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Males conditionally inseminate 
at three female body locations 
according to female mating 
history and female maturity status 
in a squid
Kamrun Naher Azad 1,2, Md. Nur E. Alam 1, Makoto Nagata 3, Satoshi Tomano 4, Hiroki Ono 5, 
Kyoko Sugai 1 & Noritaka Hirohashi 1,5*

In some squids, such as those in the family Loliginidae, upon copulation, females receive and 
store male-delivered sperm capsules, spermatangia, at two different body locations: the buccal 
membrane and the distal end of the oviduct. This insemination site dimorphism is associated with 
alternative reproductive strategies. However, in Loliolus sumatrensis, a species of Loliginidae, the 
females possess three insemination sites: buccal membrane (BM), basal left IV arm (ARM) and lateral 
head behind the left eye (EYE), therefore we studied such the unusual phenomena. We developed 
microsatellite markers and genotyped the paternity of each spermatangium on three sites. We found 
multiple paternity at every single site and simultaneous usage of all three sites by a few males. The 
seasonal dynamics of a population in the Seto Inland Sea revealed a set priority for the initial use of 
insemination sites as BM, followed by ARM and then EYE, whereas the maximum number of stored 
spermatangia was greater in EYE > ARM > BM. Female maturity status was correlated with the usage 
pattern of insemination sites but not with the number of stored spermatangia at any insemination 
site. These results suggest that a male squid inseminates at different locations according to female 
mating history and female maturity status.

Keywords  Cephalopod reproduction, Alternative reproductive tactics, Postcopulatory sexual selection, 
Condition-dependence, Sperm competition, Sperm allocation

To achieve reproductive success, males often change their mating behaviours in response to environmental, 
intersexual, and intrasexual conditions. Such behavioural plasticity during mating by males is conceptualized 
by the theory of evolutionary stable strategy under promiscuous circumstances. For example, sperm allocation, 
a type of male-oriented mate choice, involves cost-effective distribution of reproductive resources. Because even 
though a substantial number of sperm are produced by males, sperm are regarded as a limited reproductive 
resource1–3. Thus, the theory predicts that males allocate their ejaculate expenditure to females in response to 
future male mating opportunities4 or the reproductive conditions of the focal females5 such as fecundity6,7 or 
promiscuity8–12, in favor of a cost–benefit trade-off within the context of promiscuous mating. If so, males should 
immediately evaluate individual females and decide the extent of sperm expenditure to invest in each female, in 
accordance with their estimated reproductive value. Sperm allocation is known to occur in a wide range of taxa, 
including insects4,8,9, crustaceans13, fish11,14 and birds12,15.

Another case in which males can switch their mating behaviors is observed in animals that employ alternative 
reproductive tactics (ARTs)16. In ARTs, males that are recessive in physical, social, or reproductive status among 
same-sex competitors adopt different, unusual, and often sneaky approaches to gain access to mates or gametes, 
and sneaker males tend to invest more ejaculates in quality and quantity than bourgeois males17–19. However, 
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in commonly observed ARTs, males make their decisions ontogenetically during development or growth, and 
these decisions are often associated with male size dimorphism20,21.

In some squids, such as the family Loliginidae, ARTs also occur in relation to male size dimorphism; smaller 
and larger males copulate and transfer spermatophores to females at the buccal membrane (BM) where seminal 
receptacle is located or near the oviduct, respectively, resulting in two different sperm deposition sites within a 
female22–25. Choosing one of two insemination sites by males largely relies on the relative size difference between 
a mating pair—males that are smaller than mating females inseminate spermatophores at the BM, whereas males 
that are larger than a female tend to transfer spermatophores in the vicinity of the oviduct23. Hence, it is believed 
that each male chooses only one of the two insemination sites on a focal female at the time of copulation23,26.

While extending our ART studies to various loliginid species, we found that Loliolus sumatrensis females have 
three distinctive sperm deposition sites: the buccal membranes (BM), basal areas of the left IV arm (ARM), and 
the lateral head behind the left eye (EYE). Driven by curiosity about this unusual phenomenon in this family, we 
attempted to identify the usage patterns of these sites in relation to the mating history, maturity, fecundity, and 
growth indices of female individuals. In addition, microsatellite markers were developed and used to measure 
the level of multiple paternity of the deposited spermatangia at each sperm insemination site. We found that 
although all sites were used by multiple males, there were males who unexpectedly used more than two insemi-
nation sites per female. This could be regarded as an unusual form of sperm allocation, where males may change 
the insemination site within a female in response to the current sperm storage status and fecundity. We explore 
the possible advantages of each site under circumstances in which both sexes have relatively greater mating 
opportunities before females initiate egg spawning.

Results
Insemination at three different female locations by monomorphic males
We first conducted morphological and anatomical investigations of adult squids collected from the Seto Inland 
Sea, Japan. The species was identified as L. sumatrensis by the dentition morphology of the largest sucker rings 
in the tentacles and III arms27, and thereafter by mitochondrial genomic DNA sequencing (electronic sup-
plementary material, Fig. S1). We found that spermatangia were attached to females at three different sites: 
the buccal membrane (Fig. 1A,B; BM), basal left IV arm (Fig. 1C; ARM), and lateral head behind the left eye 

Figure 1.   L. sumatrensis possess three insemination sites within a female. A–D, representative photographs 
showing female spermatangia-attachment sites: the buccal area around the mouth (A) containing the sperm 
storage organ, seminal receptacle (bule arrowheads in A and B); spermatangia (yellow arrowheads) attached to 
buccal membrane (B), left IV arm (C) and lateral head behind the left eye (D). E, Sperm flagellum and head 
lengths. Sperm were collected from small males (Male(S)), large males (Male(L)), female seminal receptacles 
(SR), buccal membrane (Bm), left IV arm (Arm) and lateral head behind the left eye (Eye). The mantle length 
ranges for smaller males (Male(S)) and larger males (Male(L)) were 55–65 mm and 85–95 mm, respectively. F, 
The mantle length distributions of adult males and females collected during the fishery season and relative testis 
mass across variance in body size.
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(Fig. 1D; EYE). With DNA barcoding and a species-specific PCR-based assay for the spermatangia at the three 
sites, we found no evidence of heterospecific cross-insemination (electronic supplementary materials, Fig. S1). 
Moreover, no significant differences in sperm size (flagellum and head) were observed among spermatangia at 
the three insemination sites (GLMM, P > 0.05; Fig. 1E). The mature male individuals showed monomodal size 
distribution with similar relative testis mass (Fig. 1F), suggesting the absence of male dimorphism in body size 
that is commonly observed in other squids with ARTs26. Of note, the average relative testis mass was the highest 
(3.18 ± 0.75, n = 397) in the loliginid family examined so far28, suggesting a highly promiscuous mating mode 
in L. sumatrensis.

Genotyping‑based validation for the site‑dependent promiscuity and multiple‑site usage by 
single males
To address the level of multiple paternity (promiscuity) at each insemination site, we developed microsatellite 
markers (Table 1, Materials and Methods), by which every spermatangium attached to each site was genotyped 
(Fig. 2, electronic supplementary materials, Table S2). We found that the actual number of sires per site was 
higher at ARM (6.3 ± 2.5, n = 3) than at the other two sites (BM, 2.3 ± 0.5; EYE, 4.0 ± 2.6, n = 3), but there were 
no significant differences in number of sires among the three sites (GLMM, P > 0.05). Surprisingly, a few males 
inseminated simultaneously at multiple (two or three) sites on the same female, and these small numbers of 
sires were found to have the major part of the paternity share (95.4% ± 2.7%) in the total attached spermatangia 
(Fig. 2).

A set priority for initial use of insemination sites within a female
We classified the usage patterns of the three insemination sites and presented them as the proportions of females 
with these patterns for each fishing day (Fig. 3A). There were six different patterns, and at the end of the fishery 
season (September 13, 2021), 91.8% of the females had spermatangia at all three sites. The analysis of usage 
patterns allows us to speculate the sequence of the initial use of insemination sites on a female, i.e., first appear-
ance of spermatangia at the BM and then ARM followed by EYE (Fig. 3B, electronic supplementary materials, 
Table S3), which was further supported by the statistical analysis of rank cases (electronic supplementary mate-
rials, Table S4).

To explain seasonal changes in insemination patterns and an observed set priority for initial usage, we raised 
three scenarios: (1) the operational sex ratio becomes more male-biased as the season progresses; therefore, 
males use all three sites in response to increased male-male competition; (2) sperm-storing capacity in each site 
is limited, but the mating season continues; therefore, late-coming males must choose other sites; or (3) females 
become fully mature and fecund, resulting in more attractive for males to mate.

The sex ratio was almost unbiased or female-biased in the late fishery season (%male on September 13 = 25.3; 
Fig. 3C), suggesting that scenario (1) is unlikely. In a population collected throughout the two seasons, the 
number of spermatangia attached to the BM was significantly smaller than that in the other two sites (GLMM, 
Tukey–Kramer test, P < 0.0001, BM, 46.2 ± 33.1; ARM, 126.4 ± 94.9; EYE, 116.3 ± 111.3; Fig. 3D). At each insemi-
nation site, the number of spermatangia were substantially high in individual variance (Fig. 3E; electronic sup-
plementary materials, Fig. S2A) and significantly different among fishing days (GLM; BM, P = 0.0217; ARM, 
P = 0.0014; EYE, P = 0.0022), however, we found no consistent trends (increasing or decreasing) of the sper-
matangium quantity throughout the season (Fig. 3D). Furthermore, the multiple regression model showed 
that the spermatangium number at any of the insemination sites was not much affected by the spermatangium 
number at other sites (BM: R2 = 0.15, F2,241 = 22.66, P < 0.0001; ARM: R2 = 0.24, F2,241 = 38.61, P < 0.0001; EYE: 
R2 = 0.12, F2,241 = 17.73, P < 0.0001; Fig. 3E), indicating that the observed set priority for the initial insemination 
(BM → ARM → EYE) was not due to the full occupancy of preferred insemination sites; therefore, scenario (2) 
was unlikely.

However, the mated females were significantly different from the unmated females in their relative ovary 
weight (GLMM, Tukey–Kramer test, P < 0.0001, Fig. 3F). Moreover, the relative ovary weight was significantly 
higher in females inseminated at all three sites than two or fewer sites (LMM, Tukey Kramer test, P = 0.0002, 
Fig. 3F), supporting the scenario (3). Furthermore, the multiple regression models incorporating ML, BW, ACC, 
ovary weight (OW) and SITE to explain variation in the total number of attached spermatangia/female (TOTAL) 
were statistically significant (R2 = 0.34, F5,238 = 26.23, P < 0.0001, electronic supplementary materials, Table S5). 
Notably, however, the total and site-dependent number of attached spermatangia were not correlated with the 
growth and maturity status of female (electronic supplementary materials, Table S5; Fig. S2). Lastly, we evalu-
ated the costs/benefits of utilization of each insemination site. Based on hypothetical conditions (see Materials 

Table 1.   Information and characterization of newly developed microsatellite markers. N, sample size; Na, 
number of alleles; Ho, observed heterozygosity; He, expected heterozygosity; Fis, fixation index; *, significance 
of departure from Hardy–Weinberg Equilibrium (P < 0.01); Pid, probability of genetic identity.

Locus Repeat Forward sequence Reverse sequence N Na Ho He Fis Pid

luy1738 (AGA)24 ATG​CGG​AAA​GGT​GTG​ATT​GT TTT​ATG​CCC​CTC​TTC​CTC​CT 46 22 0.826 0.922 0.153 0.014

luy0529 (CTT)25/(TTA)17 TAA​CTG​CAA​TGC​CCA​ATC​TG CAA​ACA​CGC​TGG​CGA​TAT​AA 43 30 0.628 0.939 0.342* 0.007

luy4288 (ATA)18 AAG​ACT​CCA​ATG​AAA​GAC​CACT​ CAG​AAG​CCA​CAA​ATC​GCC​TA 47 22 0.766 0.932 0.188* 0.009

luy3099 (TTA)21 CCA​TTT​AAA​CAC​GAG​ATG​CAA​ CCA​GTT​AAC​GTT​GGT​GTG​AAAA​ 44 14 0.905 0.942 0.001 0.019
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and Methods), we assessed and ranked the subjects that could potentially influence fertilization success of the 
deposited spermatangia (Table 2).

Discussion
Because sperm are a limited reproductive resource, males in polygamous species may be adapted to allocate their 
ejaculate expenditure to females effectively5. Thus, sperm allocation by an individual male occurs in response 
to sociosexual environments that could be influenced by the status of females, rivals, and that male’s own 
condition29. To achieve maximum reproductive success, males must evaluate sociosexual environments through 
the perception of visual, chemical, acoustic, and tactile cues30–32. One of the key elements that could impact on 
male mating behaviour regarding sperm allocation is the risk of sperm competition, which is a powerful evo-
lutionary driver33. Sperm competition also drives developmental, morphological, and behavioural plasticity in 
relation to sex. ARTs are the best examples. Meta analysis on ARTs literature across a wide range of animal taxa 
identified that sperm produced by parasitic (sneaker) males are greater in number and swimming speed than 
bourgeois males34. ARTs are commonly associated with developmentally regulated male dimorphism21. Thus, 
sperm allocation could be developed as the consequences of ARTs. In contrast, conditional ARTs occurring in 
some organisms are of particular interest when addressing the behavioral correlation between sperm allocation 
and ARTs.

In the loliginid squid L. sumatrensis, we found three insemination sites (BM, ARM, and EYE) located dis-
continuously on a female. This differs from the cases in other species of this family, where two separate loca-
tions—the buccal membrane and oviduct—are alternatively used by males along with different mating strategies 
23,25. A remarkable feature that is common in most squid ARTs is the linkage between the insemination sites and 
sperm traits: sperm inseminated at BM have longer flagella, whereas sperm inseminated near the oviduct have 

Figure 2.   The insemination site-dependent spermatangium number and sire number. Genotyping of attached 
spermatangia was carried out from three females. The number of spermatangia attached to each insemination 
site was shown (x, top-right in each panel with a pie chart), of which the number of spermatangia successfully 
isolated/genotyped was indicated as the denominator (y) and sire number was indicated as the numerator (z). 
The lower panels represent the total number of sires (Z, top-right) and total number of spermatangia/sire/female 
which was color-coded in the stacked columns. The size of each pie chart corresponds with the total number of 
attached spermatangia/site.
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shorter flagella35. Thus, in squid, the morphological traits of sperm are generally considered to be adaptive to 
the insemination environments and their associated sperm storage modes36.

However, some loliginid squid species also show context-dependent ARTs22,37–40, where males flexibly change 
mating tactics in response to relative size differences between mating pairs22,39 , which resulted in attenuated 
sperm dimorphism40. In any case, males must choose the designated areas of female body locations, because the 
insemination site greatly influences the fertilization success (but see41–44).

The current study presents a sharp contrast to well-known squid ARTs. First, both male body size and sperm 
flagellum length showed monomodal distributions (Fig. 1E,F). Second, there was a set order for the first use of 
insemination sites (BM → ARM → EYE). Third, nevertheless males use all three sites simultaneously (sperm 
allocation within a female) in some cases. We wondered what factors make a change in male mating behav-
iours (insemination sites) even during copulation. First, we considered the possibility that because male-male 
competition at mating is so intense, males must use other insemination sites in favor of reducing the sperm 
competition risk.

We considered and measured some factors that might have impacts on fertilization of the deposited sperm 
at each insemination site (Table 2). Taking these conditions into account, we speculated that BM is the most 

Figure 3.   Seasonal dynamics of the insemination pattern and quantity in L. sumatrensis. (A) Six insemination 
patterns were identified in females during two-year consecutive fishery seasons (2021–2022). (B) A venn 
diagram showing the number of females classified into above six patterns. (C) Sex ratio was measured at each 
fishing day. (D) The number of spermatangia attached to each insemination site within a female in different 
fishing days. (E) Numerical distributions of attached spermatangia per site within a female. Darkened blue 
indicates a higher plot density (number of individuals). (F) Female individuals with different insemination 
patterns (BM, BM&ARM and BM&ARM&EYE) are compared in terms of relative ovary weight. The graph 
represents boxplots (quartiles) merged with violin plots.

Table 2.   Measurements, estimation and ranking of subjects that potentially influence fertilization success.

Subjects Site of insemination

BM ARM EYE

Distance from egg deposition site Proximal Sub-proximal Distal

Distance from seminal receptacle Proximal Sub-proximal Distal

Order in the first use First Second Third

Mean (maximum) number of spermatangia attached 46.2 ± 33.1 (186) 126.4 ± 94.9 (461) 116.3 ± 111.3 (645)

Estimated placement size for spermatangia attachment Smaller Intermediate Larger

Estimated lifetime of spermatangia to be attached Shorter Longer Longer

Number of paternity detected (n = 3) 2–3 4–9 2–7
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favorable site for insemination by L. sumatrensis males owing to its proximity to both the egg deposition site 
and the seminal receptacle (Table 2). In agreement with this, BM was chosen as the first among the three sites 
(Fig. 3B). However, the mean and maximum numbers of spermatangia attached to BM were smaller than those 
attached to the other two sites (Fig. 3D,E), despite having some vacant space for insemination at BM. The lower 
number of spermatangia at the BM might be associated with the seminal receptacle being progressively enriched 
with sperm, although the dynamics of sperm storage in the seminal receptacle is unknown. It is interesting to 
hypothesize that males can sense the vacant status of the seminal receptacle either directly or indirectly. In fact, 
cephalopods have more neurons in their arms than in their brains and perceive chemotactile sensation through 
their arms, suggesting that the arms play more perceptive roles than just being used as flexible actuators. Notably, 
the spermatangium remnants were frequently observed at BM (electronic supplementary materials, Fig. S3) 
but not at the other sites, suggesting the occurrence of rapid attachment-detachment turnover of the sperma-
tangia. Thus, sperm at BM might be used immediately for fertilization (proximal time points to egg spawning) 
or translocated to the seminal receptacle for longer storage. The latter case can explain the occurrence of BM 
utilization in the first order because the vacant seminal receptacles (virgin females) are the most favorable for 
first-mating males to use45. We assumed that because the area of EYE is larger and nearer to the oviduct open-
ing than those of BM or ARM, EYE is preferred by males who can invest more sperm resources to females with 
higher fecundity (greater in relative OW, Fig. 3F). However, it is difficult to envisage how the sperm located at 
EYE could reach fertilization. One speculation would be that because EYE site lies at the region where seawater 
enters the mantle cavity and the oviduct lies on the left side of the female, the influx of water might bring the 
sperm attached at the left side of EYE and results in fertilization. In contrast, ARM is located in the area capable of 
flexible movements around the mouth, which may allow the ARM-deposited spermatangia to become proximal 
to eggs or the seminal receptacle during egg capsule manipulation between the arms before deposition on the 
substrate. Although ARM exhibited the highest average paternity number (n = 3, Table 2), further genotyping 
with more specimens is required to evaluate the site-dependent promiscuity. Given that BM, ARM and EYE have 
mutually distinct sperm-storing characteristics (Table 2), this can be explained by the concept of a polymorphic 
fitness equilibrium46 in which reproductive success of sperm at each sperm-deposition site changes dynamically 
depending on the current overall utilization state. In other words, at the individual level, once all insemination 
sites within a female have begun to be used, forthcoming inseminations by other males could occur anywhere 
based on the most favorable site under the current circumstances.

This is essentially analogous to, but apparently different from, a well-recognized sperm allocation theory 
in which males strategically allocate sperm to each female in response to sperm competition risk2,8,9,11,12, the 
number of available mates4,5,15,47, and female quality or fecundity6,7,13,14,48. In the case of squid, however, sperm 
allocation occurs within a female.

We hereto disregarded the likelihood of female active involvement in the process of male behavioural deci-
sions, simply because female squids are generally promiscuous and lack conspicuous sexual dimorphism. How-
ever, given that the firefly squid, Watasenia scintillans exhibits highly monoandrous insemination albeit its opera-
tional sex ratio is extremely male-biased28, we therefore cannot rule out the possibility that male inseminations 
are under female control. In addition, we cannot rule out the possibility that seasonal changes in insemination 
patterns may reflect seasonal movements of females with different reproductive behaviours. To resolve these 
problems, future studies require captive experimental settings in which male mating behaviours to females 
with different mating histories can be observed, and the paternity success rate by sperm at each insemination 
site can be analyzed. In conclusion, we found that female sexual experiences and the resulting occupancy rate 
at insemination sites might provide cues for subsequent males to choose their insemination site(s). Hence, we 
propose that alternative reproductive tactics can arise even in species that lack both direct male-male combat 
for mating and male body size polymorphism.

Materials and methods
Animal collection and species identification
The squid, Loliolus sumatrensis were purchased from a fisherman as dead animals around the Shodo Island 
in the Seto Inland Sea, Japan during the fishery season (July–September) of this species in 2021 and 2022 and 
transported as ice-cold (for sperm size measurements) or frozen specimens (for DNA analysis). During this 
period, we obtained 917 individuals (397 males and 520 females) on eight different fishing days. Individual data 
are summarized in electronic supplementary materials, Table S1. Loliolus japonica were obtained from the same 
fisherman in May 2022. Fishing points were informed from a fisherman who caught these squids. Squids were 
killed by a fisherman as part of routine commercial food. First, species identification was carried out based on 
overall morphology and more specifically on largest sucker ring dentitions in the tentacles and the third arms27, 
allowing us to distinguish from closely-related, morphologically-similar species such as Loliolus japonica or L. 
beka. However, the morphology of sucker rings in L. sumatrensis was undistinguishable from that of L. uyii, there-
fore cytochrome c oxidase I (COI) DNA sequencing was carried out for representative specimens with genomic 
DNAs isolated from mantle tissues, testes as well as the spermatangia, and universal primers that potentially 
amplify Loliolus species (electronic supplementary materials, Fig. S1A); Loliolus universal COI forward primer: 
5′- CAA​TGT​AGT​AGT​AAC​TGC​TCA​CGG​ -3′, Loliolus universal COI reverse primer: 5′- GCT​CCT​AAA​ATA​GAA​
GAA​ATA​CCA​ -3′. For large quantity validation, we developed species-specific primers that can distinguish L. 
sumatrensis and L. uyii. The primer sequences are; L. sumatrensis-specific COI forward primer: 5′- CCT​ATT​ATA​
ATT​GGA​GGC​TTT -3′, L. sumatrensis-specific COI reverse primer: 5′-CTA​CTG​AAG​GTC​CTG​CGT​GT -3′, L. 
uyii-specific COI forward primer: 5′- CCC​ATT​ATA​ATC​GGA​GGT​TTC -3′, L. uyii-specific COI reverse primer: 
5′- CTA​CTG​AGG​GTC​CTG​CAT​GA -3′. PCR was run with 20 ng genomic DNA, 0.5 µM primers and KAPA2G 
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Robust PCR Kit (Kapa Biosystems) according to a kit-provided standard protocol with annealing temperature 
at 58 °C and 35 cycles, followed by 3% agarose-gel electrophoresis.

Quantitative analysis of reproductive anatomy
Dissection, measurements of somatic as well as reproductive indices and counting spermatangium numbers were 
carried out as previously described28. Briefly, the squid specimens were measured (mostly within one day after 
fishing) for dorsal mantle length (ML), body weight (BW), accessory gland weight (ACC), testis weight (TW), 
relative testis weight (RTW), ovary weight (OW), relative ovary weight (ROW), number of insemination sites 
used (SITE) and number of spermatangium attached to the female. To measure somatic weight, gonad weight 
(OW + ACC) was subtracted from total body weight. To count the number of spermatangia, the specimens 
were 10% formalin fixed, trimmed, and dissected under a stereomicroscope except that female buccal mem-
branes were handled without fixation due to better visibility of attached spermatangia. ROW was calculated 
as 100 × OW × BW−1 and relative testis mass was calculated as 100 × TW × BW−1. Sperm were retrieved from 
the spermatangia attached to the females (unfrozen specimens), fixed with 10% formalin-containing seawater, 
photographed under a microscope (Nikon TE-2000) and thereafter sperm lengths were measured with Image 
J 1.52q (NIH, USA).

Development of microsatellite markers
Genomic DNAs were purified from testes (wet weight of ~ 20 mg) of 30 representative mature males with kits; 
(QIAGEN Genomic-tip 20/G and TAKARA NucleoSpin® Tissue) according to manufacture protocols, verified 
their degradation levels with 0.8% agarose gel electrophoresis followed by visualization with ethidium bromide, 
and quantified their yield and quality with a micro-volume spectrophotometer and stored at − 80 °C. Short-
read whole genome sequencing (150 bp paired-end, Novaseq6000/PE150, Novogene) was carried out, which 
yielded a total of 25.7 million clean reads (97.5% of raw reads) that were thereafter merged with PEAR (https://​
cme.h-​its.​org/​exeli​xis/​web/​softw​are/​pear/​doc.​html), resulting in 3.19 million overlapped paired-end reads. The 
row reads were registered in the DNA Data Bank of Japan (DDBJ) Sequence Read Archive under accession 
number: DRA015757 (Submission), PRJDB15292 (BioProject), SAMD00579664 (BioSample) and DRX430961 
(Experiment). Next, the sequence data were uploaded to Galaxy/NAAC to search for simple sequence repeat 
(SSR) with a MISA + Primer 3 pipeline, which detected a total of 22,298 SSRs. For an initial PCR test, 20 SSRs 
were selected at random and non-labelled primers synthesized. PCR was carried out with a kit (Platinum™ Direct 
PCR Universal Master Mix) and a thermal cycler (MiniAmp, Thermo Fisher Scientific) at optimized conditions: 
20 ng of genomic DNA, 0.2 µM paired primers and PCR reaction consisting of an initial denaturing step of 
94 °C for 2 min, then 40 cycles of 94 °C for 15 s, 56 °C for 15 s and 68 °C for 20 s followed by a final extension of 
68 °C for 5 min. Amplicons with genomic DNAs from 10 male individuals were subjected to run on 8% mini-
slab polyacrylamide gel electrophoresis to verify apparent variability in size. Thereafter, four primer sets were 
validated temporally and fluorescence (Hex, Fam, Cy3 and Ros)-tagged forward primers synthesized. Fragment 
length analysis (ABI PRISM 3130xl Genetic Analyzer) was performed with GeneScan™ 600 LIZ dye Size Standard 
(Thermo Fisher Scientific). Subsequently, the four selected microsatellite loci were fully characterized by open-
source tools, OSIRIS (National Institutes of Health) and GenAlEx v.6.5.1 49.

Paternity analysis and DNA barcoding of spermatangia
Under a stereomicroscope, the female tissues that contain attached spermatangia were dissected out and fixed 
in 70% ethanol for 1 h, thereafter every single spermatangium removed with fine forceps from the tissue was 
placed carefully into the bottom of each well of the 96-well plate. To each well, 10 µl of lysis buffer containing 
0.1 mg/ml protease-K (Direct PCR Master mix kit, Thermo Fisher Scientific) was added, followed by a 30-min 
incubation at 52 °C and heat (95 °C) inactivation for 1 min. The plates were kept frozen at -20 °C until use. 
Occasionally, the lysates in plates were spun down to precipitate undigested debris immediately prior to use. 
The DNA fragment length analysis was performed to genotype the spermatangia, where the PCR condition was 
same as described in the previous section of “SSR development” except that multiplex PCR was carried out. In 
addition, to identify the species of spermatangia attached to females, DNA sequencing of mitochondrial genome 
was done with cephalopod-specific universal primers50 and the SuperDye Direct Cycle Sequencing Kit (Thermo 
Fisher Scientific) system followed by Sanger sequencing with ABI PRISM 3130xl Genetic Analyzer.

Evaluation of the costs/benefits of utilization of each insemination site
We assumed two hypothetical conditions: (1) if the time until spawning was short (a common strategy adopted 
by consort squid), insemination sites proximal to the egg deposition site would have higher fertilization success; 
and (2) if the time until spawning was long (a common strategy adopted by sneakers), insemination sites proximal 
to the sperm storage site (the seminal receptacle) would have higher fertilization success.

Statistical data analysis
The statistical data analyses were performed with JMP Pro software, version 17.0.0 and SPSS software, ver-
sion 23.0. The parametric assumptions were met for the statistical analysis. Generalized Linear Mixed Models 
(GLMM) with poisson distribution and log link function and Linear Mixed Models (LMM) were fit with sample 
ID as well as fishing days as random effects to analyze the attached spermatangium quantity per insemination 
sites, size variations of sperm among the different sites, site-dependent multiple paternity, and relative ovary 
weight of females using various number of sites for insemination. Additionally, Generalized Linear Model (GLM) 
was used to explore the variations of spermatangium number attached at each site with the fishing days. Tukey’s 
Kramer test was also used for pairwise comparison of the means and determine their significant differences 

https://cme.h-its.org/exelixis/web/software/pear/doc.html
https://cme.h-its.org/exelixis/web/software/pear/doc.html
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(P < 0.05). Furthermore, multiple regression models were used to investigate the effects of spermatangium quan-
tity at one site on the insemination at other sites and to know the influence of female growth and maturity status 
on the number of spermatangia at each insemination site. The frequency distribution of mantle length of adult 
males and females was performed to determine the presence or absence of their size dimorphism.

Data availability
The entire dataset used for the measurements of somatic index, sperm size and SSR development are available 
from the Dryad data repository at https://​doi.​org/​10.​5061/​Dryad.​08kpr​r57x. GenBank accession numbers for 
microsatellite makers are LC756201, LC756202, LC756203 and LC756204. The row reads obtained by short-
read whole genome sequencing were registered in the DNA Data Bank of Japan (DDBJ) Sequence Read Archive 
under accession number: DRA015757 (Submission), PRJDB15292 (BioProject), SAMD00579664 (BioSample) 
and DRX430961 (Experiment). Source data for underlying the graphs and plots in the main figures are provided 
in electronic supplementary materials.

Received: 16 January 2024; Accepted: 13 May 2024

References
	 1.	 Squires, E. L., Pickett, B. W. & Amann, R. P. Effect of successive ejaculation on stallion seminal characteristics. J Reprod Fertil Suppl 

27, 7–12 (1979).
	 2.	 Parker, G. A., Ball, M. A., Stockley, P. & Gage, M. J. G. Sperm competition games: individual assessment of sperm competition 

intensity by group spawners. Proc R Soc Lond Ser B Biol Sci 263, 1291–1297. https://​doi.​org/​10.​1098/​rspb.​1996.​0189 (1996).
	 3.	 Parker, G. A., Ball, M. A., Stockley, P. & Gage, M. J. Sperm competition games: A prospective analysis of risk assessment. Proc Biol 

Sci 264, 1793–1802. https://​doi.​org/​10.​1098/​rspb.​1997.​0249 (1997).
	 4.	 Pitnick, S. & Markow, T. A. Male gametic strategies: Sperm size, testes size, and the allocation of ejaculate among successive mates 

by the sperm-limited fly Drosophila pachea and Its Relatives. Am Natural 143, 785–819. https://​doi.​org/​10.​1086/​285633 (1994).
	 5.	 Wedell, N., Gage, M. J. G. & Parker, G. A. Sperm competition, male prudence and sperm-limited females. Trends Ecol Evolut 17, 

313–320. https://​doi.​org/​10.​1016/​S0169-​5347(02)​02533-8 (2002).
	 6.	 Simmons, L. W., Craig, M., Llorens, T., Schinzig, M. & Hosken, D. Bushcricket spermatophores vary in accord with sperm competi-

tion and parental investment theory. Proc R Soc Lond Ser B Biol Sci 251, 183–186. https://​doi.​org/​10.​1098/​rspb.​1993.​0027 (1993).
	 7.	 Reinhold, K., Kurtz, J. & Engqvist, L. Cryptic male choice: Sperm allocation strategies when female quality varies. J Evolut Biol 15, 

201–209. https://​doi.​org/​10.​1046/j.​1420-​9101.​2002.​00390.x (2002).
	 8.	 Gage, A. R. & Barnard, C. J. Male crickets increase sperm number in relation to competition and female size. Behav Ecol Sociobiol 

38, 349–353. https://​doi.​org/​10.​1007/​s0026​50050​251 (1996).
	 9.	 Simmons, L. W. & Kvarnemo, C. Ejaculate expenditure by malebush crickets decreases with sperm competition intensity. Proc R 

Soc Lond Ser B Biol Sci 264, 1203–1208. https://​doi.​org/​10.​1098/​rspb.​1997.​0166 (1997).
	10.	 Pilastro, A., Scaggiante, M. & Rasotto, M. B. Individual adjustment of sperm expenditure accords with sperm competition theory. 

Proc Natl Acad Sci USA 99, 9913–9915. https://​doi.​org/​10.​1073/​pnas.​15213​3499 (2002).
	11.	 Evans, J. P., Pierotti, M. & Pilastro, A. Male mating behavior and ejaculate expenditure under sperm competition risk in the eastern 

mosquitofish. Behav Ecol 14, 268–273. https://​doi.​org/​10.​1093/​beheco/​14.2.​268 (2003).
	12.	 Pizzari, T., Cornwallis, C. K., Lovlie, H., Jakobsson, S. & Birkhead, T. R. Sophisticated sperm allocation in male fowl. Nature 426, 

70–74. https://​doi.​org/​10.​1038/​natur​e02004 (2003).
	13.	 Yu, F., Wang, X., Huang, C. & Li, Z. Unexpected male choosiness: Condition-dependent mating strategies of crayfish. Animal 

Behav 184, 1–9. https://​doi.​org/​10.​1016/j.​anbeh​av.​2021.​11.​010 (2022).
	14.	 Kondo, Y., Kohda, M., Koya, Y. & Awata, S. Sperm allocation strategies depending on female quality in medaka (Oryzias latipes). 

Zoolog Sci 37, 203–209. https://​doi.​org/​10.​2108/​zs190​132 (2020).
	15.	 Alvarez-Fernandez, A., Borziak, K., McDonald, G. C., Dorus, S. & Pizzari, T. Female novelty and male status dynamically modulate 

ejaculate expenditure and seminal fluid proteome over successive matings in red junglefowl. Sci Rep 9, 5852. https://​doi.​org/​10.​
1038/​s41598-​019-​41336-5 (2019).

	16.	 Oliveira, R. F. et al. (eds) Alternative reproductive tactics: An integrative approach (Cambridge University Press, Cambridge, 2008). 
https://​doi.​org/​10.​1017/​CBO97​80511​542602.

	17.	 Gross, M. R. Alternative reproductive strategies and tactics: Diversity within sexes. Trends Ecol Evol 11, 92–98. https://​doi.​org/​10.​
1016/​0169-​5347(96)​81050-0 (1996).

	18.	 Brockmann, H. J. In: Advances in the study of behavior, Vol. 30 (eds P. J. B. Slater, J. S. Rosenblatt, Snowdon. C. T, & T. J. Roper) 
(Academic Press, New York, 2001).

	19.	 Dijkstra, P. D. & Border, S. E. How does male–male competition generate negative frequency-dependent selection and disruptive 
selection during speciation?. Curr Zool 64, 89–99. https://​doi.​org/​10.​1093/​cz/​zox079 (2018).

	20.	 Fortelius, W., Pamilo, P., Rosengren, R. & Sundström, L. Male size dimorphism and alternative reproductive tactics in Formica 
exsecta ants (Hymenoptera, Formicidae). Annal Zool Fennici 24, 45–54 (1987).

	21.	 Oliveira, R. F., Taborsky, M. & Brockmann, H. J. Alternative reproductive tactics: An integrative approach (Cambridge University 
Press, Cambridge, 2008).

	22.	 Wada, T., Takegaki, T., Mori, T. & Natsukari, Y. Alternative male mating behaviors dependent on relative body size in captive oval 
squid Sepioteuthis lessoniana (Cephalopoda, Loliginidae). Zoolog Sci 22, 645–651. https://​doi.​org/​10.​2108/​zsj.​22.​645 (2005).

	23.	 Iwata, Y. et al. Why small males have big sperm: dimorphic squid sperm linked to alternative mating behaviours. BMC Evol Biol 
11, 236. https://​doi.​org/​10.​1186/​1471-​2148-​11-​236 (2011).

	24.	 Hanlon, R. T. & Messenger, J. B. Cephalopod behaviour 2nd edn. (Cambridge University Press, Cambridge, 2018).
	25.	 Marian, J. et al. Male alternative reproductive tactics and associated evolution of anatomical characteristics in loliginid squid. Front 

Physiol 10, 1281. https://​doi.​org/​10.​3389/​fphys.​2019.​01281 (2019).
	26.	 Iwata, Y. & Sakurai, Y. Threshold dimorphism in ejaculate characteristics in the squid Loligo bleekeri. Marine Ecol Progress Ser 345, 

141–146 (2007).
	27.	 Jereb, P. & Roper, C. F. E. Cephalopods of the world: An annotated and illustrated catalogue of cephalopod species known to date. 

(Food and Agriculture Organization of the United Nations, 2005).
	28.	 Sato, N. et al. Rare polyandry and common monogamy in the firefly squid Watasenia scintillans. Sci Rep 10, 10962. https://​doi.​

org/​10.​1038/​s41598-​020-​68006-1 (2020).
	29.	 Wilson, C. J., Buzatto, B. A., Robinson, S. P. & Tomkins, J. L. Sociosexual environment influences patterns of ejaculate transfer and 

female kicking in Callosobruchus maculatus. Animal Behav 94, 37–43. https://​doi.​org/​10.​1016/j.​anbeh​av.​2014.​05.​014 (2014).

https://doi.org/10.5061/Dryad.08kprr57x
https://doi.org/10.1098/rspb.1996.0189
https://doi.org/10.1098/rspb.1997.0249
https://doi.org/10.1086/285633
https://doi.org/10.1016/S0169-5347(02)02533-8
https://doi.org/10.1098/rspb.1993.0027
https://doi.org/10.1046/j.1420-9101.2002.00390.x
https://doi.org/10.1007/s002650050251
https://doi.org/10.1098/rspb.1997.0166
https://doi.org/10.1073/pnas.152133499
https://doi.org/10.1093/beheco/14.2.268
https://doi.org/10.1038/nature02004
https://doi.org/10.1016/j.anbehav.2021.11.010
https://doi.org/10.2108/zs190132
https://doi.org/10.1038/s41598-019-41336-5
https://doi.org/10.1038/s41598-019-41336-5
https://doi.org/10.1017/CBO9780511542602
https://doi.org/10.1016/0169-5347(96)81050-0
https://doi.org/10.1016/0169-5347(96)81050-0
https://doi.org/10.1093/cz/zox079
https://doi.org/10.2108/zsj.22.645
https://doi.org/10.1186/1471-2148-11-236
https://doi.org/10.3389/fphys.2019.01281
https://doi.org/10.1038/s41598-020-68006-1
https://doi.org/10.1038/s41598-020-68006-1
https://doi.org/10.1016/j.anbehav.2014.05.014


9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:11702  | https://doi.org/10.1038/s41598-024-62062-7

www.nature.com/scientificreports/

	30.	 Xu, J. & Wang, Q. Ejaculate economics: An experimental test in a moth. Biol Lett 10, 20131031. https://​doi.​org/​10.​1098/​rsbl.​2013.​
1031 (2014).

	31.	 Esfandi, K., He, X. Z. & Wang, Q. Sperm allocation strategies in a sperm heteromorphic insect. Curr Zool 66, 285–292. https://​doi.​
org/​10.​1093/​cz/​zoz048 (2020).

	32.	 Cong, H. & Wang, Z. Sociosexual environments can drive the evolution of plasticity in mating behavior. Evolution 75, 195–196. 
https://​doi.​org/​10.​1111/​evo.​14134 (2021).

	33.	 Parker, G. A. & Pizzari, T. Sperm competition and ejaculate economics. Biol Rev Camb Philos Soc 85, 897–934. https://​doi.​org/​10.​
1111/j.​1469-​185X.​2010.​00140.x (2010).

	34.	 Dougherty, L. R., Skirrow, M. J. A., Jennions, M. D. & Simmons, L. W. Male alternative reproductive tactics and sperm competition: 
A meta-analysis. Biol Rev Camb Philos Soc 97, 1365–1388. https://​doi.​org/​10.​1111/​brv.​12846 (2022).

	35.	 Hirohashi, N. et al. Sperm from sneaker male squids exhibit chemotactic swarming to CO2. Curr Biol 23, 775–781. https://​doi.​
org/​10.​1016/j.​cub.​2013.​03.​040 (2013).

	36.	 Hirohashi, N., Tamura-Nakano, M., Nakaya, F., Iida, T. & Iwata, Y. Sneaker male squid produce long-lived spermatozoa by modu-
lating their energy metabolism. J Biol Chem 291, 19324–19334. https://​doi.​org/​10.​1074/​jbc.​M116.​737494 (2016).

	37.	 Hanlon, R. T., Maxwell, M. R. & Shashar, N. Behavioral dynamics that would lead to multiple paterniry within egg capsules of the 
squid Loligo pealei. Biol Bull 193, 214–215 (1997).

	38.	 Mather, J. Mating games squid play: Reproductive behaviour and sexual skin displays in Caribbean reef squid Sepioteuthis sepioidea. 
Marine Freshwater Behav Physiol 49, 359–373. https://​doi.​org/​10.​1080/​10236​244.​2016.​12532​61 (2016).

	39.	 Apostolico, L. H. & Marian, J. Behavior of “Intermediate” males of the dimorphic squid Doryteuthis pleii supports an ontogenetic 
expression of alternative phenotypes. Front Physiol 10, 1180. https://​doi.​org/​10.​3389/​fphys.​2019.​01180 (2019).

	40.	 Hirohashi, N. et al. Context-dependent behavioural plasticity compromises disruptive selection of sperm traits in squid. PLoS One 
16, e0256745. https://​doi.​org/​10.​1371/​journ​al.​pone.​02567​45 (2021).

	41.	 Hoving, H. J. T., Lipinski, M. R., Videler, J. J. & Bolstad, K. S. R. Sperm storage and mating in the deep-sea squid Taningia danae 
Joubin, 1931 (Oegopsida: Octopoteuthidae). Marine Biol 157, 393–400. https://​doi.​org/​10.​1007/​s00227-​009-​1326-7 (2010).

	42.	 Hoving, H. J., Bush, S. L. & Robison, B. H. A shot in the dark: Same-sex sexual behaviour in a deep-sea squid. Biol Lett 8, 287–290. 
https://​doi.​org/​10.​1098/​rsbl.​2011.​0680 (2012).

	43.	 Murai, R. et al. All the spermatangia on a female were implanted by single-pair copulation in giant squid Architeuthis dux. Deep 
Sea Res Part I Oceanograph Res Pap 175, 103585. https://​doi.​org/​10.​1016/j.​dsr.​2021.​103585 (2021).

	44.	 Sato, N. A review of sperm storage methods and post-copulatory sexual selection in the Cephalopoda. Biol J Linnean Soc 134, 
285–302. https://​doi.​org/​10.​1093/​bioli​nnean/​blab0​96 (2021).

	45.	 Jones, A. G., Adams, E. M. & Arnold, S. J. Topping off: A mechanism of first-male sperm precedence in a vertebrate. Proc Natl 
Acad Sci 99, 2078–2081. https://​doi.​org/​10.​1073/​pnas.​04251​0199 (2002).

	46.	 Ficici, S. G. & Pollack, J. B. Evolutionary dynamics of finite populations in games with polymorphic fitness equilibria. J Theor Biol 
247, 426–441. https://​doi.​org/​10.​1016/j.​jtbi.​2007.​03.​004 (2007).

	47.	 Pizzari, T. Sperm allocation, the coolidge effect and female polyandry. Trends Ecol Evolut 17, 456. https://​doi.​org/​10.​1016/​S0169-​
5347(02)​02591-0 (2002).

	48.	 Engqvist, L. & Sauer, K. P. Strategic male mating effort and cryptic male choice in a scorpionfly. Proc R Soc Lond Ser B Biol Sci 268, 
729–735. https://​doi.​org/​10.​1098/​rspb.​2000.​1423 (2001).

	49.	 Peakall, R. & Smouse, P. E. GenAlEx 6.5: Genetic analysis in Excel. Population genetic software for teaching and research-an update. 
Bioinformatics 28, 2537–2539. https://​doi.​org/​10.​1093/​bioin​forma​tics/​bts460 (2012).

	50.	 Kim, E. B., Lee, S. R., Lee, C. I., Park, H. & Kim, H. W. Development of the cephalopod-specific universal primer set and its appli-
cation for the metabarcoding analysis of planktonic cephalopods in Korean waters. PeerJ 7, e7140. https://​doi.​org/​10.​7717/​peerj.​
7140 (2019).

Acknowledgements
We thank Yoko Iwata and all members in the Hirohashi laboratory for discussion. We are also thankful to 
Bangabandhu Science and Technology Fellowship Trust, Ministry of Science and Technology, Government of 
the People’s Republic of Bangladesh.

Author contributions
K.N.A.: investigation, formal analysis, data curation, writing-original manuscript, M.N.E.A.: investigation, writ-
ing—review and editing, M.N.: methodology, data curation, writing—review and editing, S.T.: conceptualization, 
investigation, resources acquisition, writing—review and editing, H.O. resources acquisition, writing—review 
and editing, K.S.: data curation, N.H. conceptualization, funding acquisition, investigation, methodology, writ-
ing—original draft.

Funding
This study was supported by Kakenhi (21K06333, 21K19158 and 22H05681 to N.H.), and the faculty of Life and 
Environmental Sciences in Shimane Univ. (N.H.).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​62062-7.

Correspondence and requests for materials should be addressed to N.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1098/rsbl.2013.1031
https://doi.org/10.1098/rsbl.2013.1031
https://doi.org/10.1093/cz/zoz048
https://doi.org/10.1093/cz/zoz048
https://doi.org/10.1111/evo.14134
https://doi.org/10.1111/j.1469-185X.2010.00140.x
https://doi.org/10.1111/j.1469-185X.2010.00140.x
https://doi.org/10.1111/brv.12846
https://doi.org/10.1016/j.cub.2013.03.040
https://doi.org/10.1016/j.cub.2013.03.040
https://doi.org/10.1074/jbc.M116.737494
https://doi.org/10.1080/10236244.2016.1253261
https://doi.org/10.3389/fphys.2019.01180
https://doi.org/10.1371/journal.pone.0256745
https://doi.org/10.1007/s00227-009-1326-7
https://doi.org/10.1098/rsbl.2011.0680
https://doi.org/10.1016/j.dsr.2021.103585
https://doi.org/10.1093/biolinnean/blab096
https://doi.org/10.1073/pnas.042510199
https://doi.org/10.1016/j.jtbi.2007.03.004
https://doi.org/10.1016/S0169-5347(02)02591-0
https://doi.org/10.1016/S0169-5347(02)02591-0
https://doi.org/10.1098/rspb.2000.1423
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.7717/peerj.7140
https://doi.org/10.7717/peerj.7140
https://doi.org/10.1038/s41598-024-62062-7
https://doi.org/10.1038/s41598-024-62062-7
www.nature.com/reprints


10

Vol:.(1234567890)

Scientific Reports |        (2024) 14:11702  | https://doi.org/10.1038/s41598-024-62062-7

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	Males conditionally inseminate at three female body locations according to female mating history and female maturity status in a squid
	Results
	Insemination at three different female locations by monomorphic males
	Genotyping-based validation for the site-dependent promiscuity and multiple-site usage by single males
	A set priority for initial use of insemination sites within a female

	Discussion
	Materials and methods
	Animal collection and species identification
	Quantitative analysis of reproductive anatomy
	Development of microsatellite markers
	Paternity analysis and DNA barcoding of spermatangia
	Evaluation of the costsbenefits of utilization of each insemination site
	Statistical data analysis

	References
	Acknowledgements


