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Abstract

Males ca typically increase their lifetime reproductive success by mating with
multiple females. However, recent studies across a broad range of species have
demonstrated physiological constraints on male multiple mating. In this study, we
investigate ‘male matingcapacity in Extatosoma tiaratm, a facultative
parthenogenetic phasmatid. Sperm limitation is thought to be one factor favouring the
evolution_and maintenance of parthenogenetic reproduction, but studies on male
matinggability in facultative parthenogenetic species are extremelyTrarexplore
whether“malemating success variewith mating history we provided males with
weekly mating opportunities with different females throughout their liVs.then
observed.mating success, and the variation in ejaculate size and quality within each
mating. We . showed that most, but not all, males can mate multiply, however the
amountrof*ejaculate produced is variable and depends upon male body mass and

matingrhistory.

Key words“Ejaculate size, Sperm viability, Spermatophore masajng interval

facultative parthenogenesis, Extatosoma tiaratum

I ntroddction

Traditionally; mating was assumed to be inexpensive for males, due to the relative
small size“of sperm compared with the larger eggs producddnbgles (Trivers
1972)=Accordingly, males were assumed to have an unlimited supply of sperm
allowing them to matevith all available fertile females (Bateman 1948). Moreover,
studies documenting male multiple mating and even extreme male mating freguencie
for a range of taxa were relatively common (Andersson 1994). However, mounting
evidence demonstrates tHath spermproductionand copulation are energetically
costly, and thus male reproductive potential may be physiologically constrained
(Dewsbury 198; Wedell et al, 2002; Scharfet al, 2013). Thus, while in theory

selection should favor high male mating frequency, the reality isttiisatmay not
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always be physiologically possible, even in the absence of female discrimination
(Dewsbury 1982).

Empirical evidence for physiological constraints on male mating, in terms afekecl

in ejaculatersize and quality or reduced male lifespan has been documented for both
vertebrates ‘and invertebrategeifebrates e.g. Hubeet al, 1980; Nakatsuru&
Kramer1982; Warneet al, 1995; Prestoet al, 2001;invertebrates e.ghristenson

1989; Van Voorhies 199Rigaud &Moreau 2004)In the insects, sperm depletion
following, multiple mating is taxonomically widespread and both the quantity of
sperm Watanabeet al, 1998;TorresVila & Jennions 2005; Marcottet al, 2005;
WedellF2010;Elzinga et al, 2011 Paukku & Kotiaho 200% Ronn et al, 2008
Damienset al, 2002;Damiens& Boivin 2005 Partridge& Farquhar 1981Pitnick

1993, Jones 2001; Olive& Cordero 2009) and quality of sper(®owling &
Simmons 201Pmay decline across successive matings. In cagesnoderate or no
decrease in ejaculate production, male mating history may affect other aspects of male
reproduetive/success, such as longevity or mating frequengyQliver & Cordero

2009, Lewiset al, 2011; Salehialawet al, 2017).

Facultativerparthenogenesis, in whitdmales have the ability to reprodubeth
sexually "and, if they remain unmated parthenogenetically,is taxonomically
widespread (Kramer & Templeton 2001; Matsuatal, 2004; Boothet al, 2012),

and unusually common among some insect orders, such as the Phasmatodea
(Maynard Smith 1978). The adaptive significance of facultative parthenogenesis is
poorly understood, but it has been proposed as a potedugitation to maleor
spermlimitation (Matsuura& Nishida 2010;Schneide& Elgar 2010; Schwandeet

al., 2010, Elzingaet al, 201). However, few, if any, studies of facultatively
parthenogenetic species have investigated either the degnesleaihultiple mating

or the eapacity of males fmroducesperm at each mating attempt, yet such data are
pivotal«for understanding the evolution and maintenance of parthenogenetic

reproduction.

In this studywe investigated maleultiple mating in Macleay’s Spectr&xtatosoma
tiaratum, a facultativelyparthenogenetidustralianinsect (Phasmatoded). tiaratum

occursin the rainforests of tropical and subtropical Queensland and northern New
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South Wales (Gurne{947). Females oviposit continuously throughtheir adult
lifespan and unfertilized eggsdevelop into female offspringCarlberg 1983)
Parthenogenetic repaduction appears to b strategicresponse tdhe absence of
males sincefemales delay egg laying when reared with males at the juvenile stages
(Schneider-&Elgar 2010) Copulations typicallylast up to 19 hours, during which

time a' maleattaches aspermatophore to the female’s terminal genital segment
(Carlberg 1983). To explore male multiple mating, provided males with a mating
opportunity each week, and asked whether the variatie@paoulatesize and quality
depended upon male mating histokye expected males to mate with multiple
females, as.male biased sex ratios, a condition required for the evolution of monogyny
(male gmaonagamy)is not expected in facultative parthenogenetic populations
(Fromhageet al, 2005).However, in line with previous data on other invertebrates,
including insects, we also expected that males would be limited in the amount of
sperm they could transfer and thus we predicted declines in ejaculate characteristics

over successive matings.

M ethods

Experimental ammals

A stock population was established from individuals obtained from various insect
breeders across the Melbourne region (Victoria, Austrdales and femalewere
maintainedin’' mesh cage$46 x 46 x 91 crf) in one of two climateontrolled
laboratories under identical conditions {28° C; 50% humidity; 12:12hr light:dark
cycle) Males and females were reared in different laboratories to ensure there were
no pheromonalerived influences on reproductive behavior that could affect the
currentmating environmen{see Schneider& Elgar 2010) All individuals were
provided with the leaves of various speciesEatalyptus ad libitum which were
lightly sprayed with water daily and replaced regularly as required. Twenty final
instar .experimental nt& offspring were selected from the stock population.
Experimental males were maintained uafproximately foumeeksafter moulting

to adulthood. Following their final moult, adult males were uniquely marked with a

drop of non-toxic acrylic paint on tindeft tarsusand kept in a singlmeshcage

Experimental design
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Two weeks after reaching adulthood, each of the 20 adult males was allocated a
weekly mating opportunity(every 57 days)for the duration of his life At each
mating opportunity, a male/astransferred taa mating cage containingf least ten
sexually mature femalegvirgin females were added to mating cages weekly to
maximize-female receptivity). This experimental protocol ensured that males had the
opportunity to find preferred mates and irsexual competition between males did

not interfere with the opportunity to mate. The cageremonitoredfive hours after

dark and malewere removedf they hadnot mounéd any females. Copulating pairs
were checked every 3finutes for a succefsd mating (defined as spermatophore
transfer), and the externallytransferred spermatophore was removed from the
femalés'genitaliausing fine forcepsnceit wasfully producedbut prior to any sperm
transfer Each spermatophore was weighed (to the nearest 0.080ddigital images

of each spermatophore were obtained from three different perspectives. The diameter
was measured using ImageJ (1.46r) software, and the volume was estimated by
assuming a spherical shape. Each copulating pairkesisin a separate container

until the.male detachedvales were weighedefore and after matingand tarsus

length wasalsomeasured as an estimatebody size.

Preparation of the sperm solution

The 'sperm solution was prepared by first cutting the oéthe spermatophore using
micro-scissors. The spermatophore was transferred into a 1.5 mL microcentrifuge
tube containing 8@l of 0.04 Beadle salin€l28.3 mMNaCl, 4.7 mMKCI, and 23

mM CaCk) and squeezed gently before being left for one hour to eramplete
transfer of sperm into Beadle solution. The solution was then gently mixed and sperm

density-and viability was measured via two separate methods.

Spermdensity assay

A total'ef“Tul of the sperm solution was pipetted into a 20@nicrocentrifige tube

and dilated 1:100 in distilled water. 10 of the diluted sperm solution was pipetted
on the wellkef a haemocytometer. Sperm were visualized Uigingmicroscopy®

Leica DM 2500 Keica MicrosystemsGmbH, Wetzlar, Germany at 200x
magnification with all sperm within five predetermined grid squares courfsgegrm
density was calculated by multiplying mean haemocytometer count by its dilution
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134  factor to calculate sperm density. Total sperm count was calculated as the product of
135  spermatophore volume and sperm density.

136

137  Sperm viability assay

138 We usedth® LIVE/DEAD assay(Molecular ProbesSigma, Australia, £7011) to

139 estimate spermiability (seeDamienset al, 2002. We pipetted ful of the diluted

140 sperm onto a glass slide and addedullof 1:50 diluted 1mM SYBR14. The slide

141 was incubated at room temperature in the dark for ten minutes before addiog 2

142 2.4 mMsPropidium lodide followed by an additional 10 minute incubation. Samples
143 were observed under fluorescent microscopy 30 minutes aftemingt (blue

144  excitation /filter at A= 490 nm;>X(0nagnification). Ten images were taken from

145 different field views (200x magnification) on each slide and the proportion of live to
146  dead sperm was quantified. At least 500 live spermatozoa were counted pler sam

147

148  Statistical.analyses

149 We used general linear mixed modeB MM includingmale ID as a random effect)

150 in JMP"version 12to examine the effect of mating number on ejaculate size
151 (spermatophore mass and sperm density)investigate the effect of mating number
152  on sperm*viability, we usethe nonparametricWilcoxon testweighted by the total

153 number of sperm counted per sample.removethe potential problem of the first

154  matinguinterval being recorded as zero, and tiasing models where we specifically
155 needed to.includéhe first interval we added seven days (the minimum number of
156 days we permitted a male to rest between mating opportunities) to the time until
157  successtulsproduction of a spermatophore following thet fnating opportunity.

158 Thusgif a.male mated and transferred a spermatophore on his first mating opportunity,
159 his first'mating interval would be recorded as 7; however if he failed to transfer a
160 spermatophore on this attempt and mated on his subseqtenptafapproximately

161 seven days later) his first mating interval would be recorded as 7+7 = 14 days. For al
162 subsequent mating intervals, the actual number of days between the currédm and
163  previous spermatophore produced wagenas the mating intervaSpermatophores

164 that were not removed immediately after production were excluded from analyses of
165  sperm quantity and quality (Epermatophorefsom the first mating and one from the
166 third mating. As few males mated more than five timepermatophores from the
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167 fifth and any subsequently matings were podiedthe spermatophore mass and
168  sperm density analysdsor sperm viability analysis we excluded 6+ spermatophores,
169 as the models with and without these spermatophores were similar and we were
170 unable toinclude male ID as a random effect in thenparametrianodel. Where

171 possible;*we included mating interval (the total number of days between two
172  consecutive matings), male body mass before each mating, male @gesaadength
173 as covariatesn all modes; terms were dropped where P > 0.10@ata were
174  transformed where necessary to improve normalitgless otherwise stated]l a
175 presentedverages are meatistandard errors.

176

177 Results

178

179  Male mating history and survival

180  During their adult lifespan of 1663.7 weeksmales mated on average: 4.4 times

181 (minimum = 1 mating, maximum = 8 matingsedian= 4 matings interquartile
182 range =.3:2/matings). Nine of twenty virgin males mated at their first mating
183  opportunity.and the average age at first mating v&a8 £ 1.8 days post final moult
184  (minimum =14 days, maximum = 48 days, median = 22 days, interquartile range = 8
185 days).On.average, males lo6t4 +0.7 %of their body massluring copulation and
186 transferred a spermatophore that wasghly 1.4+ 0.04% of their body massMale

187  body size farsus lengthdid not influence either the total numbersplermatophores
188  producedGLM with Poisson error distribution and lbgk: F; 1; = 0.20, P = 0.66),
189  or the age at first mating {k7= 0.95, P = 0.34)Average male mating interval was
190 16.2 £1.2 days (minimum = 7 days, maximum = 48 daygdian= 13 days

191 interquartile range= 14 days).Proportional hazardsurvival analysis revealethat

192 male Survival was comparablefor all males regardless othe number of
193  spermatophores produc¢ds 16= 0.44 P = 0.50),their averagebody mass(x’1, 16=

194 0.16 P=+0:69) and the averagmass ofspermatophores producef(1s= 0.6 P =

195 0.44). Male identity (random effect) did not account for more than 1ef4he

196 explained variation in any of our models.

197

198 Effects of multiple matingnejaculatesize and quality

199
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Spermatophore massSpermatophore mass varismnificantly with spermatophore
number (Table la)Posthoc Tukey’'s tests revealed that, on averdge mass of
spermatophores-3 were comparablbut that spermatophore mass declined between
the third and subsequent spermatophores (F&). fpermatophore mass was
positively-related to male body ma$3g 2a), male mating interv@Fig 2b)and male

age(Table 1a)

Spermgdensity Sperm density variedignificantly with spermatophore number and
was positively correlated with mating intervélable 1b, Fig 2c Posthoc Tukey’s
testsrevealed sperndensity was highest in the first and second spermatophores
produced @and lowest in the fifth or more spermatophores {BigWe repeatedhe
aboveanalysis using total sperm count (sperm density multiplied by spermatophore

volume) and achieved qualitativedymilar resultgresults not presented)

Sperm‘.viability — Overall, the proportion of viable spermwvas relatively high
(Median=.0:96jnterquartile range= 0.21, N = 20males and 4 4.4 spermatophores
produced ' per male The proportion of viable sperm as not correlated with
spermatophore numbdFig 1c) male body massor mating interval(Table 19.
However the proportion of viable sperimcreased witimale age

Discussion

Our results showed that while malesEoftiaratumare capable of multiple mating,

they did_not mate with every opportunity: ies typically mated in less th&0% of

the weekly mating trials in which they were provided veititcess to females. The data

also suggest that males are limited in the amouejamfulate they are able to invest

over suceessive matings: both spermatophore mass and sperm density decreased with

increasing=number of matings.

Our results,add to the growing body of evidence for male physiological constraints on
ejaculate production.ifstly, there was variation in the amount of ejaculate transferred
across matings. Spermatophore size was the largest in the second mating and on
average declined3.22+ 3% in the final mating. Sperm density was the highest at the

first and second mating and again significantly declined in later matings. Secondly,
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the positive relationship betwedoth spermatophore mass and sperm densitth

mating interval (Fig 1b and cuggests that males need time to replenish their sperm
reserves following mating. Contrary to the results for ejaculate quanétjoumd no
evidence for reduction in ejaculate qualgperm viabilitywas comparablacrossall
spermatophores producedhe latter resultis perhaps unsurprising as selection on
sperm/viability is often strong in polyandrous insegisinter & Birkhead 2002
Garcia-Gonzalez & Simmons 2005y his lack of a difference may have arisen due to
small sample siz butit is alsopossible that other components of ejaculate quality
such as.sperm size and velocity or any tradeoffs between sperm traits (not measured

here), were affected by male mating history.

Our data do not fully support the traditional view of male reprodustigeess gensu
Bateman 1948)E. tiaratum males were limited in both the number of matings
achieved and the amount of ejaculate provided to each mate. The former result is
particularly interesting given that males were provided with ten females
simultaneouly. We suggest it is unlikely that a lack of available females could
explain.the observed low mating frequentye instead suggest two mutually ron
exclusive alternatives: either, all ten females found the male unattractive at a given
mating opportunity ah rejected his attempt, or males were physiologically
constrained and thus unable to produce an ejaculate and/or copulate successfully.
While we are unable to discount either mechanism entirely, the second explanation
seemghe more parsimonious, given thesitive correlations between mating interval
with spermatophore massd sperm density, and the fact that more than half of the
virgin males _did not mate when first presented with a mating opportunity. Although
we note that the females may also have discriminated against-dppleted males

and thus.avoided thervhile E. tiaratumfemales cease sexual signaliingleasing a

sex pheromone) once they commence egg laying (Schehidggar 2010),female
receptivity=does not appear to be directly correlated with sexual signaling because
ovipositing femalesvill mate if they encounter a mal&ccordingly, we do not expect

ovipositingsto influence male mating frequency.

Lifetime male mating success wast related to male body size, suggesting that
females do not discriminate between males according to their size, a common

sexuallyselected trait (Jennioret al, 2001). However, males appear to be sexually

This article is protected by copyright. All rights reserved



268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300

immature following their final moult to adbibod Few males mated in their first
attempt and theaverage age at first mating was 23.9.8 days post final moult
Whether this latency period prior to the first mating is a product of the need to acquire
somatic resourcesr to ensuresperm maturatiorfollowing sexual maturity athe
adultrstage~of the lifecycle is unknown. However, males typicallyd@st of their

body mass following each mating, highlighting that mating is physically costly for
males ‘both directly in terms of investment in the mating act and spermatophores
themselves, and indirectly through lost foraging opportunities (males do not feed
during _copulation,which lasts up to 19 hours). This may have significant
consequences fdE. tiaratummales in particular, as their natural diet predominantly

comprisesEucalyptudeaveswith low nutritionalvalue(Mooreet al, 2004).

Sperm limitation may be a more signifitafactor favouringthe maintenanceof
parthenogenesis than is generally appreciated, since mating with sperm depleted
males ‘can influence female reproductive suc¢@ésdell & Ritchie 2004; Jonest

al., 2006;.Latwers & Van Dyck 2006; Elzinga al, 2011).Males ofE. tiaratumare
capable,of multiple mating, osistent with the likely femalbiased populations in
facultative parthenogenetic specié¢fowever, male physiological constrais may

affect female fertilization succes#her because maleseaunwilling to mateor they
transfer insufficiensperm.Such constraintare likelymore important in populations

with low mate encounter rates (due to stochastic changes in population denmsities
environmental factorsGGascaogne et al, 2009. Theoretically, parthenogenetically
produced offspringmay have reduced fithess comparedth sexualy produced
offspring_(Maynard Smith 1986, Kondrashov 1988oweverparthenogenesisay
rescue materndlitness if the alternawve is mating failure.By producing female
offspring..through parthenogenesis, females will increase their fithess, especially if
some oftheir daughtersan find a mate and reproduce sexualRuture research
might be=profitablyaimed atinvestigating potential links between sperm limitation
and parthenogenetic reproduction by studying egg fertilization patterns and mate

encounterrates in natural, ecologically varied, populations.
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Table 1 The effect ofmale body mass, male age, mating number and mating interval
on a) spermatophore masb) sperm densityLn transformed)and c) viable sperm

proportionacross males

Model Parameters B+ SE DF  Statistic  Probability

a) Spermatophor e mass

Male body-mass 0.006 = 0.002 1 F=11.10 0.002
Male age 9.13+4.12 x 10-5 1 F=4.90 0.03
Spermatophore numbel 4 F=10.40 <0.0001
Mating. interval 0.0001+4.43x10-E 1 F=18.79 <0.0001
b) Sperm density

Spermatophore numbel 4 F=4.96 0.002
Mating.interval 0.02 £ 0.007 1 F=6.51 0.01

¢) Sperm.viability (individual non-parametric models)

Malesbody mass n=59 rs=0.09 0.50

Male age n=59 rs=0.27 0.04

Spermatophore numbel n=59 y,’=7.29 0.12

Matingsinterval n=59 rs=-0.14 0.28
Figurelegends

Fig L The.relationship between spermatophonegmber and ejaculate traits; a)
spermatophore mass, b) sperm density (Ln transformed), andalale sperm
proportion; Levels not connected by same letéeessignificantly different based on

post hoc Tukey's tests.
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Fig 2 The relationship between a) spermatophore mass and body fnags1@®, P=
0.0002), b) spermatophore mass and mating interfval Qr45, P <0.0001) c) sperm
density (Ln transformed) and mating interval® (= 0.24, P <0.0001
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