sechellia introgres-
sion lines. The study among pure species (Price et al. 2001) also
measured the effects of mating on longevity within and between
D. simulans and D. mauritiana, so another possible explanation
for the differing longevity results is that D. sechellia females
could be more sensitive to mating wounds compared to its sis-
ter species.

Although PL morphology had a significant effect on sperm
transfer amounts, we found that it appears to have little effect
overall on transfer of Sfp amount during mating. However, our
current data do not allow us to identify whether PL morphology
has a direct effect on oviposition and fertilization for two reasons.
First, because SP associates with the sperm tail (Peng et al. 2005)
and affects release of sperm from the female’s storage organs
(Avila et al. 2010) it is possible that females mated to males
who transfer fewer sperm during mating, store fewer sperm and
consequently store lesser amounts of Sfps like SP. The long
term (e.g., beyond one or two days) deficit of Sfp titers could
potentially have consequences on oviposition and fertilization
several days after mating. Our data show that there was no
significant effect of initial sperm transfer amount on oviposition
and egg hatch, and the amount of sperm transferred initially
exceeds what is typically stored by females in this species group
(Fowler 1973; Manier et al. 2010). Thus, it seems reasonable
that variation in sperm storage is not the ultimate cause of the
observed reductions in oviposition and fertilization. Second,
although our data show that the amount of SP transferred during
mating is fairly uniform across genotypes, we cannot exclude the
possibility that the relative proportions of other Sfps transferred
to the female differ across genotypes, and this could potentially
affect oviposition rates. Despite these considerations, our results
support a significant contribution of PL. morphology (either di-
rectly or indirectly) to variation in oviposition and fertilization in
Drosophila.

External genitalia evolve rapidly compared to other morpho-
logical structures, and this pattern is widespread among taxa with
internal fertilization (Eberhard 1985). Considering the fitness ef-
fects of genital mismatch that we observed here, divergence in
genital morphology might prove to be a key event during the early
stages of speciation among many species. The results of our study
also complement a growing body of work that clearly demon-
strates that mismatch in reproductive structures can give rise to
substantial reproductive incompatibilities. One recent study us-
ing D. mauritiana-D. simulans introgression lines generated mor-
phological modifications in multiple male terminal structures,
which caused severe mechanical incompatibilities that resulted
in copulation and insemination defects (Tanaka et al. 2018).
We found that divergence in even a single genital structure can
cause mechanical incompatibilities, and our results also suggest
that the PLs in Drosophila might function in a sensory capacity
that affects the female reproductive processes of oviposition and
fertilization. In particular, our data provide evidence that the PLs
function in cryptic female choice, whereby a female might reduce
her oviposition and fertilization rates effectively limiting her level
of reproductive investment from “less attractive” males (Eberhard
1996). The neural circuits by which Drosophila females respond
to tactile mating stimuli are beginning to be uncovered (Shao
et al. 2019), which promises to reveal avenues for future inroads
to understanding the mechanistic bases of how sexual selection
shapes phenotypic evolution that is important for male-female
mating interactions.
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