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How sexual selection can drive the evolution of
costly sperm ornamentation

Stefan Liipold"?#*, Mollie K. Manier"?, Nalini Puniamoorthy"*, Christopher Schoff!, William T. Starmer’,
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Post-copulatory sexual selection (PSS), fuelled by female promiscuity,
is credited with the rapid evolution of sperm quality traits across
diverse taxa!. Yet, our understanding of the adaptive significance of
sperm ornaments and the cryptic female preferences driving their
evolution is extremely limited". Here we review the evolutionary
allometry of exaggerated sexual traits (for example, antlers, horns,
tail feathers, mandibles and dewlaps), show that the giant sperm of
some Drosophila species are possibly the most extreme ornaments>*
in all of nature and demonstrate how their existence challenges
theories explaining the intensity of sexual selection, mating-system
evolution and the fundamental nature of sex differences®*. We also
combine quantitative genetic analyses of interacting sex-specific
traits in D. melanogaster with comparative analyses of the condition
dependence of male and female reproductive potential across species
with varying ornament size to reveal complex dynamics that may
underlie sperm-length evolution. Our results suggest that producing
few gigantic sperm evolved by (1) Fisherian runaway selection
mediated by genetic correlations between sperm length, the female
preference for long sperm and female mating frequency, and
(2) longer sperm increasing the indirect benefits to females. Our
results also suggest that the developmental integration of sperm
quality and quantity renders post-copulatory sexual selection on
ejaculates unlikely to treat male-male competition and female
choice as discrete processes.

Across animals, the sex competing more intensely for mates has
evolved more elaborate ornaments and/or weapons functioning in
mate acquisition'’. Because these secondary sexual traits are typically
costly, their growth is highly responsive to physiological correlates of
their bearer’s nutritional state!!, which is influenced by both genes and
environment. Such condition-dependent expression'? is a foundation of
sexual selection theory and indicator models (for example, ‘good genes’
and ‘handicap’) of mate choice!®!?, It also explains why ornament size
generally increases disproportionately with body size (‘positive allom-
etry, slope of log-log regression > 1.0) within and among species'*,
with typical among-species slopes of 1.4—3.8 (Extended Data Table 1).

The relative intensity of competition for mates is often heavily influ-
enced by the ratio of reproductively available males and females®, which
itself is influenced by their relative reproductive potential®. Males fre-
quently have a greater reproductive potential due to lower production
costs of sperm relative to eggs® and typically smaller paternal invest-
ment in offspring”’. These sexual disparities and their link to sexual
selection provides another foundation of sexual selection theory and
explains why males commonly are the more aggressive and/or more
ornamented sex>’~1°, Broad theoretical and empirical work indicates
that stronger premating sexual selection correlates with more extreme
ornamentation and greater sex differences in reproductive potential®'°.

Since both sexes are promiscuous in most species, intrasexual com-
petition and intersexual choice can continue after mating through

sperm competition'® and cryptic female choice?. The best-known adap-
tation to post-copulatory sexual selection (PSS) is the production of
copious sperm. More sperm should nearly always enhance competitive
fertilization success, thus explaining the widespread positive correlation
between relative testis size and sperm competition risk'®. Taxa with
this adaptation will tend to exhibit positive covariation between the
strength of PSS and sexual disparity in reproductive potential, similar
to the pattern for premating sexual selection.

A theoretical conundrum arises, however, when considering that
PSS also selects for longer sperm in Drosophila®'®~18 and numerous
other taxa'. Because sperm length competes locally for resources with
sperm number owing to their spatial and temporal co-occurrence
within the developmental environment of the testes, the two traits are
relatively constrained to evolutionarily trade off against one another'®.
Across Drosophila species, sperm length displays strong negative cor-
relation with both the number of sperm manufactured (slope =—0.97,
R?*=0.55) and ejaculated (slope = —1.56, R>=0.90)?. Consequently,
species with gigantic sperm (and particularly intense PSS) exhibit the
least sex difference in reproductive potential®. For example, D. bifurca
has 5.8-cm-long sperm, and only a few times more sperm than eggs are
produced in the population®. Because sexual selection theory predicts
the weakest sexual selection for such species (see above), this phenom-
enon was coined the ‘big-sperm paradox™.

To better characterize this paradox, we first examined the evolution-
ary allometry of sperm length and egg volume across all Drosophila
species that had reports for both traits in the literature (n =46 species;
Extended Data Table 2 and Extended Data Fig. 1) using phylogenetic
reduced major-axis (RMA) regressions. The slope of the sperm-length
allometry was 5.52 (Fig. la; P < 0.0001, A= 1.0), which is approximately
twofold greater than slopes for nearly all other sexually selected traits
previously studied (Fig. 2; Supplementary Tables 1-3; Extended Data
Figs 2 and 3). In sharp contrast, linearized egg size was negatively
allometric, albeit not significantly so (Fig. 1b; slope =0.84, P=0.19,
A=1.00). We further examined all available data on ovariole number
for this set of species as an index of the number of eggs produced?! and
found it to exhibit positive allometry (n =35, slope =2.63, P < 0.0001,
A=10.99). Finally, egg volume declined as ovariole number increased
in a phylogenetic regression controlled for body size (n =35, r=-0.69,
P<0.0001; thorax length: r=0.77, P < 0.0001; A < 0.0001"%%02) That
larger-bodied species produce fewer, longer sperm, yet more eggs, rein-
forces the big-sperm paradox by further limiting the number of sperm
competing for each egg* and hence the predicted intensity of PSS on
sperm quality’. Bjork and Pitnick? showed that, contrary to theoretical
prediction, the ‘opportunity for sexual selection, which is the stand-
ardized intra-sexual variance in the number of offspring produced
and expresses the maximum potential strength of sexual selection??,
did not decline with increasing sperm length. Moreover, the female-
specific opportunity for sexual selection increased with sperm length

ICenter for Reproductive Evolution, Department of Biology, Syracuse University, 107 College Place, Syracuse, New York 13244-1270, USA. 2Department of Evolutionary Biology and Environmental
Studies, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich, Switzerland. 3Department of Biological Sciences, The George Washington University, 800 22nd St. NW, Suite 6000,
Washington DC 20052, USA. “Department of Biological Sciences, National University of Singapore, 14 Science Drive, SG 117543, Singapore.

*These authors contributed equally to this work.

26 MAY 2016 | VOL 533 | NATURE | 535

© 2016 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nature18005

LETTER

a 4] b
0.84
£ % o
= ‘o 0.7
5 2- :
e | o A% 3
= - > 0.6
g 2
2 0 o 054
= Slope=5.52 | © " e ® Slope = 0.84
-1 e ®  P<0.0001 oud e P=0.19

T T T T T T
-01 0.0 0.1 02 03 04
log female thorax length

—0.I2 O.IO 0!2 0!4

log male thorax length
Figure 1 | Allometry of sperm length and egg volume. a, b, Interspecific
allometric relationships of sperm length (a; slope =5.52, P < 0.0001,
A=1.00) and egg volume (b; slope =0.84, P=0.19, A=1.00) for 46
Drosophila species. Egg volume was linearized by taking the cube root for
geometric scaling with thorax length?! and consistent dimensionality with
sperm length. Egg length yielded identical results. Dotted lines represent
isometry (slope =1.0).

(R*=0.994)*. However, Bjork and Pitnick* were unable to explain these
patterns despite the ratio of sperm to eggs approaching parity.

Achieving a resolution to the big-sperm paradox requires explaining
the mechanism(s) by which a stronger female preference compensates
for the theoretically predicted (but not realized*) intrinsic decline
in the strength of PSS resulting from reduced sperm numbers with
increasing investment per sperm. A resolution should also discern how
females benefit from their preference for longer sperm. The length of
the female’s primary sperm-storage organ, the seminal receptacle (SR),
co-diversifies with sperm length in Drosophila®® and numerous other
taxa' and has been demonstrated to be the proximate basis of a cryptic
female preference for sperm length. Specifically, longer sperm are supe-
rior at displacing, and resisting displacement by, shorter competitor
sperm within the SR*!%'8 and longer SRs drive sperm-length evolution
by enhancing this competitive advantage®. Because there are substan-
tive developmental and longevity costs associated with longer SRs'®,
SR length is more likely to evolutionarily increase if these costs are
compensated for by direct and/or indirect benefits accrued by biasing
fertilization in favour of longer sperm. Although Drosophila sperm
have been shown to contribute no direct benefits to the female or her
offspring®*?*, indirect benefits postulated to explain the evolution of
premating female preferences may similarly explain cryptic postmating
female preferences?.

We first investigated whether Fisherian runaway sexual selection
could provide a countervailing mechanism for the intrinsic decline in
the strength of selection predicted to accompany increases in sperm
length. We conducted an intraspecific test of an essential prediction of
this hypothesis—a positive genetic correlation between SR and sperm
length—using a well-replicated diallel breeding design between ten
D. melanogaster isogenic lines and evaluating the genetic architecture
underlying trait variation (see Methods and also ref. 26). We found
a highly significant, positive genetic correlation between sperm and
SR length (Table 1), which would theoretically serve to drive sperm-
length evolution as SR length evolves (and vice versa). Importantly,
increases in SR length would further intensify directional selection on
sperm length, as SR length was negatively genetically correlated with
female remating interval and positively correlated with the time interval
between insemination and active female ejection of excess last-male
and displaced resident sperm from the reproductive tract (Table 1).
Faster remating enhances PSS, and later sperm ejection prolongs direct
competition between sperm for limited storage space and affords longer
sperm greater opportunity to exert their superior competitiveness®
(also note the positive genetic correlation between SR length and the
proportion of resident sperm displaced; Table 1).

We next explored the potential for females to accrue indirect
(genetic) benefits by virtue of sperm length serving as a reliable indi-
cator of male quality. We compared D. melanogaster reared in benign
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Figure 2 | Evolutionary allometry of Drosophila sperm length in
comparison with other, classic examples of sexually selected traits.
Values are interspecific allometric slopes. Detailed statistics and data
sources are listed in Extended Data Table 1. Inset, scanning electron
micrograph of single, 58.3-mm-long sperm of D. bifurca. Image courtesy
of Romano Dallai.

and stressful developmental environments within a quantitative genetic
framework to assess the sensitivity of sperm length to the nutritional
history and the physiological condition of males'!~!3. Sperm length
was highly heritable (Table 1) but not condition-dependent (linear
mixed-effects model controlling for genetic background of 45 nuclear
genotypes: t=—0.57, P=0.58; Extended Data Fig. 4). At face value, this
result refutes all indicator models as an explanation for SR-length evolu-
tion. Nevertheless, because of the strong negative evolutionary relation-
ship between sperm length and number in Drosophila®, sperm-length
evolution may be mediated by its influence on the condition depend-
ence of sperm number. We thus investigated seven Drosophila spe-
cies varying in body sizes, sperm lengths and egg volumes (Extended
Data Table 2; Extended Data Fig. 5). Rearing each under varying larval
densities, we produced a range of adult body sizes as a proxy for con-
dition'>!*?’, as previous studies employing a similar approach with
Drosophila have demonstrated positive associations between male body
size and fitness®®. These adults were assayed for reproductive potential
with no reproductive competition and ad libitum access to mates, food
and oviposition substrate. We then examined the strength and slope of
the within-species, sex-specific relationships between body condition
and reproductive potential (see Methods) to test the prediction that
male reproductive potential becomes increasingly condition-dependent
as sperm length increases.

Male reproductive potential increased with condition in all species
(Extended Data Fig. 6a-g), although not significantly so in
D. arizonae with the shortest sperm (Extended Data Fig. 6a; r=0.36,
P=0.11; all other species: r > 0.49, P < 0.01; Extended Data Table 3
and Extended Data Fig. 5a, ). Drosophila bifurca, with the long-
est sperm, exhibited the strongest relationship (r=0.93, P <0.0001;
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Table 1 | Bootstrapped genetic correlations, phenotypic correlations and heritabilities in sperm length, female morphology and traits
related to sperm storage and use, based on means within diallel crosses (n=90)

Sperm length SR length Remating day Eject time Prop. sperm displaced
Sperm length 0.265+0.107+ 0.683+0.297* -0.589+0.594 -0431+0414 0.923+1.510
SR length 0.369+0.081%* 0.192+0.048%* -0.793+0.285* 0.423+0.210% 1.051+0.394*
Remating day -0.079+0.105 -0.337+£0.071* 0.103+0.047+ -0.819+£0.375* -0.301+0.377
Eject time 0.045+0.098 0.116+0.071 -0.125+0.075 0.142+0.074* 0.847+0.292*
Prop. sperm displaced 0.160+0.111 0.129+0.070f -0.024+0.076 0.337+0.067* 0.090 £ 0.040%

Additive genetic correlations (4 +s.e.) are given above the diagonal, heritabilities (h? + s.e.; boldface) on the diagonal and phenotypic (Pearson’s) correlations (r+s.e.) below the diagonal. Prop.,

proportion.
*Significant correlations at o < 0.05.
tP=0.065.

Extended Data Figs 5b, d and 6g; Extended Data Table 3). Female repro-
ductive potential similarly increased with body size in all species, albeit
non-significantly in D. arizonae and D. hydei (r < 0.08, P > 0.65; all
other species: r > 0.45, P < 0.01; Extended Data Fig. 6h-n; Extended
Data Table 3). Note that D. arizonae (Extended Data Fig. 6h) has the
smallest eggs and D. hydei (Extended Data Fig. 6m) has medium-sized
eggs; D. melanogaster showed the strongest relationship (Extended Data
Fig. 6i), also with medium-sized eggs (Extended Data Table 2).

Next, we combined these intraspecific relationships for all seven
species into comparative analyses to determine how much of the
among-species variation in the condition dependence of sex-specific
reproductive potential is explained by variation in gamete size (Fig. 3).
In phylogenetic regressions, the male reproductive potential became
increasingly condition-dependent as sperm length increased (r=0.82,
P=0.02, A< 0.0001100-04 Fig. 3a), with the standardized slopes also
becoming steeper (r=0.94, P=0.002, A= 1.0°%*19; Fig 3b). Hence,
males of any condition can produce and inseminate many ‘cheap’
sperm, but only high-quality males have the available resources to pro-
duce abundant ‘expensive’ sperm. In striking contrast, producing larger
eggs did not increase the condition dependence of the reproductive
potential in females (r=0.51, P=0.24, A < 0.0001"%%17; Fig. 3c), nor
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Figure 3 | Comparison of intraspecific condition dependence of sperm
length and egg volume across seven Drosophila species. a-d, For males,
sperm length predicts across seven Drosophila species the degree to which
reproductive potential correlates with body size (a) and the slope of the
relationship (b), whereas egg size does not significantly predict either the
strength (c) or the slope (d) of this relationship in females (see Extended
Data Fig. 6). The weighted Z, values reflect the correlation coefficients of
intraspecific relationships between reproductive potential and body size
for either males (a) or females (c; for details see Methods). Figures are not
controlled for phylogeny. Ari, D. arizonae; Mel, D. melanogaster; Vir,

D. virilis; Lum, D. lummei; Eoh, D. eohydei; Hyd, D. hydei; Bif, D. bifurca.

did the intraspecific slopes become steeper as egg volume increased
(r=0.66, P=0.11, A< 0.0001%%1; Fig. 3d). Hence, investment per
gamete underlies interspecific variation in the condition dependence
of reproductive potential for males but not females.

Our findings offer a possible resolution to the big-sperm paradox
by revealing an interacting combination of trait covariance and mat-
ing-system characteristics antithetical to the weakening of the sexual
selection intensity as sperm length increases. Given the substantial costs
of producing long sperm®®?’, it is unclear how this trait has evaded the
theoretically predicted development of condition dependence found for
other costly sexual characters’>. Nevertheless, the intimate developmen-
tal association between sperm length and number renders the latter trait
a surrogate indicator of correlated condition. Smaller (poor-quality)
males pay higher costs for the same increase in trait size!»%,
making the production of plentiful long sperm an intrinsically ‘unfake-
able’ trait. Females of species with longer SRs remate more frequently,
owing to both a negative genetic correlation between the two traits and
faster sperm depletion when receiving smaller ejaculates. In D. bifurca
and other species with very long sperm, females typically mate with
several males each day*, which may explain the previously observed,
strong positive relationship between sperm length and the female-
specific opportunity for sexual selection®. What is perhaps most criti-
cal to our understanding of sperm-length evolution is that only males
in good condition can produce sufficient sperm to capitalize on the
increased mating opportunities, with females consequently receiving
indirect genetic benefits. These results reveal a novel component to
our understanding of the operation of sexual selection: the intensity
of selection on female preferences can remain strong owing to with-
in-population variance in male reproductive potential, even when
sex-specific mean reproductive potentials and the operational sex ratio
approach unity.

By experimentally manipulating sperm length and number in
D. melanogaster, both traits were previously found to contribute to
competitive fertilization success, with the relative fitness contribution
of sperm length increasing as sperm numbers decreased'®. Here we fur-
ther demonstrate the non-independence of selection on sperm quantity
and quality, and hence the false dichotomy of sperm competition and
cryptic female choice as forces shaping the evolution of sperm form. For
many species, what may matter most in PSS is not simply transferring
the most sperm or the best sperm, but rather the greatest number of
sperm that are designed to survive and compete best given the specific
female reproductive environment.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

No statistical methods were used to predetermine sample size. Flies were ran-
domly assigned to experimental treatments. All measurements and counts were
conducted blind to treatment and to values of other traits and outcomes in mating
experiments.

Experimental material. Condition dependence of sex-specific reproductive poten-
tial was assayed using strains of D. eohydei (15085-1631.0), D. bifurca (15085-
1621.0), D. virilis (15010-1051.0), and D. lummei (15010-1011.1) obtained from the
National Drosophila Species Center, San Diego, California. Drosophila hydei was
collected at the South Coast Agricultural Research Station, California by J. Graves;
D. melanogaster was collected in Napa Valley, California by D. Begun; D. arizonae
was collected in the Superstition Mountains, Arizona by T. A. Markow. All species
were cultured on cornmeal-agar-molasses medium under uncrowded conditions
and 1:1 sex ratio in 200-ml bottles with live yeast at 24 - 1°C and a 12-hour light/
dark photoperiodic cycle.

Quantitative genetic analyses of sperm and female reproductive tract morphology,
sperm handling and sperm competition outcomes was performed with geneti-
cally transformed LH,,, populations of D. melanogaster that express a protamine
labelled with either green (GFP) or red fluorescent protein (RFP) in sperm heads®!.
All experimental flies derived from isogenic lines® (‘isolines’) of the respective
GFP and RFP populations, following 15 generations of full-sibling inbreeding
(theoretical inbreeding coefficient =0.96)%.

Evolutionary allometry of sperm and egg size. Sperm length, egg volume, ova-
riole number and the sex-specific thorax length data for 46 species were obtained
from the literature*"*4, with novel data (except ovariole number) obtained for
ten additional species using identical methods (Extended Data Table 2). Drosophila
ficusphila was excluded from the analyses including ovariole number due to being
an extreme outlier (13 compared to 22.6-52.86 ovarioles in all other species;
Extended Data Table 2).

Evolutionary allometry of exaggerated, sexually selected traits from different
taxa. For comparison of the allometric slope of Drosophila sperm with slopes of
other sexual traits that are widely considered to be exaggerated due to intra- or
intersexual selection, we obtained interspecific allometric slopes or compara-
tive data sets permitting such analyses from the literature for a range of classic
examples'**>~38 (Extended Data Table 1; Supplementary Tables 1-3). Reported
allometric slopes were not usually controlled for phylogeny and could not always be
reanalysed because data sets were not provided, but where possible, we reanalysed
them by incorporation of a molecular phylogeny (Extended Data Figs 2 and 3;
Supplementary Table 3). Since all phylogenies were reconstructed from published
figures without branch length information or were combined from different molec-
ular trees, we used equal branch lengths in all taxa. Based on slope comparisons
with and without phylogenetic control, however, the lack of such control did not
have a major impact on the interspecific slopes. Within these constraints, precise
slope estimates should be used with care.

Condition dependence of sperm length. Using the same isolines as the quantita-
tive genetic analyses (see below) but in a half-diallel instead of diallel cross design
(that is, n=45), 40 newly-hatched larvae of each cross were transferred to a rearing
vial with regular fly medium (see above) and another 40 larvae to a vial with 75%
less yeast in the medium and only half the amount of medium in the vial. Larvae
were randomly assigned to rearing treatments. Following development under these
benign and moderately stressful conditions, respectively, five random males of each
cross and rearing treatment were aged for at least a week before measuring their
thorax length and the length of five sperm per male.

Condition dependence of reproductive potential. For all seven species, variation
in body size was generated by transferring first-instar larvae randomly to culture
vials at three different densities: 25, 75, and 150 larvae per 8-dram vial containing
8 ml of medium. Virgin flies were then collected on the day of eclosion and thorax
length, a reliable index of total dry mass®, was recorded. Focal males and females
were selected to represent the entire size distribution, with each fly then isolated
within a vial containing medium and live yeast and transferred to a fresh vial every
three days until reaching two days post-reproductive maturity, the age of which
varies between sexes and among species?. All virgin males and females used as
mates of focal flies were derived from population bottles.

The reproductive potential of each focal male (n=15-27 per species) was
assayed by placing it with eight randomly assigned virgin females in a plastic 200 ml
bottle that was inverted over a small Petri dish containing medium and live yeast.
Every 24h, across four successive days, the male was removed and transferred to
anew bottle containing eight virgin females. Because males could exhibit size-
related variation in the number of mature sperm stored in the seminal vesicles
at the start of the experiment, the eight females from day 1 were discarded. The
24 females from days 2-4 were provided with fresh oviposition plates daily until
the production of offspring ceased (that is, no eggs hatched). Oviposition plates
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were stored at 25 °C and the number of larvae hatching on each plate was counted
after 48 h. All larvae produced by the 24 females exposed to each male were
summed as a measure of that male’s reproductive potential.

Female reproductive potential was assayed in a manner similar to males, except

that each focal female (n=25-36 per species) was placed with three randomly
assigned virgin males in a vial containing medium and live yeast. Each focal female
was transferred to a fresh vial with three new virgin males every 24 h across four
successive days. The day 1 vial was discarded to control for variation among
females in the number of mature oocytes at the start of the experiment. All eggs
laid by each female from days 2-4 were summed as a measure of that female’s
reproductive potential.
Quantitative genetic analyses of female preference, male ornament and associ-
ated characters. To vary the female genetic background, single pairs of virgin males
and females of ten different RFP isolines were crossed in all non-self combinations
(that is, 90 diallel crosses with 45 different nuclear genotypes, all independent
of the RFP standard competitor male?®). In each of two blocks separated by two
generations, we assayed three random F, females from each of three separate male—
female pairs per cross (that is, 90 crosses x 2 blocks x 3 families x 3 females = 1,620
females). All virgin flies were aged for three days before their first mating. All
experimental males were F, progeny from crosses among a single pair of isolines
with either GFP- or RFP-tagged sperm.

Using a double-mating design, reproductive outcomes were quantified imme-
diately after female sperm ejection (that is, <5h after mating and before the first
egg has entered the bursa for fertilization) following the second mating, which we
have shown repeatedly to directly predict paternity shares among competing males
over the three subsequent days of oviposition!”?*3!. Each female was mated with
a virgin GFP male and, two days later, with a virgin RFP male, with additional 6-h
remating opportunities on days 34 for any refractory females. Each male was used
for only one mating. Following all matings with a second male, we used established
protocols to quantify (i) copulation duration, (ii) the number of resident first-male
sperm at the time of remating, (iii) time until female ejection of excess second-male
and displaced first-male sperm, (iv) the number of displaced first-male sperm,
the number of second-male sperm (v) transferred and (vi) ejected, (vii) the pro-
portion of each male’s sperm ejected, (viii) the distribution of both competitors’
sperm, respectively, across the different organs of the female reproductive tract
(that is, bursa copulatrix, SR, and paired spermathecae) and (ix) the proportional
representation of sperm derived from the first (S;) or second male (S,) in each
respective location (for example, the SR, which is the primary source of sperm for
fertilization®') and in the entirety of the female reproductive tract. For one random
female of each family (that is, six females per cross), we additionally measured the
length of the thorax and the SR'7:2631,

Statistical analyses. All analyses were performed using the statistical package R
version 3.0.2 (R Development Core Team 2013) and SAS v9.3 (SAS Institute 2011).
Evolutionary allometry of sperm and eggs. We used phylogenetically controlled
reduced major-axis regressions (phyl. RMA in R package phytools). For these anal-
yses, additional species (that is, D. mettleri, D. pachea, D. subpalustris, D. rhopaloa
and D. suzukii) were added to the van der Linde et al.** phylogeny based on other
molecular phylogenies?®*! (Extended Data Fig. 1). We linearized egg volume by
the cube root for consistent dimensionality with female thorax length and sperm
length?2. For comparison, however, we also used egg length, the allometric slope
of which was identical to linearized egg volume up to the third decimal point
(b=0.836 compared to 0.835).

Evolutionary allometry of exaggerated, sexually selected traits from different
taxa. Wherever data and corresponding phylogenies were available, we analysed
them using phyl. RMA as for Drosophila gametes. For direct comparison between
taxa and/or traits, we adjusted all data to equal dimensionality (that is, cube-rooting
mass variables or square-rooting area variables) to ensure that isometry was at a
slope of 1. All analyses were confirmed to exhibit a significant association between
the two traits compared in phylogenetic least-squares regressions before calculating
phylogenetic RMA slopes.

Condition dependence of sperm length. Treatment effects on sperm length were
analysed in linear mixed-effects models controlling for the genetic background
of sires and dams and their interaction as random effects. For comparison, we
repeated these analyses on the thorax length of the same males.

Condition dependence of reproductive potential. For each of the seven species,
regression analyses were used to examine the relationship between either the total
number of progeny produced and male size (that is, thorax length) or the total
number of eggs laid and female size. For these relationships, we calculated the
intraspecific correlation coefficients, r, which represent their strength and direc-
tion, as well as the standardized slopes, for use in subsequent comparative analyses.
A Bartlett’s test of homogeneity of variances confirmed no differences among the
seven species in the coefficient of thorax length for males (K?=9.92, P=0.13).
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Although there was a marginally significant difference for females (K?=12.67,
P=0.05), this was primarily attributable to a greater standard deviation in female
thorax length in D. hydei (Extended Data Fig. 7; a Bartlett’s test revealed no signif-
icant difference among the remaining species when D. hydei was excluded: n=6,
K?=4.38, P=0.50).

To compare the degree of intraspecific condition dependence among species,

we converted the correlation coefficients, r, of the intraspecific regressions using
Fisher’s transformation and weighted them by sample size to obtain a weighted Z,
for each species*?. Comparative relationships between weighted Z, values and the
species-specific means of sperm length (for males) and egg volume (for females),
respectively, were then examined. These among-species relationships, as well as
those of the standardized slopes, were examined using phylogenetic generalized
least-squared (PGLS) regressions*® to account for statistical non-independence
of data points due to shared ancestry of species, based on the same molecular
phylogeny as in the allometric relationships above®’. Using maximum-likelihood
methods, PGLS models estimate the phylogenetic scaling parameter Pagel’s A to
evaluate the phylogenetic relationship of the covariance in the residuals®’. We used
likelihood ratio tests to establish whether the models with the maximum-likelihood
value of A differed from models with values of A=0 or A= 1, respectively, with
A close to 0 indicating phylogenetic independence and A close to 1 indicating a
strong phylogenetic association of the traits*’.
Quantitative genetic analyses of female preference, male ornament and asso-
ciated characters. The genetic architecture underlying each trait was evaluated
by using the ‘animal model’ and a resampling approach to estimate the variance
components*#*>. Means of each of the six families per isoline cross, rather than
individual flies, represented our sample size in order to minimize missing data and
because, for some traits such as SR and thorax length, we had only one measure
per family®®. We resampled with replacement among the three family means per
isoline cross and block using the SURVEYSELECT procedure in SAS v9.3 (SAS
Institute 2011) and calculated their mean for each of 1,000 resampling replicates.
For each replicate data set, we then conducted a generalized linear mixed model
(procedure GLIMMIX) on these mean values, with block as a fixed effect, paternal
and maternal lines and their interactions as random effects, and a multimember
effect defining the nuclear parental contributions. This model is an incomplete
diallel with reciprocal but no self crosses***: in the diallel analysis it is assumed
that the nuclear contributions (N) of the male and females are drawn from the
same distribution.

The model decomposed for each replicate the total phenotypic variance into
different genetic and residual contributions***:

Yie = p+ N+ N+ T;j+Mj+Pi+Kij+Rk(,-j)

where Yjy is the trait of the kth replicate cross between isoline i sires and isoline
jdams, and . is the trait mean of the population. N; and N; represent the additive
contributions by nuclear genes of the respective parental isolines, independent
of sex; Tj; is the interaction between the haploid nuclear contributions; M; rep-
resents the maternal genetic and environmental effects of isoline j and P; the
paternal genetic and environmental effects of isoline i; Kj; reflects the interaction
between maternal and paternal contributions; and Ry is the effect of the
kth replicate cross within each combination of dam x sire lines*®*”. Means and
standard errors of these variance components across all replicate data sets were
then bootstrapped and their statistical significance was determined by testing
their z scores (that is, variance component divided by its bootstrapped stand-
ard error) against the corresponding significance levels from a standard normal
probability table. We used one-tailed significance levels under the a priori con-
straint that variances are means of squared values, which therefore necessarily
have a positive sign.

In the present study, we used only the additive nuclear variance components,
%, which was necessary to calculate the heritability of, and genetic correlations
between, traits of interest. Based on the estimates of the variance components
from the diallel analysis, the causal component of the additive nuclear variance,
Vi, was estimated as Vy =402,/(1 + ), where fis the theoretical inbreeding coef-
ficient (f=0.96 based on 15 generations of full-sibling inbreeding®”). The addi-
tive-by-additive epistatic variance was ignored under the assumption that such
higher-order variance is generally very small*>*%. Mean values calculated in the
above resampling procedure were used to estimate the variances and covariances
based on separate univariate analyses of traits x; and x, and x; + x,, resulting
in covariances as cov(xy,x;) = [var(x; + x,) — var(x;) — var(x,)]/2. We then calcu-
lated the corresponding genetic correlations as 4 = cov(xy,x,)/[var(x;) x var(x,)]
for each of the 1,000 replicates*’, bootstrapped the genetic correlation coeffi-
cient and its standard error, and tested for statistical significance by comparing
the z scores to two-tailed significance levels derived from a standard normal
distribution®.
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Drosophila willistoni

r— Drosophila pseudoobscura

L Drosophila persimilis
Drosophila ananassae
Drosophila parabipectinata
Drosophila bipectinata

r— Drosophila serrata

L Drosophila kikkawai

~ Drosophila rhopaloa

L Drosophila elegans

Drosophila ficusphila

—— Drosophila eugracilis

Drosophila takahashii
'E Drosophila suzukii

Drosophila biarmipes

Drosophila erecta
_E Drosophila yakuba
Drosophila santomea

—— Drosophila melanogaster
Drosophila mauritiana

'|_E Drosophila sechellia
Drosophila simulans

Drosophila busckii

r— Drosophila albomicans

L Drosophila subpalustris

— Drosophila robusta

‘E Drosophila micromelanica

Drosophila melanica

—— Drosophila borealis

‘E Drosophila montana

[ Drosophila lacicola

— Drosophila virilis
Drosophila lummei

'E Drosophila texana
Drosophila americana

—— Drosophila acanthoptera
Drosophila pachea

'E Drosophila wassermani

Drosophila nannoptera

Drosophila bifurca
_E Drosophila eohydei
Drosophila hydei

Drosophila mettleri
Drosophila micromettleri
Drosophila arizonae
Drosophila mojavensis

Extended Data Figure 1 | Phylogeny for the Drosophila comparative analyses of gamete allometry. Molecular phylogeny of the 46 species based on
ref. 40, with species added based on refs. 29 and 41. Owing to a lack of information on branch lengths, equal branch lengths were used.
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EGuttera pucherani
Guttera plumifera

Numida meleagris
—I_EAcrnyum vulturinum

Agelastes niger

Agelastes meleagrides

Gallus varius _

Gallus lafayettii

Gallus sonneratii

Gallus gallus
Rheinardia ocellata

_I:Argusfanus argus
Afropavo congensis
Pavo muticus
Pavo cristatus o
Polyplectron germaini
Poi{ypfecfron schleiermacheri
Po[ypfecfron malacense
Pofy

plectron inopinatum
Po}ypfe ctron emphanum
Polyplectron bicalcaratum
Lophophorus lhuysii
_Etophophorus sclateri
Lophophorus impejanus
Pucrasia macrolopha
Tragopan blythii
Tragopan temminckii
Tragopan satyra
Tragopan melanocephalus
Ithaginis cruentus
Syrmaticus soemmerringi
-Syrmaticus reevesii
Phasianus versicolor
“~Phasianus colchicus
— Syrmaticus mikado
LESyrmancus humiae
Syrmaticus ellioti
I:Chryso:’ophus pictus
Chrysolophus amherstiae
Crossoptilon mantchuricum
Crossoptilon crossoptilon
Crossoptilon auritum
Catreus wallichii
Lophura inornata

Lophura bulweri
Lophura diardi

Lophura ignita

Lophura erythrophthalma

Lophura swinhoii
Lophura nycthemera
Lophura leucomelanos
Lophura imperialis
Lophura hatinhensis
Lophura edwardsi

Extended Data Figure 2 | Phylogeny of the Phasianinae. Tree topology of the Phasianinae in Supplementary Table 1 based on the molecular phylogeny
of ref. 52. Owing to a lack of information on branch lengths, equal branch lengths were used.
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Cephalophus nigrifrons
Cephalophus niger
Cephalophus ogilbyi
Cephalophus callipygus
Raphicerus campestris
Raphicerus sharpei
Raphicerus melanotis
Dorcatragus megalotis
Madogqua saltiana
Madoqua kirkii
Madogqua guentheri
Procapra gutturosa
Qurebia ourebi
Antidoreas marsupialis
Ammodorcas clarkei
Litocranius walleri
Saiga tatarica
Antilope cervicapra
Eudorcas thomsoni
Eudorcas rufifrons
Nanger dama
Nanger granti
Gazella dorcas
Gazella spekei
Gazella gazella
Gazella subgutturosa
Gazella leptoceros
Gazella cuvieri
Pelea capreolus
Redunca fulverufula
Redunca redunca
Redunca arundinum
Kobus megaceros
Kobus feche
Kobus ellipsiprymnus
Kobus vardoni
Kobus kob
Connochaetes faurinus
Connochaetes gnou
Damaliscus Junatus
Alcelaphus buselaphus
Alcelaphus lichtensteini
Hippotragus equinus
Hippotragus niger
Addax nasomaculatus
Oryx dammah
Oryx gazella
Pantholfops hodgsonii
Budorcas taxicolor
Naemorhedus goral
Capricornis crispus
Capricornis sumatraensis
Oreamnos americanus
Qvis dalli
Ovis canadensis
OQvis nivicola
Ovis aries
Qvis ammon
Rupicapra rupicapra
Ammoiragus lervia
Hemitragus jemlahicus
Capra stbirica
Capra walie
Capra nubfana
Capra pyrenaica
Capra ibex
Capra caucasica
Capra falconeri
Capra hircus
Capra cylindricornis
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Extended Data Figure 3 | Phylogeny of the Bovidae. Tree topology of the Bovidae in Supplementary Table 2 based on the molecular phylogenies of the
10kTrees Project® and ref. 59. Equal branch lengths were used because of combining different trees.
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between flies reared under benign and moderately stressful conditions.
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measurements of the same five males in a and b, and the box plots reflect
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and moderately stressful treatments (1.851 4-0.021 mm; linear mixed-
effects model controlling for genetic background: t=—0.57, P=0.58),
thereby reflecting no condition dependence. By contrast, all males reared
under stressful conditions were smaller (thorax length: 0.816 +-0.019 mm
versus 0.892 £ 0.026 mm; t = —17.08, P < 0.0001), thus being strongly
condition-dependent and highlighting the relatively higher cost of sperm
length for low-quality males.
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single spermatozoon (¢, d) for Drosophila arizonae (a, ¢) and D. bifurca (b, d).
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Extended Data Figure 6 | Condition dependence of male and female
reproductive potential in seven Drosophila species. a-n, Intraspecific
relationships between reproductive potential and body size as a proxy of
condition for males (a-g) and females (h-n) of seven Drosophila species.
Species are ordered from shortest (top) to longest (bottom) sperm. Dotted
lines represent ordinary least-squares slopes and, where these regressions
were statistically significant, solid lines indicate RMA slopes. For detailed
statistics see Extended Data Table 3.
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Extended Data Figure 7 | Comparison of intraspecific variation in female thorax length. Box plot reflecting the greater intraspecific standard
deviation in female thorax length in D. hydei compared to the remaining species (Bartlett’s test of homogeneity of variances: K*=12.67, P=0.05).
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Extended Data Table 1 | Statistics of evolutionary allometries in different taxa

LETTER

Taxon Sexual trait Size trait N Slope P A Source
Drosaphila Sperm length Thorax length 46 5.52 <0.0001 1.00 This study
Phasianinae Spur length Body mass 42 226 <0.0001  1.00 35,51,52f
Phasianinae Spur length Tarsus length 40 2.00 <0.0001 098 35,51,52f
Phasianinae Tail length Body mass 51 3.75 <0.0001 1.00 35,551,521
Phasianinae Tail length Tarsus length 54 3.20 <0.0001 0.98 35,51,521
Cervidae Antler length Body mass 31 298 <0.0001  0.62 35,53,54¢
Cervidae Antler mass Body mass 21 1.73" <0.0001  O.11 35,53,54¢
Cervidae Antler length Shoulder height 20 1.85 55
Cervidae Antler length Body mass 31 1.80° 56}
Bovidae Horn length Body mass 102 224 <0.0001 0.93 57-60
Bovidae Horn length Shoulder height 76 222 557
Phrynosoma Horn length Snout-vent length |4 2.88 6l

lizards

Dynastini Horn length Body length 12 1.96 0.02 1.00 36,627
rhinoceros

beetles

Onthophagini Horn length Pronotum width 22 1.86 0.002 <0.001 63

dung beetles
Anolis lizards Dewlap area Snout-vent length 22 1.70° 37
Diopsidae Eye span Body length 30 2.74 0.0004 0.58 64
Cyclommatus Mandible length  Body length 10 1.87 14

stag beetles

Lucanus stag Mandible length  Elythra length 17 2.06 65
beetles

Neolucanus Mandible length  Body length Il 1.37 14

stag beetles

Dermaptera Forcep length Pronotum width 42 1.55 38
Zalmoxis Hind-leg length Body length 16 1.55 0.023 <0.001 66-71"
harvestmen
Zalmoxis Hind-leg length  Prosoma width 1l 247 0.002 <0.001  66,69,717
harvestmen

Interspecific allometric slopes between different sexually selected traits and body-size indices are listed along with the number of species (N), the P value of the regression analysis against a slope of 1,
and the phylogenetic scaling factor \. Where P and X values are present, slopes were calculated using a phylogenetic RMA analysis based on the data and phylogenies from the cited sources. All other
slopes are taken directly from the corresponding sources. References 14,35-38,51-71 are cited in this table.

*For direct comparison between slopes, these analyses were adjusted to have an isometric slope of 1 by cube-rooting mass variables or square-rooting area variables.

TFor species and phylogeny see Supplementary Information Table 2 and Fig. 2.

1Despite reports on allometric slopes in ref. 53, these slopes were reanalysed using phylogenetic RMA regressions and with the Irish elk (Megaceros giganteus) included®.

§Does not include the Irish elk (M. giganteus).

110nly slope of ordinary least-squares regression were reported, and no data for reanalysis.

{[For species and phylogeny see Supplementary Information Table 3 and Fig. 3.

#Some species with data were not listed in the phylogeny®2, but they could assume the position of their single congeneric representative in the phylogeny. Only the relative position of the three
Chalcosoma species was unclear, and they were thus combined in the same node.

=*For species and phylogeny see Supplementary Information Table 4.
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Extended Data Table 2 | Comparative data set of Drosophila gamete and body size

Male thorax Sperm length Female thorax Egg volume Ovariole
Species length [mm] [mm] length [mm] [mm? % 1,000] number
D. acanthoptera 1.13 5.83 [.15 7.10 41.88
D. albomicans 1.25 5.35 1.40 6.31
D. americana 1.38 522 1.29 8.20 31.60
D. ananassae 0.93 2.16 1.03 5.18 23.00
D. arizonae 0.95 1.52 1.05 5.40 34.60
D. biarmipes 0.93 1.91 1.00 6.53
D. bifurca 1.60 58.29 1.53 8.20 51.53
D. bipectinata 0.83 1.75 0.92 5.30 25.00
D. borealis 1.28 7.54 1.29 9.00 30.78
D. busckii 0.82 .18 0.98 3.40 52.86
D. elegans 0.92 222 0.96 8.78
D. eohydei 1.39 18.11 1.28 7.10 39.22
D. erecta 0.71 .15 0.93 5.17
D. eugracilis 1.07 2.10 .19 10.11
D. ficusphila 1.09 1.80 1.21 5.83 13.33
D. hydei 1.33 23.32 1.43 8.00 51.75
D. kikkawai 0.87 2.87 0.96 3.85
D. lacicola 1.21 252 1.22 6.60 28.67
D. lummei 1.34 7.79 1.42 9.70 36.00
D. mauritiana 0.86 0.98 0.95 5.87
D. melanica 1.12 4.93 1.33 10.50 42.20
D. melanogaster 0.88 1.85 0.98 8.30 33.14
D. mettleri .17 2.79 1.20 5.00 44.75
D. micromelanica 0.98 .41 .16 8.70 25.57
D. micromettleri 0.95 222 .14 7.00 36.29
D. mojavensis 0.89 1.90 1.03 5.40 33.17
D. montana 141 3.34 1.32 9.80 28.80
D. nannoptera 0.99 15.74 1.06 7.30 37.60
D. pachea 1.02 16.53 0.99 6.00 28.17
D. parabipectinata 0.84 1.93 0.99 5.15
D. persimilis 0.93 0.32 1.06 8.60 36.00
D. pseudoobscura 1.01 0.36 1.09 6.20 45.42
D. rhopaloa 0.97 243 1.08 12.94
D. robusta 1.44 6.63 |.47 7.10 41.25
D. santomea 0.92 .11 1.02 7.07
D. sechellia 0.81 1.74 0.91 8.18
D. serrata 0.86 3.63 1.00 4.02
D. simulans 0.87 1.10 0.89 7.40 36.83
D. subpalustris 1.23 5.96 1.35 11.30 26.20
D. suzukii 1.10 1.67 1.28 6.93
D. takahashii 0.90 1.87 1.06 6.13
D. texana 1.29 5.08 1.27 6.80 38.00
D. virilis 1.27 5.70 1.25 8.50 41.21
D. wassermani 1.07 4.52 [.15 6.70 33.88
D. willistoni 0.95 6.62 0.90 7.30 22.60
D. yakuba 0.81 1.75 0.90 5.63

Species means of male and female traits used in the comparative analyses. Data were taken from references 21, 29 and 34, except for egg data where ovariole numbers are missing (measured in
current study). Species used in the comparative analyses of the sex-specific condition dependence of reproductive potential are indicated by bold typeface.
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Extended Data Table 3 | Intraspecific analyses of condition dependence of reproductive potential

Species N r Slope t P Welg:'lted
Males

D. arizonae 20 0.364 0.364 1.659 0.1144 6.873
D. melanogaster 26 0.492 0.492 2.766 0.0107 12919
D. virilis 16 0.753 0.753 4285 0.0008 13.728
D. lummei I5 0.653 0.653 3.108 0.0083 10.144
D. eohydei 16 0.839 0.839 5.771 <0.0001 17.054
D. hydei 23 0.832 0.832 6.875 <0.0001 25.093
D. bifurca I5 0.933 0.933 9.362 <0.0001 21.874
Females

D. arizonae 24 0.084 0.084 0.396 0.6962 1.852
D. melanogaster 34 0.842 0.842 8.812 <0.0001 39.241|
D. virilis 28 0.459 0.459 2.634 0.0140 12.894
D. lummei 30 0.685 0.685 4.968 <0.0001 23451
D. eohydei 33 0.454 0.454 2.838 0.0079 15.189
D. hydei 34 0.081 0.081 0.459 0.6495 2.591
D. bifurca 34 0.680 0.680 5.242 <0.0001 26.514

LETTER

Statistical results of the intraspecific analyses of the male or female reproductive potential against the corresponding body size as a proxy of physical condition. Slopes are standardized for each
species (that is, all variables centred around 0 and divided by corresponding standard deviation).
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