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Females increase reproductive
investment when mated

to less sexually attractive males
in a serially monogamous fish

Tingting Lin, Xin Liu, Siping Li, Dong Zhang"’, Fengyuan Shen & Keji Jiang

Reproductive investment decision is an integral part of life-history theory. Differential allocation
hypothesis predicts that females should increase investment when mated to high-quality males,
conversely, reproductive compensation hypothesis predicts that females should increase investment
when mated to low-quality males. Empirical research dominantly focuses on polygamous species

and rarely on serially monogamous species. So, the question remains: which hypothesis does serially
monogamous species fit? And if it fits reproductive compensation hypothesis, do females only
compensate once or continuously for multiple times when mating to low-quality males? Here, we used
a serially monogamous fish, the lined seahorse (Hippocampus erectus), to investigate the reproductive
investment pattern of females in relation to male quality (measured by sexual attractiveness). We
found that females allocated more resources into eggs when they mated to less-sexually-attractive
males, indicating the investment pattern of lined seahorse falls in with the prediction of reproductive
compensation hypothesis. This finding may imply that the sex role of seahorses is reversed, and
female is the side imposed on a greater sexual selection pressure. On this basis, we compared the
investment difference of females in two consecutive breeding events when mated to less-sexually-
attractive males. We found that females allocated less resources into eggs in the second breeding than
in the first one. Females reduced their reproductive compensation in the second breeding, which may
be attributed to the improvement in the quality (e.g., paternal care ability) of their mates after the
first breeding, thus eliminating the need for them to invest more in the second breeding.
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Species showing serial monogamy refer to animals that have only one partner during multiple breeding seasons'.
Although these animals do not make mate selection decisions frequently, their pressure on sexual selection is
not weak, and has even been shown to be comparable to polygamous species in a simulation study on cichlid
fish?. Serially monogamous species do not have the opportunity to correct a poor mate selection by mating to
multiple partners as polygamous species do, so they have to be cautious and choosy, and put more effort into
mate choice to maximize their lifetime reproductive success'”.

Serially monogamous species are not always able to pair with high-quality partners as they wish, due to the
shortage of high-quality resources and high cost of searching for them*®. This means that some of them have to
pair with ordinary (i.e., non-high-quality) or even low-quality partners"®. Once establishing a mating relationship
with low-quality partner, serially monogamous species would be faithful to the poor partner in the subsequent
breeding events, which implies that they would basically lose the likelihood of mating to an expected high-quality
partner in the future’. Considering that the offspring produced by low-quality partner often have potential viabil-
ity deficits (e.g., small body size, nutritional and immune deficiency)®®, how do serially monogamous species
maximize their lifetime reproductive success when they are constrained to mate to low-quality partner has been
a research hotspot. Life-history theory predicts that the quality of males could affect offspring fitness via direct
and/or indirect effects, which would affect the investment of females in reproduction, and females should adjust
their investment in a particular breeding attempt according to the expected pay-offs of that attempt'. Based on
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this theory, researchers have begun to pay attention to the reproductive investment of females showing serial
monogamy in relation to male quality.

To date, studies on female reproductive investment in relation to male quality have dominantly focused on
polygamous species. In the field, there are two hypotheses, one is the differential allocation hypothesis (DAH),
and the other one is the reproductive compensation hypothesis (RCH). DAH assumes that females should weigh
costs and benefits of investing into reproduction with a current partner against the expected quality of future
partners, and predicts that they should invest more into reproduction when pairing with a high-quality partner!!.
On the contrary, RCH assumes that individual mating preferences predict offspring viability and that ecologi-
cal and social constraints on the expression of mating preferences are common, and thus predicts that females
should increase their reproductive investment to make up for lowered offspring viability when pairing with a
partner of low quality'>!*. Both hypotheses have been supported in a range of species. The house mouse'*, the
zebra finch'®, the lance-tailed manakin'®, the European waterfrog'’, the banggai cardinal fish'® and the convict
cichlid® are on side of DAH. The pronghorn®, the house finch?', the mallard® and the broad-nosed pipefish?* are
in favor of RCH. In addition to these extensive empirical studies, there are also some studies that summarized
the influencing factors, occurrence conditions and applicable populations of these two hypotheses. Harris &
Uller” pointed out that DAH is the mainstream investment pattern across the animal kingdom. Bolund et al.!
indicated that the likelihood of mating to a higher quality partner in the future and the degree of reproductive
skew in the population are the two most decisive factors, and mating systems with high reproductive skew incline
to DAH, while mating systems with low reproductive skew favor RCH.

To our knowledge, study on female reproductive investment in relation to male quality in serially monoga-
mous species is rare and the zebra finch is the only case'®. A major difference between polygamous species and
monogamous species is that the former has the expectation of mating to a higher quality partner in the future,
while the latter has almost none. Therefore, the question remains: will females showing serial monogamy adjust
their reproductive investment based on the quality of their partners, just like that in polygamous species? If so,
which hypothesis do they support? Moreover, the mating system of serially monogamous species is character-
ized by low reproductive skew?*. According to Bolund et al’s prediction that this type of mating system tends to
support RCH, if that’s really the case, do the females only compensate for one breeding event or compensate
continually for multiple breeding events when they are constrained to mate to the males they do not prefer?
These questions have attracted much attention but not been well studied yet.

Seahorses (family Syngnathidae, genus Hippocampus) are a group of fishes that show serial monogamy®-%’.
The bond of paired seahorses is stable and can last through multiple breeding seasons. The paired seahorses rarely
change their partners unless one side of the pair has a health problem, disappears or dies?®?. Moreover, seahorses
also show male-only parental care. Female seahorse deposits eggs into the male’s brood pouch where the eggs
are fertilized. Then, the male provides care solely. He broods the embryos including respiratory gas exchange,
osmoregulation, metabolic waste removal and nutrition provision, until independent young are released®. This
form of care is termed as male pregnancy. In the present study, the lined seahorse (Hippocampus erectus) was
employed as a representative of serially monogamous species to investigate the reproductive investment pattern
of female in relation to male quality (measured by sexual attractiveness). The aim is to provide an empirical case
to answer the above questions, thereby to broaden our understanding of reproductive investment pattern of the
species with different mating systems.

Materials and methods

The study species

The seahorse used in the present study was the lined seahorse (H. erectus). Its serial monogamy had been veri-
fied by our previous study®. Similar to other seahorse species®®?., it takes at least 3-4 days of courtship for two
receptive lined seahorses (one male and one female) that have never met before to mate successfully from their
meeting. After mating, the male begins to brood embryos, which takes approximately 15 days from pregnancy to
giving birth. During male pregnancy, the female also prepares eggs synchronously based on the male’s pregnancy
stage, and the period required from egg deposition to the maturation of the next clutch of eggs is synchronized
with the period required for male pregnancy. After giving birth, the male and the female can mate again in a
short time.

The lined seahorse used in the present study was artificially cultivated and provided by the Seahorse Research
Center of the East China Sea Fisheries Research Institute, Qionghai City, Hainan Province, China. The center
housed various sizes of artificially cultivated lined seahorse. Seahorses with newly differentiated gender were
collected and reared in the tanks, separated by gender. The gender of seahorses can be distinguished based on
whether the male has a brood pouch. The rearing conditions were maintained with a water temperature of
25-26 °C, a salinity of 30-31%o, a dissolved oxygen content of 6.0-6.5 mg/L, and a pH of 8.0-8.2, respectively.
The rearing tanks were continuously flowed with fresh seawater for 12 h a day at a flow rate of 1.0-1.2 L/min. The
collected seahorses were kept feeding frozen Mysis twice a day until they reached the required size of approxi-
mately 13 cm in body height.

Males with body height of 13-14 cm and well-developed brood pouch, and females with body height of
12-13 cm and well-developed gonad were picked out as the experimental seahorses. The experimental seahorses
were stored in the holding tanks, still separated by gender, and still fed frozen Mysis twice a day.

Methods of sexual attractiveness improvement

In practice, feeding live Mysis can significantly improve the reproductive performance of seahorses. We assume
that seahorses fed live Mysis should be more sexually attractive than seahorses fed frozen Mysis. Actually, we not
only observed that compared to males fed frozen Mysis, males fed live Mysis exhibited brighter body color and
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more active courtship behavior, but also confirmed that feeding live Mysis did have an improvement on sexual
attractiveness of males in our pilot experiment. In that experiment, 20 males were fed live Mysis, another 20
males were fed frozen Mysis, and 20 females were also fed frozen Mysis twice a day for 15 days. Afterwards, one
live-Mysis-fed male, one frozen-Mysis-male and one female were placed together in a breeding tank (0.8 m in
diameter and 0.8 m in depth) for observing the mate choice. These two males were distinguished by tagging their
necks with thin cotton threads of different colors. Of these 20 females, 17 females mated to the live-Mysis-fed
males, one female mated to the frozen-Mpysis-fed males, and the remaining two females failed to mate (Binomial
test, p <0.001). Therefore, feeding live Mysis is indeed a workable method to improve male’s sexual attractiveness.
Here, we designated the live-Mysis-fed males as the sexually attractive males and the frozen-Mysis-fed males as
the less sexually attractive males.

Experimental design

In the present study, with the purpose to investigate the investment pattern of serially monogamous species, we
first conducted a comparative experiment about the reproductive investment of a focal female seahorse in relation
to two male seahorses with different sexual attractiveness. If the result shows that the investment pattern follows
RCH, then we would conduct the second experiment about the difference in reproductive investment between
two consecutive breeding events when females were constrained to mate to less sexually attractive males. The
purpose of the second experiment is to explore whether the females only compensate once or continuously for
multiple times, when they need to do so.

Indexes for measuring female reproductive investment

For females involved in maternal care, their reproductive investment includes two parts, gametic investment
(e.g., egg size, egg number, yolk content) and care investment (e.g., care frequency, care duration). While for
seahorse females, as they do not participate in maternal care, their reproductive investment is only reflected in
gametic investment. Therefore, we only used gamete related indexes to measure the reproductive investment of
female seahorse.

In theory, the number and size of eggs laid by a female are the most important gametic indexes for measuring
her gametic investment'®. However, for seahorse, part of the eggs transferred to the male’s pouch will rupture®?,
making it difficult to accurately count. Meanwhile, eggs come in various morphotypes with great differences
in size and in proportion between each type®, also making it difficult to accurately measure the size of eggs.

As an alternative, we used some compositions in the eggs to measure and evaluate the gametic investment of
female seahorses. Numerous studies have demonstrated that in addition to the size of eggs, the composition of
eggs is also an important index for evaluating the quality of fish eggs. Egg proteins and lipids constitute the macro
components in fish eggs and are the most important source of energy for developing embryos*. Eggs containing
high contents of amino acids and lipids (n-3 highly unsaturated fatty acids (n-3 HUFAs), glycerolipids and glycer-
ophospholipids, etc.) are widely considered to be of better quality and can improve embryonic development®-".
Besides, the micro components in fish eggs, such as immunoglobulins, hormones and pigments, also play a cru-
cial role in embryonic development. They can promote yolk utilization and protect developing embryos against
oxidative damage from free radicals and against pathogens®****. Therefore, the indexes used in the present study
included the compositions and contents of amino acids and n-3 HUFAs, the expression abundance of lipids
and other metabolites, and the contents of testosterone, immunoglobulin M (Ig M) and carotenoid in the eggs.

Experiment 1: a focal female’s reproductive investment in relation to two males with different
sexual attractiveness

Pairing and mating

According to the method described in 2.2, the male experimental seahorses in the holding tanks were divided into
two groups. One group continued to feed frozen Mysis, and the males in this group were designated as less sexu-
ally attractive males; the other group switched to feed live Mysis, and the males in this group were designated as
sexually attractive males. The female experimental seahorses in the holding tanks continued to feed frozen Mysis.

After 15 days, 40 females were selected and assigned to 40 breeding tanks, with one female per tank. For tanks
1-20, each female was first paired with a sexually attractive male. The mating status was observed daily, and the
observation lasted for two weeks. If no mating was observed within two weeks, it was defined as mating failure.
The criterion for mating success was to observe an obvious expansion of the male’s pouch (due to the reception
of eggs) and an obvious contraction of the female’s abdomen (due to the expulsion of eggs) simultaneously. Once
mating success was observed, the sexually attractive male was removed from the tank and anaesthetized with a
solution of MS-222 (50 mg/L) in seawater for egg collection. Fifteen days after the removal of sexually attractive
male, the female was then paired with a less sexually attractive male. When mating success occurred again, the
less sexually attractive male was also removed and anaesthetized for egg collection. While for tanks 21-40, the
operating procedure was the same as for tanks 1-20, but each female was first paired with a less sexually attrac-
tive male and then with a sexually attractive male. During the pairing and mating period, the seahorses in each
breeding tank were fed frozen Mysis.

Due to mating failure or death of the seahorses during the experiment, a total of 22 focal females that finished
two consecutive breeding events were obtained. The identities of these focal females were named after the tank
numbers they were stayed, i.e., F1 (the female in tank 1), F2, F6, F8, F9, F12, F13, F16, F17, F20, F21, F23, F25,
F26, F27, F29, F31, F33, F34, F36, F38 and F39, respectively.
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Egg collection

The successfully mated male seahorse was removed from the tank and anaesthetized for egg collection. To collect
eggs, a small incision was made using a sterilized scissors at the opening of the brood pouch. A Pasteur pipette
was inserted into the incision to gently suck out the mixture of seminal fluid and eggs in the brood pouch.
The mixture was passed through a 60-mesh screen and the eggs were collected. The collected eggs were rinsed
with 0.01 M phosphate-buffered solution (PBS) and stored at —80 °C until determinations. After the eggs were
removed, the male seahorse was immersed in a 10% povidone iodine seawater solution to disinfect the incision,
and then was transferred to a new tank with fresh seawater to recover from anaesthesia. This male seahorse was
no longer used for any experiment.

Determinations of gamete related indexes

The egg samples of eight focal females, four mated to the sexually attractive male first (IDs: F8, F9, F12 and F13)
and four mated to the less sexually attractive male first (IDs: F26, F27, F29 and F31), were used for analysis of
the composition and content of amino acids and n-3 HUFAs. The egg sample of each female was divided into
two subsets, one for amino acid analysis and the other for n-3 HUFAs analysis. Amino acids were determined
using an automatic amino acid analyzer (LA8080; Hitachi High-Tech, Tokyo, Japan). Briefly, the egg samples were
vacuum freeze-dried and then were hydrolyzed in 6 M HCL. The hydrolysate was electric-blast dried at 110 C
for 22 h, and the resulting residue was dissolved in 1-2 ml of sodium citrate-hydrochloric acid buffer solution
(pH 2.0) and filtered with a 0.22 pum filter membrane. Twenty microliters of the filtrate were taken to add onto
the analyzer. Fatty acids were determined using capillary gas chromatography. Briefly, total lipids of the vacuum
freeze-dried egg samples were extracted according to the method of Bligh and Dyer®. Then fatty acid methyl
esters (FAMEs) were produced from the total lipids and methylated with boron trifluoride-methanol solution at
85 °C for 30 min. After cooling, 1 ml of n-hexane was added to the methylated FAMEs, shaken for two minutes
and left to stand for one hour. Finally, 100 pl of the supernatant was taken to add onto a gas chromatograph
(Agilent 78904, Santa Clara, CA, USA) with a capillary column (TG-FAME, 50 m x 0.25 mm x 0.20 um)*..

The egg samples of another eight focal females, three mated to the sexually attractive male first (IDs: F16,
F17 and F20) and five mated to the less sexually attractive male first (IDs: F33, F34, F36, F38 and F39), were
used for analysis of the content of Ig M, testosterone and carotenoid. They were determined using commercial
ELISA kits (Abmart Shanghai Co., Ltd., Shanghai, China). Briefly, the egg samples were thawed and weighed
first, then homogenized in nine volumes v/w (ml/g) of pre-cold 0.01 M PBS. The homogenate was centrifuged
(3K16, Sigma, Osterode am Harz, Germany) at 3300 x g for 10 min at 4 °C, and the supernatant was collected.
Fifty microliters of the supernatant were added into a microplate, then horseradish peroxidase (HRP) labeled
antibody, coloring solution and stop solution were successively added according to the manufacturer’s instruc-
tions. Finally, the absorbance values were measured at 450 nm with an automatic ELISA microplate reader
(Molecular Devices Inc., Sunnyvale, CA, US). The concentration of egg soluble protein in the supernatant was
determined by the method of Bradford*?.

The egg samples of the remaining six focal females, three mated to the sexually attractive male first (IDs:
F1, F2 and F6) and three mated to the less sexually attractive male first (IDs: F21, F23 and F25), were used for
analysis of the expression abundance of lipids and other metabolites. They were determined using ultra-high
performance liquid chromate- graphy tandem mass spectrometry (UHPLC-MS/MS). Briefly, 60 mg of the egg
samples were homogenized in 200 pl of distilled water. Then the metabolites were extracted with 800 pl of
methanol-acetonitrile solution (1:1, v/v) and vacuum freeze-dried. The extract was dissolved in 100 pl of acetoni-
trile-water (1:1, v/v), and 2 pl of this solution was taken to add onto an ACQUITY UPLC BEH Amide column
(1.7 pm, 2.1 mm x 100 mm) (Waters Technologies Ireland Ltd., Wexford, Ireland) for hydrophilic interaction
liquid chromatography with an Agilent 1290 Infinity UHPLC system. Detailed detection parameters and data
processing were referenced to the study of Sun et al.*.

Experiment 2: investment difference of females in two consecutive breeding events when
mated to less sexually attractive males

In experiment 1, we found that the investment pattern of female seahorse supports RCH. Therefore, we further
conducted experiment 2.

In experiment 2, the ideal scenario would be that a female mated twice consecutively with the same less sexu-
ally attractive male, collecting eggs each time. However, the actual scenario is that it was impossible for a female
to mate with the same male twice because the male was already injured in the first egg collection. Therefore, it
is not workable to collect the eggs from the same less sexually attractive male twice in a row. As an alternative,
we compared two parallel groups. The pairs (one female and one less sexually attractive male) were divided
into two groups. Group I was for the collection of eggs at the first breeding event (i.e., only collection the first
clutch of eggs), while group II was for the collection of eggs at the second breeding event (i.e., only collection
the second clutch of eggs).

Specifically, seventy pairs (one female and one less sexually attractive male) of experimental seahorses were
randomly picked out and assigned to 70 breeding tanks, one pair per tank. These tanks were divided evenly into
two groups as mentioned above, tanks 1-35 as group I, and tanks 36-70 as group II. For group I, once mating
success was observed, the successfully mated male was removed and anaesthetized for egg collection. While for
group II, when mating success was observed, the successfully mated male was not removed, and he continued to
stay with the female. He was only removed and anaesthetized for egg collection after giving birth and successfully
mating with the female for the second time.

A total of 29 egg samples were collected in group I, and a total of 26 egg samples were collected in group II.
Ten samples from each group were used for analysis of the compositions and contents of amino acids and n-3
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HUPFASs, another ten samples from each group were used for analysis of the contents of Ig M, testosterone and
carotenoid, and the remaining six samples from each group were used for analysis of the expression abundance
of lipids and other metabolites.

Statistical analysis

Statistical analysis was performed using SPSS statistical software (version 17.0, Chicago, Illinois). In experiment
1, the difference in gamete related indexes was analyzed using the paired sample ¢-test. While in experiment 2,
the data were expressed as the mean * standard deviation (SD), and the difference in gamete related indexes was
analyzed using two independent sample ¢-test. Before running ¢-test, normality of data was tested using Shap-
iro-Wilk test. The p-value of 0.05 was taken as a significance level. In the data of amino acids and n-3 HUFAs,
multiple tests were applied, and the value indicating significance level was corrected accordingly by the Bonfer-
roni method as p/N, where p is 0.05 and N is the number of multiple tests*".

Ethics approval

Ethical approval for this study was obtained from the Committee on the Ethics of Animal Experiments of Chinese
Academy of Fishery Sciences (Permit Number: 20200225). All procedures were conducted in compliance with
the recommendations in the Guide for the Management and Use of the Experimental Animals of China Science
and Technology Commission. This study was reported in accordance with ARRIVE guidelines.

Results

Experiment 1: a focal female’s reproductive investment in relation to two males with different
sexual attractiveness

Amino acids

The compositions and contents of amino acids in the eggs provided by females to sexually attractive males and to
less sexually attractive males are shown in Table 1. A total of 17 amino acids were detected, of which six amino
acids showed significant differences in content between these two types of eggs. These six differential amino acids
were glutamic acid (Glu, t=-5.954, df=7, p=0.001), cysteine (Cys, t=-4.333, df=7, p=0.003), isoleucine (Ile,
t=-4.706, df=7, p=0.002), leucine (Leu, t=-18.278, df =7, p<0.001), lysine (Lys, t=-8.130, df=7, p <0.001)
and arginine (Arg, t=-8.763, df =7, p<0.001), respectively. These six differential amino acids, along with the
total amino acids (TAA, t=-6.060, df=7, p<0.001), all were significantly higher in the eggs provided to less
sexually attractive males than those in the eggs provided to sexually attractive males, whether the females mated
to less sexually attractive males first or later.

F8 F9 F12 F13 F26 F27 F29 F31 e
Amino acids | § L-S N L-S N L-S N L-S S L-S N L-S N LS |S§ L-S (0.003) Trend of L-S
Asp 3.76 3.89 3.83 3.93 3.72 3.80 3.62 3.71 3.69 3.65 3.79 3.76 3.68 | 3.74| 3.68 3.78 0.028
Thr 2.60 2.53 2.60 2.56 2.59 2.63 2.53 2.47 2.48 2.55 2.74 2.56 2.58 | 2.60 | 2.62 2.57 0.262
Ser 2.92 3.02 2.94 2.98 2.96 2.94 3.02 2.96 2.95 3.00 2.88 2.94 296 | 297 | 3.01 2.99 0.314
Glu 4.72 4.79 4.73 4.78 4.69 4.73 4.78 4.79 4.56 4.62 4.78 4.80 471 | 4.75| 4.69 4.73 0.001 1
Gly 137 1.34 1.35 1.34 1.35 1.28 1.29 135 1.39 1.26 1.30 135 124 | 130 | 1.38 1.38 0.725
Ala 3.46 3.52 3.50 3.49 3.40 3.37 3.37 3.42 3.48 3.42 3.38 3.41 350 3.38 | 3.39 3.46 0.959
Cys 0.75 0.87 0.75 0.84 0.72 0.82 0.69 0.76 0.81 0.83 0.80 0.79 0.77 | 0.84| 0.72 0.78 0.003 1
Val 3.31 3.44 3.32 3.42 3.29 3.40 3.42 343 3.38 3.47 3.24 3.31 356 | 3.58 | 3.42 3.44 0.004
Met 1.50 1.45 1.49 1.43 1.52 1.47 1.55 1.47 1.46 1.48 1.39 1.42 1.44| 140 | 1.35 1.38 0.155
Ile 2.65 2.76 2.66 2.74 2.61 2.69 2.71 2.78 2.65 2.73 2.59 2.63 2.65| 2.69| 271 2.70 0.002 1
Leu 4.58 4.74 4.60 4.71 4.53 4.68 4.62 4.75 4.63 4.74 4.69 4.82 4.52| 4.63| 455 4.70 <0.001 )
Tyr 1.79 1.92 1.82 191 1.81 1.85 1.84 1.86 1.89 1.88 1.83 1.87 1.77| 190 | 1.86 1.93 0.009
Phe 1.97 1.99 2.01 2.01 1.89 1.93 1.95 2.02 2.00 1.86 1.88 1.84 196 | 2.02| 1.99 1.91 0.745
Lys 3.79 4.05 3.83 4.06 3.86 3.96 3.75 3.99 3.84 4.05 3.71 3.80 372 392 3.93 4.08 <0.001 )
His 123 1.28 1.26 1.25 1.19 1.18 1.26 1.24 1.23 1.29 1.30 1.25 123| 122| 118 1.26 0.510
Arg 3.46 3.66 3.52 3.69 3.39 3.51 3.47 3.59 3.42 3.57 3.35 3.45 344 352 351 3.60 <0.001 1
Pro 2.07 2.12 2.13 2.12 2.09 2.04 2.15 2.08 2.08 2.04 2.12 2.08 2.07 | 2.04| 2.10 2.12 0.171
TAA 4593 | 47.37 | 46.34 | 47.26 | 45.61 | 46.28 | 46.02 | 46.67 | 4594 | 46.44 | 45.77 | 46.08 | 458 | 46.5 | 46.09 | 46.81 <0.001 )

Table 1. The compositions and contents (g/100 g dry weight) of amino acids in the eggs provided by females
(N =38) to sexually attractive males and less sexually attractive males, respectively. p-value marked in bold
indicates a significant difference between S and L-S. TAA total amino acids, S sexually attractive male, L-S less
sexually attractive male. The p-value was corrected by the Bonferroni method and was considered as significant
when it was less than 0.003 (0.05/18).
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n-3 HUFAs

The compositions and contents of n-3 HUFAs in the eggs provided by females to sexually attractive males and
to less sexually attractive males are shown in Table 2. A total of four n-3 HUFAs were detected, all of which
showed significant differences in content between these two types of eggs. These four differential n-3 HUFAs
were C18:3n3 (a-linolenic acid, t=-4.107, df=7, p=0.005), C20:3n3 (cis-11,14,17-eicosatrienoic acid methyl
ester, t=-3.917, df=7, p=0.006), C20:5n3 (eicosapentaenoic acid, EPA, t=-4.006, df=7, p=0.005) and C22:6n3
(docosahexaenoic acid, DHA, t=-4.735, df =7, p=0.002), respectively. These four differential n-3 HUFAs, along
with the total n-3 HUFAs (t=-6.060, df=7, p <0.001), all were significantly higher in the eggs provided to less
sexually attractive males than those in the eggs provided to sexually attractive males, whether the females mated
to less sexually attractive males first or later.

Ig M, testosterone and carotenoid

Whether the females mated to less sexually attractive males first or later, the testosterone content (t=-7.498,
df=7, p<0.001) in the eggs they provided to less sexually attractive males was significantly higher than that in
the eggs they provided to sexually attractive males (Fig. 1b). As for Ig M (t=0.638, df=7, p=0.544) (Fig. 1a)
and carotenoid (t=-0.472, df=7, p=0.652) (Fig. 1c), no significant difference in content was observed between
these two types of eggs.

Lipids and other metabolites
The metabolomic data show that there were a large number of significantly differential metabolites (SDMs)
between the eggs provided to sexually attractive males and the eggs provided to less sexually attractive males.
Specifically, the vast majority of these SDMs were expressed more abundantly in the eggs provided to less sexually
attractive males than in the eggs provided to sexually attractive males, whether the females mated to less sexually
attractive males first or later. Taking the top 30 SDMs as an example, the ratios of the number of abundance-
upregulated SDMs to abundance-downregulated SDMs when females mated to less sexually attractive males were
24/6 (F1), 26/4 (F2), 17/13 (F6), 22/8 (F21), 21/9 (F23) and 24/6 (F25), respectively (Figs. 2, 3).

Many classes of lipids were involved in the top 30 SDMs, such as glycerophospholipids, sphingolipids, sterol
lipids, prenol lipids and polyketides. The expression abundance of glycerophospholipids (marked with pink shade

F8 F9 F12 F13 F26 F27 F29 F31 P
Fatty acids | S L-S N L-S N L-S N L-S N L-S N L-S N L-S N L-S (0.01) Trend of L-S
C18:3n3 112 | 122 | 1.24 | 131 | 1.04 | 132 | 122 | 133 | 1.01 | 122 | 123 | 1.32 | 136 | 1.37 | 121 | 135 0.005 1
C20:3n3 025 | 025 | 021 | 023 | 023 | 026 | 026 | 026 | 024 | 026 | 026 | 025 | 023 | 025 | 023 | 025 0.006 1
C20:5n3 424 | 456 | 401 | 445 | 420 | 424 | 421 | 454 | 3.88 | 432 | 422 | 445 | 459 | 455 | 423 | 4.44 0.005 1
C22:6n3 6.67 | 7.24 | 613 | 694 | 599 | 675 | 597 | 644 | 681 | 7.16 | 6.04 | 737 | 6.83 | 6.88 | 586 | 6.73 0.002 1
n-3HUFAs | 1227 1327 | 1159 |1293 |1145 |1257 |11.66 |12.57 |11.93 |12.95 [11.74 |13.39 [13.02 |13.05 [11.53 |12.76 | <0.001 1
Table 2. The compositions and contents (mg/g dry weight) of n-3 HUFAs in the eggs provided by females
(N'=8) to sexually attractive males and less sexually attractive males, respectively. p-value marked in bold blue
indicates a significant difference between S and L-S. n-3 HUFAs =C18:3n3 + C20:3n3 + C20:5n3 + C22:6n3.
S sexually attractive male, L-S less sexually attractive male, C20:5n3 eicosapentaenoic acid (EPA), C22:6n3
decosahexaenoic acid (DHA). The p-value was corrected by the Bonferroni method and was considered as
significant when it was less than 0.01 (0.05/5).
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Figure 1. The contents of Ig M, testosterone and carotenoid in the eggs provided by females (N =8) to sexually
attractive males and less sexually attractive males, respectively.
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Figure 2. The metabolomic profiles of eggs provided by females F1, F2 and F6 to the sexually attractive
male and the less sexually attractive male, respectively. The metabolites listed on the heatmap are the top
30 significantly differential metabolites (SDMs) with the highest expression abundance. The blue color on
the heatmap represents a decrease in the abundance of the metabolite, while red represents an increase.
Metabolite classes with pink, yellow and green shades are the increased SDMs present in all six females
(F1, F2, F6, F 21, F23 and F25) when they mated to less sexually attractive males, while metabolite classes
with orange and cyan shades are the decreased SDMs when they mated to less sexually attractive males.
PGP glycerophosphoglycerophosphates, PI glycerophosphoinositols, PG glycerophospho- glycerols, PIM1
glycerophosphoinositolglycans, PS glycerophosphoserines, PC glycero- phosphocholines.

in the figures) and polyketides (yellow shade) remained consistently upregulated, while prenol lipids (orange
shade) remained consistently downregulated in all analyzed females when they mated to less sexually attractive
males. The subclasses of glycerophospholipids included glycerophosphoethanolamines (PE), glycerophospho-
inositols (PI), glycerolphosphoglycerophosphates (PGP), glycerophosphoinositolglycans (PIM1), glycerophos-
phoglycerols (PG), glycerophosphoserines (PS), glycerophosphocholines (PC) and glycerophosphates (PA). The
subclasses of polyketides included macrolides, lactone polyketides and flavonoids. In addition to lipids, other
metabolites were also involved in the top 30 SDMs. The expression abundance of carboxylic acids and deriva-
tives (mainly amino acids and peptides) (green shade) remained consistently upregulated, while benzene and
substituted derivatives (cyan shade) remained consistently downregulated in the analyzed females when they
mated to less sexually attractive males (Figs. 2, 3).

Experiment 2: investment difference of females in two consecutive breeding events when
mated to less sexually attractive males

Amino acids

The compositions and contents of amino acids in the eggs provided by females to less sexually attractive males
during the first and second breeding events are shown in Table 3. A total of 17 amino acids were detected, among
which only the content of serine (Ser, t=3.718, df=18, p=0.002) and total amino acids (TAA, t=3.707, df=18,
p=0.001) showed significant differences between these two events. Specifically, the levels of Ser and TAA in the
second clutch of eggs both were significantly lower than those in the first clutch of eggs.

n-3 HUFAs

The compositions and contents of n-3 HUFAs in the eggs provided by females to less sexually attractive males
during the first and second breeding events are shown in Table 4. A total of four n-3 HUFAs were detected, of
which three showed significant differences in content between these two clutches of eggs. They were C20:3n3
(t=3.654, df=18, p=0.002), C20:5n3 (EPA, t=3.347, df =18, p=0.004) and C22:6n3 (DHA, t=3.646, df=18,
Pp=0.002), respectively. These three differential n-3 HUFAs, along with the total n-3 HUFAs in the second clutch
of eggs were all significantly lower than those in the first clutch of eggs.
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Figure 3. The metabolomic profiles of eggs provided by females F21, F23 and F25 to the sexually attractive
male and the less sexually attractive male, respectively. The metabolites listed on the heatmap are the top

30 significantly differential metabolites (SDMs) with the highest expression abundance. The blue color on
the heatmap represents a decrease in the abundance of the metabolite, while red represents an increase.
Metabolite classes with pink, yellow and green shades are the increased SDMs present in all six females

(F1, F2, F6, F 21, F23 and F25) when they mated to less sexually attractive males, while metabolite classes
with orange and cyan shades are the decreased SDMs when they mated to less sexually attractive males.
PIM1I glycerophosphoinositolglycans, PE glycerophosphoethanolamines, PS glycero- phosphoserines, PA
glycerophosphates, PGP glycerophosphoglycerophosphates.

Amino acids | Group I 1st breeding | Group II 2nd breeding | p-value (0.003) | Trend of 2nd breeding
Asp 3.67+0.16 3.87+0.16 0.026
Thr 2.55+0.14 2.58+0.16 0.628
Ser 297+0.11 2.78+0.10 0.002
Glu 4.69+0.11 4.47+0.18 0.015
Gly 1.35+0.16 1.28+0.14 0.395
Ala 3.40+0.08 3.39+0.08 0.741
Cys 0.81+0.11 0.93+0.11 0.034
Val 3.44+0.11 3.32+0.09 0.032
Met 1.44+0.12 1.40+0.12 0.499
Ile 2.72+0.15 2.53+0.14 0.021
Leu 4.76+0.11 4.58+0.12 0.008
Tyr 1.90+0.10 1.80+0.07 0.032
Phe 1.98+0.15 1.91+0.18 0.412
Lys 4.00£0.16 4.20£0.14 0.017
His 1.27+0.13 1.21+0.13 0.357
Arg 3.57+0.11 3.39+0.13 0.008
Pro 2.08+0.17 2.01£0.16 0.410
TAA 46.56+0.68 45.65+0.37 0.001

Table 3. The compositions and contents (g/100 g dry weight) of amino acids in the eggs provided by females
(N'=10) to less sexually attractive males during two breeding events. Group I was only sampled for the first
breeding event, and group II was only sampled for the second breeding event. p-value marked in bold blue
indicates a significant difference between the first breeding and the second breeding. TAA total amino acids.
The p-value was corrected by the Bonferroni method and was considered as significant when it was less than

0.003 (0.05/18).
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Ig M (mg/g egg soluble protein)

Fatty acids Group I 1st breeding | Group II 2nd breeding | p-value (0.01) | Trend of 2nd breeding
C18:3n3 1.28+0.13 1.40+0.07 0.036

C20:3n3 0.26+0.04 0.20£0.02 0.002 |

C20:5n3 4.44+0.28 4.08+0.17 0.004 |

C22:6n3 6.94+0.39 6.29+0.41 0.002 |

n-3 HUFAs 12.92+0.62 11.97+0.48 0.001 l

Table 4. The compositions and contents (mg/g dry weight) of n-3 HUFAs in the eggs provided

by females (N=10) to less sexually attractive males during two breeding events. Group I was only

sampled for the first breeding event, and group II was only sampled for the second breeding event. n-3
HUFAs =C18:3n3 + C20:3n3 + C20:5n3 + C22:6n3. p-value marked in bold blue indicates a significant
difference between the first breeding and the second breeding. C20:5n3 eicosapentaenoic acid (EPA), C22:6n3
decosahexaenoic acid (DHA). The p-value was corrected by the Bonferroni method and was considered as
significant when it was less than 0.01 (0.05/5).

Ig M, testosterone and carotenoid

Compared with the first clutch of eggs, although the contents of testosterone (t=1.824, df=18, p=0.085, Fig. 4b)
and carotenoid (£=0.594, df=18, p=0.560, Fig. 4c) decreased slightly in the second clutch of eggs, there was no
statistically difference between these two clutches of eggs. As for Ig M, no significant difference in content was
observed as well between these two clutches of eggs (t=-1.206, df =18, p=0.243, Fig. 4a).

Lipids and other metabolites

The metabolomic data show that there were a large number of SDMs between the first and the second clutch of
eggs. Taking the top 20 SDMs as example, compared with the first clutch of eggs, the expression abundance of
glycerophospholipids (marked with pink shade in the figures) and polyketides (yellow shade) was downregu-
lated, and the expression abundance of prenol lipids (orange shade) and benzene and substituted derivatives
(cyan shade) was upregulated in the second clutch of eggs (Fig. 5). In general, the lipids and other metabolites
upregulated in the eggs provided to less sexually attractive males in Experiment 1 were downregulated in the
second clutch of eggs in Experiment 2, and vice versa.

Discussion

The results of the present study clearly indicate that the reproductive investment pattern of the lined seahorse
(H. erectus) follows the assumptions of RCH as the females allocated more resources into eggs when they mated
to the males of low sexual attractiveness or low quality. Moreover, the compensation investment by the females
mainly focuses on the first breeding event, and will decrease in the second event.

Egg amino acids, acting the precursors of many biological compounds (notably protein) and the substrates
for energy production, play a crucial role in embryonic development of marine teleost. Lack or low content of
one or more amino acids have been proven to lead to growth retardation, dysplasia and even death of develop-
ing embryos®**?’. Egg lipids not only provide the primary energy for developing embryos, but also are involved
in many biological functions, such as n-3 HUFAs (especially EPA and DHA) involvement in embryonic pig-
mentation, organogenesis (e.g., eyes and brain) and neurological development; and glycerophospholipids and
polyketides involvement in embryonic immune regulation and lipid metabolism regulation®**. Eggs contain-
ing high contents of amino acids and lipids are widely considered to be of better quality and can improve
embryonic development®. In addition, sex steroids, such as testosterone, also play a crucial role in embryonic
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Figure 4. The contents (mg or pg/g egg soluble protein) of Ig M (mean +SD: 0.488+0.048 vs 0.514 +0.048),
testosterone (3.985+0.185 vs 3.847£0.152) and carotenoid (3.581+£0.194 vs 3.532+0.175) in the eggs provided
by females (N'=10) to the less sexually attractive males for the first and second breeding, respectively.
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Figure 5. The metabolomic profile of eggs provided by females to the less sexually attractive males for the
first and the second breeding, respectively. The metabolites listed in the heatmap are the top 20 significantly
differential metabolites (SDMs) with the highest relative expression abundance. The blue color on the heatmap
represents a decrease in the abundance of the metabolite, while red represents an increase. Metabolite classes
with pink and yellow shades are the metabolites that were upregulated expressed in the eggs when females
mated to the low-quality males in the Experiment 1, but were downregulated expressed in the eggs of the second
breeding in the Experiment 2. Metabolite classes with orange and cyan shades are the metabolites that were
downregulated expressed in the eggs when females mated to the low-quality males in the Experiment 1, but
were upregulated expressed in the eggs of the second breeding in the Experiment 2. PA glycerophosphates, PC
glycerophosphocholines, PE glycerophosphoethanolamines.

development. They can increase protein synthesis during embryonic development through the promotion of
polyamine synthesis®®. In experiment 1, when a female mated to a less sexually attractive male, a large number of
substances related to embryonic development, such as amino acids, carboxylic acids and derivatives (peptides),
n-3 HUFAs, other lipids (glycerophospholipids and polyketides) and testosterone, in the eggs she provided to
the male significantly increased. This finding is in line with the prediction that offspring produced by low-quality
males may have potential viability deficits and females should increase their egg investment or care investment
to compensate for the deficits. Therefore, the investment pattern of the lined seahorse supports RCH.

The finding that the lined seahorse supports RCH may help elucidate its sex role from the perspective of
reproductive investment. To date, there is still no consensus on which category of sex role seahorses belong to,
which may be largely caused by the rare mating system of seahorses themselves. Seahorses show serial monogamy,
which determines that males and females have almost identical potential reproductive rate (PRR)*. PRR is an
important basis for classifying sex role, and the sex with higher PRR commonly faces more intense intraspecific
competition and greater sexual selection pressure*®. The lack of sex difference in PRR in the seahorses makes it
difficult to classify their sex role from the perspective of PRR. Nowadays, the classification of the sex role of sea-
horses is mostly from the perspectives of operational sex ratio (OSR), intrasexual competition intensity and mate
size preference*>*8, In existing studies, some classified it as conventional based on female’s preference for larger
males, and males being more active in courtship and having a shorter reproductive interval than females*>*C.
While others classified it as reversed based on male’s preference for larger females and female-biased OSR*"!2,
In the lined seahorse, male’s preference for larger females and female-biased OSR were also observed in the cap-
tive population (personal observation). In addition, we also observed that in pairs with more females and fewer
males, females often experience abnormal ovulation (i.e., deposition their eggs directly into the water instead
of the males’ pouch, and this behavior should be a consequence of female-female competition), while in pairs
with fewer females and more males, females do not ovulate abnormally (unpublished data). This observation
may suggest that the intensity of intrasexual competition by females is stronger than that by males. Therefore,
combined with male’s preference for larger females, female-biased OSR and intense female-female competition,
we speculate that the sex role of the lined seahorse is reversed. In the present study, the results of experiment 1
may further support our speculation. That females allocated more resources into eggs when mated to low-quality
males may indicate that they have a high tolerance for male quality. In the presence of high-quality males, females
are more inclined to choose high-quality males (see the result of pilot experiment), while in the presence of only
low-quality males, females are also willing to mate with them because can compensate for potential viability
deficits in their offspring by increasing egg investment. The high tolerance for mate quality may further suggest
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that compared to mate quality, females are more concerned about mating opportunity. How to mate with the
available males as soon as possible to gain the reproductive success may be a top priority for females. Therefore,
the results of experiment 1 may support that the lined seahorse undergoes a sex-role reversal, and the female
faces a greater pressure on sexual selection®*,

Differential investment of females when mated to males with different qualities has also been observed in
other fish species. Employing body size as the measure of quality (large size representing high quality and small
size representing low quality), researchers found that females of the banggai cardinal fish (Pterapogon kauderni)
produced larger eggs for large males'8, females of the broad-nosed pipefish (Syngnathus typhle) allocated more
protein into the eggs for small males?, and females of the convict cichlid (Amatitlania siquia) increased maternal
care during the larval stage when mated to large males'. In the present study, two males provided to females
had similar body sizes but different sexual attractiveness, and the presence of differentiated investment indicates
that females of the lined seahorse may be able to detect males” qualities without relying on males’ body sizes.
Additionally, from experiment 1, we also found that mating order did not affect the females’ investment deci-
sion. Similar result also appeared in the broad-nosed pipefish (S. typhle), whether mating to large males first or
later, it did not affect females” willingness to invest, nor did it affect any egg parameters related to reproductive
investment?. These findings in H. erectus and S. typhle indicate that female investment decision mainly depends
on the quality of males, rather than the mating order of males.

As for how females mechanically adjust their egg investment, some speculations can be made from their
reproductive characteristics. When two receptive seahorses (one male and one female) that have never met
before meet, it takes at least 3-4 days of courtship to mate successfully from their meeting?**!. This period is not
only a process of courtship and mutual familiarity, but also may be a process for females to evaluate male quality
and adjust their egg investment. In addition, although the eggs of females involved in courtship have already
matured, they have not yet been hydrated before mating, and egg hydration usually occurs 1-2 days before
mating®. Therefore, the allocation of resources by females to eggs is likely to occur during the hydration process.

The extrinsic (e.g., health status, territorial defense ability, parental ability) and intrinsic (genetic) qualities
of males are the two most decisive factors for females to choose them as mates. Females obtain high direct or
indirect benefits for their offspring by selecting males with good extrinsic or intrinsic qualities'®. In the present
study, we found that females preferred males fed with live Mysis in our pilot experiment. This finding, on one
hand, indicates that live Mysis improved the extrinsic quality of males. As evidence, their body color becomes
brighter and courtship behavior becomes more active. On the other hand, it may also suggest that there was
not much difference in intrinsic quality of these males, resulting in females having to prefer males with good
extrinsic quality. Of course, we cannot rule out the possibility of differences in intrinsic quality of these males.
In the presence of differences, females insisted on choosing males with good extrinsic quality rather than males
with good intrinsic quality, which may be related to the genetic quality (e.g., the compatibility with female’s own
genes) only being determined after mating™.

In experiment 2, a large number of substances related to embryonic development, such as amino acids, n-3
HUFAs, other lipids (glycerophospholipids and polyketides), decreased in the eggs provided for the second
breeding event, compared with those provided for the first breeding event. This finding indicates that the level
of the second investment by females reduced or they no longer invested, in other words, the higher resource
investment only limits to the first breeding event. There are at least two reasons that could explain why females
invest less in the second breeding. Firstly, reproductive investment is a high-cost process, which may result in
females not having enough resources to support the continuous investment. According to the reports, females
that spawn more eggs or larger eggs in response to male quality may reduce their somatic reserves, which would
limit their growth between the current and subsequent breeding events, thereby reducing their future reproduc-
tive potential®’~>’. Secondly, the sexual attractiveness, paternal-care ability, collaboration ability with the mate,
or other abilities of the low-quality males may be improved after the first breeding, which makes females do not
need to invest more in the second breeding. As evidence, in our previous study, we found that the sexual attrac-
tiveness of the initially non-preferred male seahorses (H. erectus) would be greatly improved with an increase
in the number of mating®. In addition, in practice, the quality of newborn juveniles in the second clutch of the
same male (H. erectus) is often better than that in the first clutch®. In the case where the investment of females
to the second clutch did not increase but decreased (i.e., the results of experiment 2), the improvement in qual-
ity of the second clutch of newborns is likely attributed to promotion of their father’s care ability. In addition
to the two reasons discussed above, whether other reasons, such as reduced intrasexual competition leading to
a reduced reproductive investment (i.e., once a female establishes a mating relationship with a male, the intra-
sexual competition she faced in subsequent breeding events would sharply decrease due to the characteristics of
monogamy), needs to be investigated in the future.

Data availability
All the supporting data generated during the current study are either included in the text or included in the
supplementary materials.
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