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BACKGROUND

In the majority of vertebrate mating systems, 
females invest more energy and effort in ensuring their 
reproductive success and are thus expected to be the 
more ‘choosy’ sex in regards to mate selection. Males, 
on the contrary, are expected to exhibit less parental 
care, be more sexually competitive, and have less 
selective mating preference (Birkhead 1998; Pizzari and 
Birkhead 2002). However, increasing evidence suggests 
that females mating with more than one male (polyandry) 
and having a single brood sired by multiple males 
(multiple paternity) is a common strategy in diverse 
taxa, including invertebrates and vertebrates (Evans 
and Magurran 2000; Toonen 2004; Adams et al. 2005; 
Bretman and Tregenza 2005; Daly-Engel et al. 2006; 

Dean et al. 2006; Jensen et al. 2006). In elasmobranch 
fishes, multiple paternity has been assessed in 20 shark 
and two ray species from six orders using microsatellite 
loci (reviewed by Rossouw et al. 2016), and several 
other such studies (Carcharhinus acronotus: blacknose 
shark, C. leucas: blue shark, Galeocerdo cuvier: bull 
shark, and C. limbatus: black tip shark) have been 
published since then (Barker et al. 2019; Pirog et al. 
2019; Bester-van der Merwe et al. 2019). Although 
most shark reproductive modes have been well studied 
(placental, or aplacental viviparity, and oviparous), the 
mating systems used in most sharks have still not been 
well studied (Neff and Pitcher 2002; Byrne and Avise 
2012; Boomer et al. 2013). 

Pelagic sharks are threatened by over-exploitation 
due to the high value of and demand for their fins, 
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Multiple paternity has been demonstrated in a variety of sharks with different reproductive modes (i.e., 
viviparous, ovoviviparous, adelphophagy, oviparous), although the number of sires per litter varies 
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assigned to each litter of I. oxyrinchus using COLONY software, and that the average number of sires 
dropped to 2.5 when using GERUD. These findings suggest that multiple paternity could be a common 
reproductive strategy used by the shortfin mako shark, and that this mating system should be integrated 
into a demographic model to make more accurate population projections and risk analyses in the future.
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which is causing a subsequent collapse of their fishery 
(Worm et al. 2013). In general, reproductive features 
such as slow growth rates, low fecundity, and late 
maturity make them vulnerable to overfishing (Stevens 
et al. 2000; Byrne and Avise 2012; Worm et al. 2013). 
The shortfin mako shark (Isurus oxyrinchus) is widely 
distributed in tropical and temperate waters, and is one 
of the most heavily fished sharks in the world due to the 
high value of its flesh and fins. As a result, it is currently 
listed as Endangered (EN) on the IUCN’s Red List 
(Rigby et al. 2019) and has been placed in Appendix II 
of the CITES CoP 18 meeting (CITES 2019). Given the 
increasing trend in global shark catches and landings, 
global I. oxyrinchus populations should be constantly 
monitored to ensure their sustainability. Mating systems 
(e.g., monogamy, polyandry, etc.) and demographic 
stochasticity (e.g., natural mortality, fecundity, etc.) 
affect the proportion of breeding females, and have 
significant impacts on assessing population status in 
demographic models (Tsai et al. 2014 2015). However, 
the level of paternity may be underestimated if consider 
only that one study, which documents the presence of 
multiple paternity in I. oxyrinchus in merely one litter 
and five polymorphic microsatellite loci (Corrigan et al. 
2015). Therefore, the aim of this study is to reevaluate 
multiple paternity and its prevalence in I. oxyrinchus 
using more litters and microsatellites. Our results can be 
incorporated into demographic models in the future. 

MATERIALS AND METHODS

Sampling

Isurus oxyrinchus muscle samples were obtained 
from three pregnant females with in utero litters of 13, 
6, and 13 pups for multiple paternity assessment. These 
sharks were collected from the Nanfangao Fishing 
Port as bycatch from a longline fishery operating in the 
area between Taiwan and mainland Japan (Fig. 1). The 
total weights of No. 1, No. 2, and No. 3 females were 
403 kg, 336 kg, and 288 kg, respectively. One of the 
three pregnant female sharks was collected on January 
16, 2016, and the other two on March 4, 2016. Total 
body lengths of the litters were 62.5–72.5 cm. DNA was 
isolated with a Genomic DNA extraction kit (Genomics 
BioSci. and Tech. Co., Taiwan) from muscle tissue 
according to the manufacturer’s recommendations.

Microsatellite genotyping and analyses

Seven published microsatellite loci (CA1XD, 
CATY9, A96NC, BIC01, IOX-01, IOX12, and IOX-
30; Table 1) were used for genotyping. One primer pair 

was labeled with fluorescent dyes FAM or TAMRA 
(Genomics, Taiwan). Microsatellites were amplified 
in 25 μL reactions in a Labnet gradient thermocycler 
over an initial denaturation step at 95°C for 3 min, 30 
cycles of denaturation at 94°C for 30 s, annealing at 
50–60°C for 30 s, extension at 72°C for 1 min, and a 
final extension step at 72°C for 5 min. Each reaction 
contained 30 ng DNA, 12.5 ul Taq DNA Polymerase 2X 
master Mix RED (15 mM MgCl2, 0.4 mM each dNTPs, 
200 nM of each primer, and 0.2 unit of Ampliqon 
DNA polymerase) (Ampliqon, Denmark). Loci that 
were successfully amplified and at the target size were 
then sent for further genotyping via ABI 3730XL 
sequencer. Allele sizes and genotypes were analyzed 
in GeneMapper® Software v. 4.1 (Applied Biosystems, 
USA). For each microsatellite locus, the number of 
alleles, allele frequencies, observed heterozygosities 
(Ho), and expected heterozygosities (He) were 
determined using GENALEX 6.5 (Peakall and Smouse, 
2012). Significance of deviation from Hardy-Weinberg 
equilibrium was estimated by the Markov Chain method 

Fig. 1.  Sampling area for this study and location of Nanfangao 
Fishing Port. The blue area represents the longline fishing area. This 
map is modified from Joung and Hsu (2005).
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comprised of 10,000 dememorizations, 500 batches, and 
10,000 iterations by Genepop web service v4.0.1035. 
Genotypes were checked for null alleles using Micro-
Checker 2.2.3 (Van Oosterhout et al. 2004). Analysis of 
paternity was initially checked by visually inspecting 
multi-locus genotypes. The number of sires and paternal 
skew within litters were inferred using two programs: 
1) GERUD v2.037 (Jones 2005), which identifies 
the minimum number of fathers through exclusion 
calculations. Under the maternal genotype known 
scenario with allele frequency data of each litter, the 
exhaustive search tries every possible combination of 
paternal genotypes until it finds a combination that 
could explain the offspring array. And 2) COLONY 
v2.0.4.538 (Jones and Wang 2010), which uses a 
maximum likelihood approach, assuming a polygamous 
mating system for both sexes, to allow for assignment 
of full and half-sibs under the 1% typing error rate.

RESULTS

The female total weights were recorded, and the 
No. 1 (403 kg), No. 2 (336 kg), and No. 3 (288 kg) 
females had 13, 13, and 6 pups, respectively. Thirty-
five sharks comprising three pregnant females and 
their litters were genotyped by seven polymorphic 
loci. The multi-locus genotypes are shown in table 
S1. There was no significant deviation from Hardy-
Weinberg equilibrium, and all locus pairs were in 
linkage equilibrium (p < 0.05). Mendelian inheritance 

of alleles at these loci was checked manually and 
further supported by the complete concordance of 
mother-offspring genotypes. Additionally, there was no 
evidence of null alleles present in these loci. The seven 
loci had 5–13 alleles and observed heterozygosities 
of 0.624–1.0 (Table 1). GERUD and COLONY were 
used to calculate multiple paternity under the ‘mother 
genotype known’ scenario on three litters, and the 
results are summarized in table 2. Isurus oxyrinchus 
had an average of 4.6 sires assigned to each litter by 
COLONY. The average number of sires dropped to 2.5 
when using GERUD, but the program failed to estimate 
paternity in the No. 3 female shark’s litter due to the 
complex genotypes of pups. 

DISCUSSION

The total body lengths of the 32 pups were 
62.5–72.5 cm, which fits the observation of Joung and 
Hsu (2005) that litters are mainly 65.1–74.0 cm long 
for females caught in January and March. A previous 
study conducted in Australia showed that the litter sizes 
of Isurus oxyrinchus vary from 4 to 16 (Stevens 1983), 
which is very close to what Joung and Hsu (2005) found 
in the Northwestern Pacific (4–15). A further study by 
Mollet et al. (2000) observed that litter size varies from 
4 to 25, and increases with maternal size, based on 
95 mature female I. oxyrinchus including 35 pregnant 
females plus data on 450 postnatal fish collected from 
around the world. However, in the present study, we 

Table 2.  Summary of multiple paternity assessment of litters using GERUD and COLONY software

Species Sample No. Sampling date Female weight Litter Size Size Range of pups #Sires(COLONY) #Sires(GERUD)

Isurus oxyrinchus No.1 2016/1/16 403 kg 13 62.5–72.5 6 3
Isurus oxyrinchus No.2 2016/3/4 336 kg 6 64–67 3 2
Isurus oxyrinchus No.3 2016/3/4 288 kg 13 63–72 5 N/A

N/A: not available.

Table 1.  Characteristics of microsatellite loci in three litters of Isurus oxyrinchus

Locus name Repeat motif #Allele Allele range Ho HW-p Reference

CA1XD AC 13 362-404 0.857 0.9907 Taguchi et al. 2013
CATY9 TCAC 7 228-250 0.667 0.9939 Taguchi et al. 2013
A96NC AC 7 265-302 0.524 0.934 Taguchi et al. 2013
BIC01 AC 5 151-161 0.786 0.9675 Taguchi et al. 2013
IOX-30 (CA)14 A(AC)6 9 142-161 0.857 0.9975 Schrey and Heist 2002
IOX12 (GT)8 GAGT(GA)4 7 297-310 0.643 0.9803 Schrey and Heist 2002
IOX-01 (GA)8 (GT)19 10 126-170 1 1 Schrey and Heist 2002

Ho: observed heterozygosity, HW-p: p value of Hardy-Weinberg test.
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did not observe litter size increasing with maternal 
size, which is congruent with what Joung and Hsu 
(2005) found when examining 24 pregnant females 
of I. oxyrinchus. The incongruence in the correlation 
between litter number and female size between the 
studies could be due to bias caused by abortion during 
capture (Mollet et al. 2000; Whitney and Crow 2007). 

The first case demonstrating polyandry in the 
shortfin mako I. oxyrinchus was carried out using 
five polymorphic loci on only one litter of eight 
pups (Corrigan et al. 2015), and showed that 2–3 
males contributed to its multiple paternity. From 
an examination of only one litter, it is impossible 
to conclude that multiple paternity is a common 
reproductive strategy of I. oxyrinchus .  Herein, 
we genotyped three litters of I. oxyrinchus with 7 
microsatellite loci. In general, the results of paternity 
tests showed multiple paternity among the three 
litters that we examined. The number of sires that 
were detected from these three litters differed slightly 
depending on the software used (average of 4.6 by 
COLONY v.s. average 2.5 by GERUD) (Table 2). This 
trend could be due to an exhaustive search algorithm 
GERUD adopted to determining the minimum number 
of sires (Rossouw et al. 2016). This exhaustive search 
algorithm may also prevent us from estimating paternity 
with pups from the No. 3 female shark due to the 
presence of complex multilocus genotypes. Based on 
these findings, we suggest that polyandry could be a 
common strategy in the shortfin mako shark. 

To date, the majority of studies assessing 
elasmobranch multiple paternity have been conducted 
on coastal and nearshore species, as there is a lack of 
research on pelagic sharks almost certainly due to low 
sample accessibility (Corrigan et al. 2015). Although 
multiple mating has previously been considered less 
common in pelagic species because mating encounters 
are probably rare in the open ocean, fertilizing multiple 
ova during any single mating event would maximize 
reproductive fitness (Gilmore 1993). With accumulating 
molecular evidence, pelagic sharks such as the tiger 
shark show no evidence of multiple paternity (Holmes 
et al. 2018), nor does the whale shark (Rhincodon typus) 
(Schmidt et al. 2010). On the other hand, the great white 
shark (Gubili 2008) and shortfin mako shark (Corrigan 
et al. 2015; present study) have been documented as 
using multiple paternity as a mating strategy. Although 
a global population connectivity study showed that 
I. oxyrinchus should be considered a unistock on the 
global scale (Corrigan et al. 2018), recent tagging 
studies showed that I. oxyrinchus displayed region-
specific movements and thus may not be a nomadic 
wanderer as previously considered (Vaudo et al. 2017; 
Francis et al. 2019). This region-specific movement 

behavior suggests that I. oxyrinchus may have a 
greater opportunity to encounter mating partners than 
previously thought, and might explain the polyandry 
that we found. 

According to FAO global catch production 
statistics (1981–2016), total landings of Isurus 
oxyrinchus increased by 69% from 2004–2009 to 2010–
2016 (FAO 2018). And the proportion of I. oxyrinchus 
of global shark fins in international trade has declined 
from 2.7% (Clarke et al. 2006) to 0.2%–1.2% (Fields 
et al. 2018) over the past two decades, along with a 
historical decline (first 10 years with data vs. last 10 
years) of 16.4% to 96% in different regions (CoP18 
Proposal 42). Therefore, due to its global decline, I. 
oxyrinchus was further listed in CITES appendix II in 
August 2019 by CITES CoP18. In previous predictions 
based on sex-specific models under a polyandry mating 
system, the Northwest Pacific Ocean I. oxyrinchus 
population was predicted to decline in all three tested 
scenarios (A: under current fishing pressure; B: under 
current fishing pressure, but without fishing pressure 
on female neonates or juveniles; and C: under current 
fishing pressure, but without fishing pressure on female 
subadults and adults) (Tsai et al. 2015). Based on the 
present study, we suggest that polyandry could be a 
common mating strategy of shortfin mako sharks; 
however, other possibilities, including polygynous 
or mixed polygamous and monogamous, cannot 
be ruled out. Although it has been listed in CITES 
Appendix II, there is an urgent need to establish a 
fishery management plan regionally. Based on the 
current population status and demographic model 
predictions, we suggest that size-specific management 
be implemented regionally, specifically targeting female 
neonates and juveniles as Tsai et al. (2015) proposed, to 
achieve sustainable utilization of the Northwest Pacific 
Ocean I. oxyrinchus population.

CONCLUSIONS

We successfully reevaluated the mating system 
of and multiple paternity in I. oxyrinchus. Our results 
suggest that polyandry could be a common strategy 
in the shortfin mako shark. The sire number obtained 
through our study could be incorporated into a 
demographic model established previously (Tsai et 
al. 2014 2015) to achieve more precise results around 
population projections and risk analyses of the shortfin 
mako shark in the future.
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