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Abstract

Unlike most cephalopods, the firefly squid Watasenia scintillans is highly monoandrous. We investigated this unusual
phenomenon by considering the rare occurrence of polyandrous mating and the AQI extremely male-biased operational sex
ratio (OSR) at the beginning of the mating season. Theoretically, male-biased OSR can intensify competition for mates, leading
to increased polyandry. We estimated OSR (male/female) as 32.7 and 9.1 at the beginning and end of the mating period,
respectively. Next, we estimated the rate of polyandry in a population on a weekly basis, based on our new finding that the rate
of polyandry can be estimated stochastically from the total number of spermatangia attached to one of the two seminal
receptacles within a female. We found that the female squid sustains their highly monoandrous mating regime despite the fact
that the OSR is extremely male-biased. Furthermore, there were no significant changes in the polyandry rate during the
reproductive season. These results suggest that the squid mating system was not AQ2 influenced by seasonal changes in OSR.
Here, we discuss the evolutionary mechanism of how monoandry persists in this species.
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Introduction

Broadly, the points at which females choose males as mating partners, referred to as AQ3 female choice, call special attention to
evolutionary biologists (Emlen and Oring 1977 ; Eberhard 1996; Rosenthal and Ryan 2022). However, how females decide the

number of males to mate, especially single or multiple males, remains largely unknown (Jennions and Petrie 2000 ; Kvarnemo
2018). In theory, mate number is disproportionally correlated with offspring number in females (Bateman 1948); however,
polyandry (female mating with multiple males) is prevalent in diverse taxa (Taylor et al. 2014 ) owning to direct and indirect

AQ4 benefits gained from multiple mates (Reynolds 1996; Arnqvist and Nilsson 2000; Firman 2011 ; Matsumura et al. 2021). It is
generally considered that the mode of reproduction, either monoandry (female mating with a male) or polyandry, is attributed to
each species as a fixed trait (Whiteman and Cote 2004 ; Hughes et al. 2008 ; Davies and Gardner 2018; Young et al. 2019).
However, monoandry (or monogamy) is considered to have been adopted to maximize reproductive success for one or both sexes as
the consequences of biparental care (Tumulty et al. 2014) and severe constraints on the accessibility and availability of reproductive
or environmental resources (Komers and Brotherton 1997; Stockley 1997). Therefore, it is often observed that the choice of
reproductive mode is determined conditionally by environmental, intrasexual, or intersexual contexts, and hence, differently in
populations (Uller and Olsson 2008 ; Brown et al. 2010).

In this case, the operational sex ratio (OSR), the ratio of males to females who are ready to mate at any one time (Emlen and Oring
1977), may influence the reproductive mode decision in a given population (Arnqvist and Nilsson 2000 ; Kokko and Jennions 2008 ;
Janicke and Morrow 2018), but see {Head et al. 2008 ; Plesnar-Bielak et al. 2020). If the OSR skews toward one sex, the intensity
of competition for mates increases (Trivers 1972), but see (Klug et al. 2010), resulting in altered mating behaviors, such as either
an increase or decrease in competitive aggression, courtship, pre- or postcopulatory mate guard, and frequency or duration of
copulation (Kvarnemo and Ahnesjo 1996; Weir et al. 2011). We assumed that in species without aggression, courtship, mate
guarding and parental care, a possible behavioral change that may occur in response to increased male-biased OSR is a higher
frequency of copulation with higher levels of polyandry (Lode et al. 2004 ; Naud et al. 2004 ). In this regard, the firefly squid

Watasenia scintillans offers a model system suitable for testing this hypothesis because (1) they are semelparous and unlikely to
engage courtship and mate guarding due to a considerable length of time gap between copulation and spawning (Hayashi 1995); (2)
females are approximately 5% polyandrous (Sato et al. 2020), allowing us to detect any small increase in the rate of polyandry; (3)
adult sex ratio changes greatly from male-biased to female-biased (Sato et al. 2020), hence OSR may also change accordingly,
during the mating season in the wild; and (4) the level of polyandry can be estimated at a large population scale with a newly
developed anatomical method (described in the present study). In addition to this question concerning the possible impact of OSR
on monoandry-polyandry decisions, we are intrigued by the highly monoandrous reproductive mode in W. scintillans, because most
cephalopods are thought to adopt a polyandrous mating strategy, as suggested by field observations and paternity tests with DNA
fingerprinting (Hanlon et al. 1997; Naud et al. 2004, 2016; Iwata et al. 2005 ; Sato et al. 2014 ). In the wild population, males
mature in advance and await females’ receptivity to mate. Most females copulate once at sexually premature stage during the short
mating period of ~3 weeks and store male-delivered sperm sacs (spermatangia) for the rest of their life for no longer than 3 months
(Sato et al. 2020). Microsatellite DNA-based paternity analysis revealed behavioral monogamy (all sperm sacs stored in the female
were transferred by a single male), and as the consequence, genetic monoandry (all eggs in the same clutch, though investigated
with limited sample size, were fathered by a single male) (Sato et al. 2020). From these data, we speculated two possibilities: (1)
polyandry is an alternative common strategy that occurs if certain conditions are met, or (2) polyandry occurs as a consequence of
unusual coincidences or pathological actions. However, microsatellite DNA analysis requires considerable effort and, therefore,
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limits large-quantity analyses, such as population dynamics, which hinders the feasibility to address these queries. Nevertheless, it
is of great interest to investigate whether the rate of polyandry in a population can change in response to seasonal dynamics of the
OSR.

In firefly squid, the adult sex ratio changes drastically from male-biased to female-biased as the mating season progresses (Sato et
al. 2020). Accordingly, at the beginning of the mating season, the OSR is strongly male-biased (males are fully mature while
females just begin sexual maturation, (Sato et al. 2020)), and thereafter becomes strongly female-biased because of the massive
disappearance of males (presumably by early death). Thus, we assume that male-male competition for mate would be much stronger
at the beginning of the mating season than in the later season. If copulation is largely under male control, that is, if mate choice by
female is inefficiently operated, the rate of polyandry should be much higher in the early season. Conversely, if the rate of
polyandry remains constant at lower levels throughout the season, observing polyandry may be accounted for as accidental and
physiologically irrelevant, and the squid sustains a highly monoandrous mating regime with an unknown mechanism by which
remating is severely prohibited.

Materials and methods

Specimen collection

The squid specimens (W. scintillans) were purchased from the local fisheries during the fishery season (Jan-May) between 2015
and 2022. Generally, the fisheries catch the squids by using bottom trawls towed near the Oki islands (Shimane prefecture, Japan)
and Sakaiminato-port off (Tottori prefecture, Japan), and transported them as dead specimens in ice-cold containers to the
marketplaces on the day of fishing. The fresh specimens were kept frozen (—20°C) until use. The data collected in 2019 and 2020
were used for the analysis of OSR with a total of 51 sampling days and at least 50 individuals were investigated for basic
measurements (sex, mantle length, body weight, testis mass, gonadosomatic index and ovary weight) at each day. Relative ovary
weight (OSI) was calculated as 100 x (ovary weight) x (body weight)™!.

Genotyping of female-storing spermatangia using microsatellite DNA
markers

Genotyping was carried out as described previously (Sato et al. 2020). We first quantified the number of spermatangia on each
seminal receptacle, and the females were grouped according to these numbers. In particular, because females with more than 10
spermatangia are rare, we always analyzed their genotypes. And genotyping was always carried out with the spermatangia
collected from only one site of female nuchal pockets (by choosing the pocket with the higher number of spermatangia). In females
with 7-9 spermatangia per site, we picked at least 20 females randomly.

Spermatangia were retrieved from the seminal receptacle of mated females. They were placed into a 70% ethanol-filled Petri dish
in which they were separated into each spermatangium with fine forceps. Number of spermatangium stored at each location was
counted. Each spermatangium was lysed in 50 pl of 50 pg/ml Proteinase K-containing CTAB (100 mM Tris—Cl pH 8.0, 1.4 M
NaCl, 20 mM ethylenediaminetetraacetic acid, 2% cetyltrimethylammonium bromide) for 4 h at 52 oC in a 1.5-ml test tube with
continuous agitation followed by centrifugation at 14,000 rpm for 10 min at 4 °C. The supernatant was transferred to a fresh tube,
followed by genomic DNA extraction with standard phenol/chloroform protocol. Genomic DNA (gDNA) was precipitated using
0.3 M sodium acetate (pH 5.2) and 70% ethanol, washed with 70% ethanol following air-drying, and dissolved in 40 pl milli-Q
water. Agarose-gel electrophoresis was done with 0.8% agarose gel for the quantification of gDNA. Genotyping was carried out
with microsatellite markers as previously reported (Sato et al. 2020) with some modification. Briefly, polymerase chain reaction
(PCR) was carried out using KAPA2G Robust PCR Kit (NIPPON Genetics) with 0.2 uM primers with FAM, Hex, Cy3, and PET-
tagged sense oligonucleotides and 100—300 ng gDNA. The PCR condition was 95 °C for 3 min, 30 cycles of 95 oC for 15 s, 60 oC
for 15 s and 72 oC forl5 sec, followed by 72 oC for 5 min. The fragment length analysis was done using ABI PRISM 3130xl
genetic Analyzer with GeneScan™600 LIZ dye size standards. OSIRIS-2.15.1 (National Institute of Health, USA) was used to
analyze the peaks obtained.

Calculation of operational sex ratio

Initially, OSR was calculated as the ratio of mature males to females that are ready to mate in a given population. Because all male
individuals possess spermatophores in their storage organs at least one week before the onset of the mating period (Supplemental
Fig. 1) until their complete disappearance, we regarded them as fully mature and always ready to mate throughout the mating
period. In contrast, females had poorly developed ovaries (Supplemental Fig. 1), and the proportion of virgin females gradually
declined to zero over the next three weeks. Because mature males and females with or without stored spermatangia cohabitate
during this period (as being caught in the same net), we regarded the virgin females as “not being ready to mate”. Therefore, a
daily increase in the percentage of non-virgin females represents a substantial increase in the number of females that became ready
to mate in the last 24 h.

OSR was measured empirically as the number of males and females prepared to mate (Kvarnemo and Ahnesjo 1996), considering
two separated scenarios for female mating regime: polyandry and monoandry. In the polyandry regime, the reproductive status of
female individuals was considered to shift from “not being ready to mate” to “being ready to mate” at one time in the reproductive
season. In the monoandry regime, the reproductive status of “being ready to mate” was considered to terminate by the first mating,
resulting in the status of “not being ready to mate" until the end of the reproductive season. The virgin females collected during the
estimated mating period (February 4-March 4) were regarded as “not being ready to mate” because they did not mate despite being
together with mature males. Given these conditions, temporal (daily) OSRs during the mating period were calculated as follows:
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Polyandry regimented OSR

= the mean number of males collected today / the mean number of non — virgin females collected today
Monoandry regimented OSR

= the mean number of males collected today / the mean number of non — virgin females collected today—the mean number of non
— virgin females collected yesterday

The daily increase in the proportion of non-virgin females represents the transition rate from “not being ready to mate” to “being
ready to mate”. This transition was fitted to a linear regression equation, allowing us to estimate the average transition rate as
3.73%/day in the female population. In addition, the linear decline in the male population during the mating period allowed us to
simplify the OSR calculations. Using linear regression equations, we calculated the OSRs.

Results

A correlation between rate of polyandry and the number of spermatangia
attached to female

3/23/23, 10:18 AM
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Previously, we found that one exceptional female with extra-large numbers of spermatangia (12 on the left and 13 on the right) was
polyandrous, whereas most monoandrous females had an average of 6 spermatangia at each seminal receptacle (SR) (Sato et al.
2020). Hence, we wondered whether the number of attached spermatangia on the female SR may have implications for female
multiple mating. Thus, we genotyped every spermatangium in half of a pair of SRs from 141 females. We found that females with
> 12 spermatangia on either one of the two SRs within a female were all polyandrous, whereas those with <7 spermatangia were
exclusively monandrous (Fig. 1 A). The rate of polyandry increased with an increasing number of spermatangia in females storing
between 8 and 11 spermatangia (Fig. 1 A). In females with > 8 spermatangia in the SR, the larger the spermatangium number, the
more the sire number (Fig. 1 B). These results suggest that the probability of polyandrous mating can be estimated based on the

number of attached spermatangia.
Fig. 1

Spermatangium number correlates with the level of polyandry. A Correlation between the percentage of polyandry and number of
spermatangia attached to the seminal receptacle (# spermatangia/site). For each female, we genotyped all spermatangia attached to
one of the seminal receptacles, specifically the one containing the higher number of spermatangia. The number of females analyzed
was labelled in each plot. B Frequencies of females with different numbers of sires are shown as a function of the number of

spermatangia per site
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Estimation of operational sex ratio during the mating period

We estimated the rate of increase in mated females in a population and found that when the mating period was narrowed by
trimming the ambiguous starting and ending points of the mating period (Fig. 2 A; dashed red box), the rate of increase can be
approximated using a linear regression model (Linear regression, 12 =0.857, F1,19=102.13, P <0.0001), resulting in a constant
increase of 3.73% per day. In addition, we were able to estimate the sex ratio at any given date based on the data collected in the
last three years at the same fishing ground, which revealed a linear decline (Linear regression, 12 =10.831, F1,35=162.62, P <
0.0001) in the male population (1.18%/day) during the mating period (Fig. 2 B; dashed red box). Taking these estimations and
polyandry/monoandry mating regimes into account (Fig. 2 C), we calculated the OSR and found an exponential decline in male-
biased OSR over time (Fig. 2 D; purple plots). Notably, the OSR shifts from male-biased to female-biased in the middle of the

mating period because of a rapid decline in the number of male individuals.
Fig. 2

Estimation of operational sex ratio in polyandrous and monoandrous mating regimes. A B Seasonal changes in the percentage of non-
virgin females (A) and males (B) are shown with extracted data points (dashed red boxes) for approximate linearization (insets). The
data collected in 2019-2022 were combined in the same plots. C Schematic diagram showing transitions of female status under
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polyandrous and monoandrous mating regimes. In polyandrous mating regime, females gain their receptivity to mate at a certain
growth point where female status changes irreversibly from “not being ready to mate” (open box) to “being ready to mate” (grey box).
In monoandrous mating regime, females reverse their status from “being ready to mate” (grey box) to “not being ready to mate” (open
box) when they mate once (broken orange line with arrow). D, Daily changes in OSR calculated using the method in accordance with
either polyandrous (purple plots) or monoandrous (green plots) mating regimes. The inset represents the semilogarithmic scale
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Next, we considered their strict monoandrous mating system and tested on an alternative model where females do not engage
remating activities after making a copulation with first male, therefore they are regarded to have lost their receptivity to second
male’s copulation and thus becoming “not ready to mate” (Fig, 1A; green box). In this scenario, although the male-biased OSR

significantly decreased (from 32.7 to 9.1 during the mating period), it remained substantially at high levels (Fig. 1 D; green plots).

Estimation of the rate of polyandry during the reproductive season

From these results, we formulated the equation using the spermatangium number-related probability of polyandry. Based on this
equation, we estimated the percentage of polyandry of individuals that were caught in the same week of the year using a total of
5,303 females obtained in 20152022 (Fig. 3). On a weekly average, the rate of polyandry ranged between 4.06 and 11.72%
without any consistent trend of changing patterns throughout the reproductive season (from February to May). The overall rate of
polyandry of this species was estimated to be 8.03 =2.63%.

Fig. 3
Seasonal dynamics of polyandry in W. scintillans. According to the results shown in Fig. 1 A, we estimated the percentage polyandry

of mated female populations on a weekly basis throughout the entire fishery season. The sample size is shown in each bar. Overall %
polyandry (mean + SEM) is shown on the right (Sum)
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Discussion

In sexually reproducing organisms, it has been well documented that females often mate with multiple males (polyandry). Polyandry
is also prevalent in cephalopods, with very few exceptions (Nigmatullin et al. 1995; Sato et al. 2020 ; Murai et al. 2021 ). One
exception is the deep-sea squid W. scintillans (Sato et al. 2020). Our previous analyses with microsatellite DNAs and large-scale,
season-wide anatomical investigations estimated that polyandry occurs in only ~5% of this species (Sato et al. 2020). Because the
mating period is assumed to be as short as 3—4 weeks (in February) and males disappear from the fishery grounds after this period,
the time constraint for available mate search may be a possible factor affecting remating frequency and motivation. In addition, the
relative testis weight of males, the proxy for male promiscuity, is extremely small (Sato et al. 2020), and each male stores only ~30
spermatophores on average, suggesting that males’ low fecundity may also deter from multiple copulations. Furthermore, females
store male-delivered spermatangia with approximately six on average at each pair of seminal receptacles (~12
spermatophores/female) and are capable of long-term sperm storage until the end of the reproductive season. All these situations are
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likely to favor a monogamous mating strategy; however, the evolutionary mechanism by which monogamy has been adopted in this
species remains unknown.

It has been thought that monogamy evolves if intrinsic mechanisms as well as environmental conditions constrain the pursuit of a
second mate (Manning 1962 ; Wedell 2005 ; Guevara-Fiore et al. 2009 ; Ruther et al. 2010; Xochipiltecatl et al. 2021). In the case of
firefly squid, mature males that are ready to mate cohabit with females, suggesting that mating decisions depend primarily on
females’ receptivity to mate. If so, we assumed that the operational sex ratio (OSR) may be skewed toward males at the beginning
of the mating period. It has been reported that one sex-biased OSR may affect many aspects of male mating behaviors, including
remating frequency (Pitnick 1993 ; Markow 2002). Thus, we attempted to measure the exact values of OSR in two separated
scenarios; the “polyandrous mating regime” in which females, once mated, continue their receptive status and are continuously
ready to mate afterwards, and the “monoandrous mating regime” in which females lose their receptivity to mate once they copulate
with a first male. We calculated the OSR according to each scenario and found that the OSR is extremely male-biased in the
beginning (in the polyandrous mating regime) or throughout (in the monoandrous mating regime) the mating period (Fig. 1 D). We
regarded the second scenario of “monoandrous mating regime” to be suitable for this species based on our previous finding that ~
95% females were behaviorally monoandrous at mating (Sato et al. 2020). In this scenario, the OSR decreased ~fourfold in the
4-weeks mating period, raising the question of whether this robust change in OSR may affect the propensity to monoandry.

To address this question, we took a new approach to make a precise estimation of population-scale polyandry and its seasonal
changes. Previously, we genotyped 272 spermatangia from 19 females using four microsatellite loci (Sato et al. 2020). However,
using this approach, it was difficult to determine the population dynamics of polyandry. Therefore, we combined genotyping and
morphological analysis based on our new finding that there is a correlation between the number of attached spermatangia and the
probability of multiple mating (Fig. 2 A). This new approach allowed us to incorporate a large sample size, collected over the last
eight years, into the mathematical analysis for polyandry estimation. Consistent with our previous report, the rate of polyandry was
extremely low throughout the reproductive season. On weekly based statistics, the rate of polyandry fluctuates from 4.06 to 11.72%
(Fig. 2 A), which lacks the consistent trends in changing patterns over time. We assume that the rate of polyandry may depend on
the precise locality of fishing points in the same fishing field because we occasionally encountered differences in sex ratios in
different fishery transports (fishing points) on the same day. Nevertheless, our current data suggest that females persist in
monoandrous mating system despite there is a significant change in OSR.

When considering a paradoxical hypothesis, where females tolerate copulations in accordance with concurrently changing OSR in
the mating field, they would suffer from extremely frequent copulation opportunities, leading to excessive copulation-associated
risks such as predation, infection, and injury (Marian 2012). Consequently, we assume that extremely male-biased OSR conditions
do not allow chaste females to remate in favor of a cost—benefit trade-off. In this context, the rare occurrence of polyandrous mating
in this species poses a fascinating question regarding the evolution and maintenance of squid mating systems.

In this study, we attempted time-resolved estimations of OSR dynamics by considering the polyandry and monoandry mating
regimes as “time-in” and time-out” periods, respectively (Clutton-Brock and Parker 1992). As a result, we found two different
decline curves (gradual and exponential) with time in the theoretical disciplines of extremely opposite and fixed mating regimes
(Fig. 2C, 2D). These simulations would be of great interest when considering how the temporal OSR dynamics, which also occurs
in many other animals, affects the degree of polyandry.

Because no apparent differences in morphology or maturation status were observed between virgin and mated females in a

population collected on the same day. (Supplemental Fig. 2), future studies should identify mating signals, such as bioluminescent
mating calls (Seidou et al. 1990 ; Kubodera et al. 2007 ; Burford and Robison 2020), that can transmit female’s receptivity to their

mates.
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