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Abstract

In the context of initiatives focused on captive breeding and reintroduction of

endangered animal species, it is crucial to minimize any bias in reproductive

success during the reintroduction phase in order to preserve genetic diversity.

One population of Tachysurus ichikawai, a critically endangered bagrid catfish

endemic to Japan, faces a threat from the construction of a dam. To address

this, a captive breeding program followed by translocation is being implemen-

ted. Multiple breeding families are involved in this process; however, if there is

a bias in reproductive success among them after release, it will result in a

decline in genetic diversity. To ascertain potential biases of reproductive suc-

cess among released individuals, we attempted to identify the familial lineage

of individuals born at the release site. Due to the unavailability of samples

from the released individuals themselves, we reconstructed the pedigree of

three generations using distant kinship relationships, such as grandparent–
grandchild and uncle–aunt–nephew–niece relationships, with data of 2230–
5674 single-nucleotide polymorphisms obtained from whole genome re-

sequence, and three different software. Our findings indicate no bias between

lineages in the first year after reintroduction, but a significant bias in the sec-

ond year, emphasizing the need for continuous management and monitoring

of reintroduced populations. This study demonstrates that monitoring kinship

after reintroduction can correct lineage bias, which is critical for the prompt

restoration of genetic diversity.

KEYWORD S

endangered species, kinships estimation, reintroduction, reproductive success bias, whole-
genome resequencing

Received: 20 August 2023 Revised: 17 January 2024 Accepted: 25 January 2024

DOI: 10.1002/1438-390X.12183

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2024 The Authors. Population Ecology published by John Wiley & Sons Australia, Ltd on behalf of The Society of Population Ecology.

Population Ecology. 2024;1–16. wileyonlinelibrary.com/journal/pope 1

https://orcid.org/0009-0007-3826-4561
https://orcid.org/0000-0002-9996-8702
mailto:nakayama.kouji.8z@kyoto-u.ac.jp
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/pope
http://crossmark.crossref.org/dialog/?doi=10.1002%2F1438-390X.12183&domain=pdf&date_stamp=2024-03-06


1 | INTRODUCTION

Captive breeding is one of the effective measures for con-
serving threatened populations. Conservation of endan-
gered species must consider genetic diversity, not just
population growth (Frankham et al., 2002). However,
captive breeding of endangered species often involves
only a few individuals, which can lead to inbreeding
(Wajiki et al., 2015) and reintroduction of them may
decrease the genetic diversity of a natural population
(Philippart, 1995; Ryman & Laikre, 1991). Because low
genetic diversity can negatively affect the future viability
of a population (Charlesworth & Charlesworth, 1987;
Keller & Waller, 2002), captive breeding programs are
designed to conserve genetic diversity as much as possi-
ble (Fraser, 2008). Moreover, even with many individuals
released or used as breeding parents within the reintro-
duction program, biased breeding after release can lead
to a decline in genetic diversity. Nevertheless, there have
been only a few investigations into reproductive bias after
reintroduction (e.g., Jamieson, 2010), and as far as our
knowledge goes, there are no documented instances in
fishes. In stock enhancement programs of fishes, there
have been instances of substantial reproductive bias in
the seed production process (e.g., Sekino et al., 2003), and
it is plausible that a comparable phenomenon is occur-
ring after the reintroduction of endangered species.

To investigate whether any bias has occurred after
reintroduction of endangered fish species, it is necessary
to conduct a kinship analysis in the wild for 1–2 genera-
tions after release. The most basic scheme for captive
breeding and subsequent reintroduction of fish involves
capturing wild fish (F0), breeding them to produce off-
spring (F1), and releasing these offspring into the wild.
The released F1 individuals breed in the field and pro-
duce the next generation (F2). To evaluate the reproduc-
tive contribution of each F0 individual, it is sufficient to
observe the proportion of F2 individuals with a
grandparent–grandchild (GG) relationship with the F0
individual. However, as released fish are typically small,
it is often not feasible to conduct genetic analyses of the
released F1 individuals themselves, so it is difficult to
examine the parent–offspring relationships of the F0–F1
or F1–F2 generations. It is therefore necessary to directly
examine the GG relationships between F0 and F2 genera-
tions. Additionally, it would be valuable to investigate
the uncle–aunt–nephew–niece (UANN) relationships
among the siblings of the released F1 individuals and the
wild-bred F2 individuals, particularly in cases where
genetic analysis of the siblings of F1 is feasible, for
instance, when they are preserved for subsequent breed-
ing purposes. Typically, more genetic markers are
required to elucidate more distant relationships such as

GG or UANN, compared to those required for examining
parent–offspring relationships (Snedecor et al., 2022).
However, this is difficult in populations with low genetic
diversity because there are few genetic differences among
individuals; general methods of genetic analysis often do
not yield a sufficient number of polymorphisms to esti-
mate kinship (Collevatti et al., 2007).

In recent years, kinships have begun to be analyzed
using single-nucleotide polymorphisms (SNPs) obtained
by next-generation sequencers. For example, in rainbow
trout, a panel of SNPs at 95 loci has been used to estimate
parent–offspring relationships and to examine life-history
characteristics such as age of participation in reproduc-
tion (Abadía-Cardoso et al., 2013). In addition, SNPs at
6437 loci in red hammerhead sharks obtained by diver-
sity array technology sequencing (DArTseq) (Melville
et al., 2017), an SNP acquisition method similar to restric-
tion site-associated DNA sequencing (RAD-seq), has been
used to estimate full-sibling (FS) and half-sibling
(HS) relationships and discuss reproductive patterns
(Marie et al., 2019). Nevertheless, there are few previous
studies estimating GG or UANN relationships to deter-
mine familial lineages in wild fish, except for that by
Delomas and Campbell (2021).

Tachysurus ichikawai (Siluriformes: Bagridae), the
subject species of this study, is endemic to Japan, exclu-
sively inhabiting the rivers that flow into Ise Bay and
Mikawa Bay (Nakamura, 1963; Niwa, 1967). Human
interference in river systems has resulted in the destruc-
tion of this species' natural habitat, leading to a decline
in population size and placing the species at risk of
extinction (Watanabe, 1998). Specifically, the construc-
tion of dams and weirs has had a significant detrimental
impact on their habitat, both directly and indirectly (Mie
Prefecture, 2005). Consequently, this species has been
classified as an endangered species with a high risk of
near-future extinction in the wild (Ministry of the Envi-
ronment, Japan, 2020).

Recently, a population of this species has encountered
a threat due to dam construction. As one of the conserva-
tion measures, an attempt is underway to collect parental
fish from the area slated to be submerged by dam con-
struction, breed them into several groups in a facility,
and release the young fish at another location to establish
an alternative population (Figure 1). The release of fish
began in 2017, and since 2018 the successful reproduction
of released individuals at the transfer sites has been con-
firmed (Shitara Dam Construction Office, 2023). If repro-
duction at the release site only involved individuals from
a particular family, this would lead to a loss of genetic
diversity and inbreeding depression. It is therefore impor-
tant to estimate the reproductive contribution of released
F1 individuals in the reintroduced population. However,
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it is almost impossible to identify family structure by
actually observing reproduction under natural condi-
tions, so it is necessary to use genetic information to iden-
tify the family to which each individual belongs. There
have been only a few genetic studies of T. ichikawai; one
is a study of polymorphisms in the control region of mito-
chondrial DNA, and another uses microsatellite markers.
In the study of mitochondrial DNA, all 75 individuals
from 8 rivers analyzed were found to have a single haplo-
type (Watanabe & Nishida, 2003). And by surveying
microsatellite markers, the population in the Toyokawa
River system was reported to have lower genetic diversity
than populations of the same species in other rivers (Mie
Prefecture, 2006). This information suggests that the
genetic diversity of the reintroduced population focused
on in this study is expected to be low. Consequently, elu-
cidating kinships within this population using reduced
representation genome sequencing, such as RAD-seq, is
deemed challenging due to the limited abundance of its
polymorphic genetic markers.

In this study, we utilized whole-genome resequen-
cing, the most informative method currently available
in genetic research, to obtain numerous SNPs in the
species with low genetic diversity. We attempted to esti-
mate detailed kinship relationships within three genera-
tions in the reintroduced population to examine the
reproductive contribution of each family based on more
distant GG and UANN relationships. Our objective was
to assess the potential occurrence of post-release

reproductive bias in the captive breeding and reintro-
duction process of fishes.

2 | MATERIALS AND METHODS

2.1 | Target population and samples

Tachysurus ichikawai is a nocturnal species, residing in
pools and flats with slow currents. It does not exhibit sig-
nificant migratory patterns over its lifespan, and it is not
uncommon for individuals to reside in a single pool for
multiple years (Watanabe, 1995). The average lifespan
for this species ranges from 3 to 6 years, with sexual
maturity typically occurring at approximately 2–3 years
(Watanabe, 1994a, 2008). The sex ratio within the breed-
ing population is skewed toward females (Watanabe,
1994a), likely due to the higher mortality rate of adult
males. Breeding is concentrated during June and July,
during which males establish breeding territories and
females visit them, thus demonstrating continuous polyg-
amy (Watanabe, 1994a, 1994b, 2008).

The area 70 km upstream from the mouth of the Toyo-
kawa River, which flows into Mikawa Bay, is an impor-
tant habitat for a population of this species. In this
location, the Shitara Dam is under construction
(impounded water surface area: approximately 3 km2),
and when the dam is completed, the habitat of the popula-
tion will disappear. Therefore, surveys and consideration

FIGURE 1 Schematic diagram of captive breeding, reintroduction, and reproduction in the field subsequent to release. Wild adult fish

(F0 generation) obtained from the construction site of the dam are housed in multiple tanks (families), and the resultant offspring (F1
generation) are released. The released F1 individuals reproduce in natural conditions, giving birth to the succeeding generation (F2
generation). Black silhouette denotes individuals with available samples for genetic analysis, while gray represents individuals without

samples. Note that samples of the released F1 fish themselves are not available (see text). Solid lines indicate known relationships based on

pedigree information, and dashed lines indicate unknown relationships.
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of specific conservation measures have been ongoing for
about 20 years since 2003. The Shitara Dam Construction
Office has conducted an environmental impact assess-
ment (EIA) of the dam project based on the EIA Law; the
assessment report was published in 2007. This report rec-
ommends conservation measures for T. ichikawai because
of the impact of the project, and translocation experiments
are being conducted (Figure 1).

Samples were collected from three successive genera-
tions in a single breeding population (Figure 1): the F0
generation, collected near the dam construction site and
used for breeding at the facility; the F1 generation, pro-
duced by breeding between F0 males and females at the
facility; and the F2 generation, produced by breeding
between F1 individuals under natural conditions at the
translocated site. F0 rearing and breeding at the facility
were conducted in multiple tanks containing multiple F0
males and females or one F0 male and one F0 female
each, with each tank used for a single breeding season.
For this study, the group of fish used for breeding in each
tank will be referred to as a “family” for simplicity
because in the majority of cases offspring from a given
tank are genetically related (full or half-sibs). Some of the
F1 individuals born in each family were released to
the transfer sites in the spring and fall, resulting in F1
individuals from 12 families having been released by
spring 2019 (families A1, A2, A3, A4, A5, A6A7A9, A10,
A11, A12, A15, A16 and A17: A6A7A9 were initially trea-
ted as a separate group, but were later mixed. A8, A13,
A14 were not released within the period covered by this
study). Table S1 contains a summary of information
about the F0 individuals in each family.

The reproductive contribution of individual families
was estimated by determining the number of F2 individ-
uals derived from each family. The simplest way to
achieve this is to check the parent–offspring relationships
between F1 and F2 generations. However, as previously
stated, the F1 individuals that were released were not
sampled for genetic analysis. Therefore, it was imperative
to investigate GG relationships between F0 and F2 gener-
ations, as well as UANN relationships between siblings of
the released F1 individuals and wild-bred F2 individuals
(Figure 1).

The selection criteria for individuals used in deter-
mining relationships were as follows. First, if samples
from all F0 individuals from a particular family were
available, all F0 individuals from that family
were included for analysis. This applied to families A2,
A3, A6A7A9, and A17. Second, if a sample from at least
one F0 individual in a family was not obtainable, the F1
individuals (the siblings of the released F1 individuals)
from that family were analyzed instead. This approach

was applied to families A1, A4, A5, A12, A15, and A16.
For families where a single male and female pair were
used for breeding, a single F1 individual was selected,
given that all F1 individuals within the family were
FS. For families where breeding involved multiple F0
individuals, two F1 individuals were analyzed. As for the
F2 generation, individuals born in the NN6 pool, one of
the release sites and the pool that showed the highest
reproductive success after release, were selected for anal-
ysis. Samples from the F2 generation consisted of two
year-classes: the 2018 year-class (F2 individuals born dur-
ing the breeding season around June–July 2018, sampled
in June 2019 at approximately 1 year old, identified based
on body length) and the 2019 year-class (F2 individuals
born during the breeding season around June–July 2019,
sampled in June 2020). A total of 70 individuals were
chosen for analysis based on these criteria: 15 F0, 8 F1,
and 47 F2 individuals (35 from the 2018 year-class and
12 from the 2019 year-class).

2.2 | Sequencing the reference genome
of T. ichikawai

To obtain a reference genome for genome-wide popula-
tion genetic analysis, we determined a draft genome for
T. ichikawai. Genomic DNA was extracted from a clip of
the adipose fin from one F0-generation individual reared
at the Aichi Prefectural Fisheries Experimental Station,
Inland Fisheries Research Institute Mikawa-Ichinomiya
Guidance Center in Toyokawa City, Aichi Prefecture,
Japan, using the standard phenol–chloroform method.
The quality of the genomic DNA sample was assessed by
using an automated gel electrophoresis system (2200
TapeStation; Agilent Technologies, Santa Clara, CA,
USA). The library of the genomic DNA was prepared by
the single-tube long fragment read (stLFR) method
(O. Wang et al., 2019), and sequenced on a paired-end
2 � 100 nt lane high-throughput sequencer (MGISEQ-
2000RS; MGI Tech, Shenzhen, China).

2.3 | Genome size estimation

To estimate the T. ichikawai genome size, k-mer fre-
quency analysis was performed using KmerGenie
(Chikhi & Medvedev, 2014). First, stLFR barcodes in the
MGISEQ reads were trimmed by the stLFR2Supernova
pipeline (O. Wang et al., 2019). Second, the best k-mer
length was estimated from the barcode-trimmed reads.
Third, genome size was estimated from the frequency dis-
tribution of the best k-mer length.

4 MIZUNO ET AL.
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2.4 | Assembly of the T. ichikawai
genome

A scaffold-level assembly of the T. ichikawai genome was
generated under the stLFR2Supernova pipeline (O. Wang
et al., 2019) with Supernova 2.1.1 (Weisenfeld
et al., 2017). Parameters for the Supernova run were set
to MAX_READS = 400,000,000 and MINSIZE = 200.
The assembly was polished automatically with the Pilon
software tool (Walker et al., 2014). The quality of the
genome assembly was evaluated using the completeness
estimated by BUSCO version 5.4.4 (Simão et al., 2015)
with a database of ray-finned fishes (Actinopterygii
odb10). Transposable elements (TEs) and other repeat
sequences of the T. ichikawai genome were identified
using RepeatModeler version 2.0.3 (Flynn et al., 2020)
with Dfam 3.7 repeat database. Second, the TEs and
repeats within the T. ichikawai genome were soft-masked
by RepeatMasker version 4.1.2-p1 (http://www.
repeatmasker.org).

2.5 | Genome-wide SNP heterozygosity
estimation

To assess the genetic diversity of the T. ichikawai genome,
we estimated the genome-wide SNP heterozygosity of the
reference individual. Initially, stLFR barcode-trimmed
MGISEQ reads were mapped to the reference genome
using NextGenMap (Sedlazeck et al., 2013), and a binary
format alignment/map (BAM) file was generated. The
BAM file was sorted by SAMTools version 1.7 (Li
et al., 2009). Next, local realignments of INDELs in the
sorted BAM file were conducted by GATK v3.8.1
(McKenna et al., 2010). Then, a genomic variant call for-
mat (GVCF) file of the reference individual was generated
by GATK HaplotypeCaller with options -hets 0.001 and
-indelHeterozygosity 0.001. Finally, SNPs of the reference
individual were called and an output variant call format
(VCF) file was generated using the GATK GenotypeGVCF
tool. For genotyped SNPs, variant filtering was applied
using the GATK VariantFilteration tool with cutoff values
as follows: MQ >30.00, SOR <4.000, QD >2.00,
FS <60.000, MQRankSum >�20.000, ReadPosRankSum
>�10.000, and ReadPosRankSum <10.000.

2.6 | Library preparation and
resequencing

The adipose fins of the 70 individuals selected above that
were collected non-invasively and preserved in 99% etha-
nol were used for DNA extraction. DNA extraction was

performed using the DNeasy Blood and Tissue kit
(Qiagen, Hilden, Germany) following the manufacturer's
protocol. DNA concentrations were measured using the
Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific,
Massachusetts, USA). Agarose electrophoresis was per-
formed using KANTO ST (Kanto Chemical, Tokyo,
Japan) high gel strength (1% agarose with TAE) to con-
firm the quality of genomic DNA.

Libraries were prepared from the DNA extracts fol-
lowing the Hackflex protocol (Gaio et al., 2022). For
indexes, we used UD Index Adapter (Integrated DNA
Technologies, Iowa, USA). Concentrations of the
DNA library were measured by a Qubit dsDNA HS Assay
Kit (Thermo Fisher Scientific) and the KAPA Library
Quantification Kit (Kapa Biosystems) for the StepOne-
Plus Real-Time PCR System (Thermo Fisher Scientific).
Library size was measured using an automated gel elec-
trophoresis system (2200 TapeStation high sensitivity
D1000 [Agilent] or 4200 TapeStation high sensitivity
D1000 [Agilent]). Fragments in the DNA library were
sequenced by using a genome sequencer (HiSeq X; Illu-
mina, California, USA) at 151 bp paired ends.

2.7 | Obtaining genome-wide SNPs in
multiple samples

After trimming adapter sequences with Trimmomatic
v0.39 (Bolger et al., 2014), only paired-end data were
mapped to a reference genome using NextGenMap v0.5.2
(Sedlazeck et al., 2013), and BAM files were generated.
After the BAM files were sorted using SAMTools v1.7 (Li
et al., 2009), each individual was genotyped and VCF files
were generated by HaplotypeCaller in Picard v2.25.1
(Broad Institute, 2021) and GATK v4.2.0.0 (McKenna
et al., 2010). Then, only biallelic SNPs were identified
and hard filtered (MQ <30.00, SOR >4.000, QD <2.00,
FS >60.000, MQRankSum <�20.000, ReadPosRankSum
<�10.000, and ReadPosRankSum >10.000) with Variant-
Filtration in GATK. We also determined the sequence of
the mitochondrial DNA from F0 individual f12A using
GetOrganelle (Jin et al., 2020) and mapped the sequences
of all other individuals for this reference and searched for
SNPs in the same way as for the whole genome, except
that the depth was set to >50 in the filtering conditions
for detecting SNPs in mitochondrial DNA.

2.8 | Evaluation of SNP filtering criteria
for kinship estimation

We next examined the filtering parameters for SNPs
using a total of 20 individuals of the F0 and F1
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generations, including kinships known from the rearing
conditions. The known kinships among the 20 individuals
included three parent–offspring relationships, one FS,
and a maximum of five HS. We considered the parame-
ters under which all known kinships were correctly
reproduced as good parameters that could accurately esti-
mate unknown kinships.

The filtering parameters considered were [1] minimum
depth (MIN_DP), 5; [2] maximum depth (MAX_DP), 30–
200; [3] minimum mean depth (MIN_MEAN_DP), 15;
[4] minimum genotyping quality (MIN_GQ), 20–30;
[5] call rate (CR), 0.7–1.0; [6] minor allele frequencies
(MAF), 0.01–0.1; [7] deviation from Hardy–Weinberg
equilibrium (HWE), 0.00001–0.01; [8] maximum heterozy-
gosity (HET), 0.6–0.8; and [9] linkage disequilibrium
(LD), 0.1–0.3. The ranges of values following each param-
eter are the minimum–maximum values considered.
Terms for the parameters and their values were deter-
mined based on several previous studies (Barnes &
Breen, 2010; Chen et al., 2017; Dou et al., 2017; Miyagawa
et al., 2008; Nishida et al., 2008; O'Leary et al., 2018;
Roshyara et al., 2014).

We used COLONY 2.0 (Jones & Wang, 2010) and
Sequoia (Huisman, 2017) to estimate kinships. First, we
varied the values of each of the nine filtering parameters
listed above, along with the allele dropout rate and error
rate settings in COLONY 2.0, to identify multiple candi-
date combinations that could accurately reproduce
known kinships, and then identified the ones for which
Sequoia could also produce correct estimates. Because
observations from laboratory experiments suggest that
T. ichikawai practices “continuous” polygamy (Wata-
nabe, 1994a, 1994b), we assumed random mating in
COLONY 2.0. The estimation accuracy was set to very
high, and run length was set to 3 out of a range of 1–4.
Vcftools (Danecek et al., 2011), Plink (Purcell
et al., 2007), and SnpEff (Cingolani et al., 2012) were used
for SNP filtering.

2.9 | Estimation of kinship between F2
and captive individuals

From the SNP set filtered by the criteria determined
above, COLONY 2.0 (Jones & Wang, 2010), Sequoia
(Huisman, 2017), and gRandma (Delomas &
Campbell, 2021) were used to estimate relationships
between F2 and captive individuals. COLONY 2.0 was
used to estimate FS and HS relationships between F0
individuals and between F2 individuals. Both COLONY
2.0 and gRandma were used to estimate GG relationships
between F0 and F2 individuals. Sequoia was used to esti-
mate UANN relationships between F1 and F2 individuals.

Here, HS, GG, and UANN have the same relatedness
(Thompson, 1975). Although these three relationships
are inherently genetically indistinguishable without uti-
lizing linkage information or employing three or more
individuals jointly for the relationship inference
(J. Wang, 2007), it is important to note that in this study,
F0 consistently represents the grandparent generation, F1
corresponds to the uncle/aunt generation (parent genera-
tion), and F2 represents the grandchild generation
(Figure 1). Therefore, if a HS relationship is estimated
between F0 and F2 individuals using COLONY 2.0, it
actually indicates a GG relationship (J. Wang, pers.
comm.). Specifically, all 62 individuals from the F0 and
F2 generations were included as candidate offspring in
COLONY 2.0, and if an HS relationship was estimated
between F0 and F2 individuals, it was considered a GG
relationship. Likewise, all 55 individuals from the F1 and
F2 generations were entered as candidate offspring in
COLONY 2.0, and UANN relationships were considered
as HS relationships.

For the COLONY 2.0 settings, both the allele dropout
rate and error rate were set to 0.01 based on the results of
the preliminary considerations alongside other filtering
conditions, and inbreeding was considered. Other set-
tings were the same as those used in the consideration of
filtering parameters (random mating was assumed, esti-
mation accuracy was very high, and run length was set to
3). From a prior study, those relationships with a support
probability of 0.8 or greater in COLONY 2.0 were consid-
ered to be true kinship (Thow et al., 2022).

gRandma can provide estimates for trio relationships
between paternal and maternal grandparents and one
grandchild. The estimated GG trios are then output with
the Mendelian incompatibility (MI: the closer to 0, the
less genetic inconsistency) and the log likelihood ratio
(LLR) assuming that the trio is unrelated. It is also possi-
ble to calculate the false positive and false negative rates
for each MI when the LLR threshold is set to a certain
value. In this study, the false positive and false negative
rates for each MI were calculated for LLR = 30, 50, 60,
70, 80, and 90 as candidates for the threshold, and
LLR = 70 was adopted because at this value the false pos-
itive rate was 0.06 and the false negative rate was 0 when
MI = 0 (Table S2). The results of the kinship estimation
are presented as “robust” if LLR ≥70 and MI = 0, and
“weak” if LLR <70 and MI = 0 or LLR ≥70 and MI >0.
A total of 62 individuals (F0–F2) were used, the same as
in the estimation of GG using COLONY 2.0, and the fil-
tering conditions were also the same (MIN_DP = 5,
MAX_DP = 50, MIN_MEAN_DP = 15, MIN_GQ ≥30,
CR >0.9, MAF ≥0.03, HWE <0.00001, HET ≤0.7, LD
≤0.2). The allele dropout rate and error rate were both
set to 0.01, the same as in COLONY 2.0.
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2.10 | Identification of families for F2
individuals and investigation of
reproductive bias

The results of the estimations of GG or UANN relation-
ships were combined to identify the families to which
each F2 individual belonged. To identify the family, we
also indirectly used the FS relationships between F2 indi-
viduals. For example, if a GG relationship is estimated
between F0 individual A and F2 individual B, and an FS
is estimated between F2 individual B and F2 individual C,
then individual A and individual C are also considered to
have a GG relationship, even if a GG relationship is not
detected between A and C.

To test the significance of reproductive bias, we per-
formed Pearson's χ-square goodness-of-fit tests with the
null hypothesis that all families contributed equally to
breeding regardless of the number of F1 individuals
released, that is, each family was responsible for the birth
of an equal number of F2 individuals.

The families taken into consideration were deter-
mined based on the F1 birth year and release status.
Table S3 shows the number of F1 individuals released
from each family from spring 2017, when releases to the
NN6 pool began, to spring 2019, when all individuals that
could have contributed to the birth of the 2019 year-class
had been released. Here, only three F1 groups—A1, A2,
and A3—born at the facility in 2016 and released in
spring of 2017 and 2018, could be the parents of the
2018 year-class. This is because age at first maturity of
T. ichikawai is 2 years old or later. In addition, individ-
uals listed as spring releases were released around May,
just before the June–July breeding season of this species,
so individuals released in the spring of 2018 may have
also contributed to the birth of the 2018 year-class. In the
same way, the families that could be parents of
the 2019 year-class are the A1, A2, and A3 groups
released in spring of 2017, 2018, and 2019, and the A4,
A5, and A6A7A9 groups, born at the facility in 2017 and
released in fall 2017, spring 2018, and spring 2019, for a
total of six groups. Although the possibility of their repro-
ducing is unlikely, the A10, A11, A12, A15, A16, and A17
families were also included in the analysis as they were
released at the same location.

3 | RESULTS

3.1 | Draft genome assembly of
T. ichikawai

In the T. ichikawai individual used for genome sequenc-
ing, 100.6 Gb raw reads were generated by sequencing

the stLFR library using MGISEQ-2000RS. The draft
genome sequences are available in the DDBJ Sequence
Read Archive (DRA) database (DRA ID DRA017372, Bio-
Project ID PRJDB16846). In the k-mer analysis for
genome size estimation, the best k-mer length was
77 and the haploid genome size was estimated as
586.8 Mb.

The draft genome of T. ichikawai was assembled into
65,543 scaffolds. The assembly size was 693.4 Mb, which
was slightly larger than that estimated by k-mer analysis.
The N50 of the genome assembly was 302,574 bp and the
average scaffold length was 10,580 bp. Nucleotide length
of the largest scaffold was 5,257,662 bp. The complete-
ness of the protein-coding genes in the genome assembly
was estimated to be 75.8% (74.7% single and 1.1% dupli-
cated copies). We consider this assembly to be sufficient
for the reference genome of the SNP detection in this
study, and it was used for further analysis.

3.2 | Genome-wide SNPs from multiple
samples and assessment of filtering
parameters

We identified the following numbers of SNPs: 173,375
for F0 alone (15 individuals); 291,546 for F2 alone
(47 individuals); 317,193 for F0 (15 individuals) + F2 (47
individuals); 310,249 for F1 (8 individuals) + F2 (47 indi-
viduals); and 335,104 for F0 (15 individuals) + F1
(8 individuals) + F2 (47 individuals). Approximately 54%
of the SNPs were singletons, occurring only once in the
entire population, as calculated for 20 individuals includ-
ing F0 and F1.

The parameters investigated for SNP filtering are
shown in Table S4, and filtering condition set
no. 20, which accurately reproduced the known kinships,
was adopted as the filtering combination for estimating
unknown kinships. First, we identified eight sets of con-
ditions (numbers 13, 18–23, and 25 in Table S4) that
accurately reproduced all of the known kinships using
COLONY 2.0 for the dataset from 20 individuals. The
higher the sequential number among these eight sets of
conditions, the “looser” they are; that is, the greater the
number of loci left after filtering. Filtering condition set
no. 20 was selected as the filtering conditions for estimat-
ing unknown relationships (MIN_DP = 5, MAX_DP =

50, MIN_MEAN_DP = 15, MIN_GQ ≥30, CR >0.9, MAF
≥0.03, HWE <0.00001, HET ≤0.7, LD ≤0.2) because
these yielded a probability of 1.000 (= maximum) for all
known kinships, and the number of loci left was the larg-
est among those with the same results. However, the
MAF value was adjusted based on the number of individ-
uals analyzed simultaneously, so that only heterozygous
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SNP loci that occurred in a single individual would be fil-
tered out (the threshold value of MAF ≥0.03 shown here
is for the case of 20 individuals).

The number of loci in each combination of generations
after filtering was 2479 for F0 alone (15 individuals), 2230
for F2 alone (47 individuals), 2541 for F0 (15 individuals)
+ F2 (47 individuals), 5674 for F1 (8 individuals) + F2
(47 individuals), and 3045 loci for F0 (15 individuals) + F1
(8 individuals) + F2 (47 individuals).

3.3 | Kinship between F2 and captive
individuals

We first estimated kinships by COLONY 2.0 and
Sequoia for each of the filtered SNP sets. COLONY 2.0
estimated the following kinships with a support proba-
bility of 0.8 or higher: 1 pair for FS within F0, 9 pairs
for HS within F0, 18 pairs for FS within F2, 78 pairs for
HS within F2, 26 pairs for GG between F0 and F2, and
15 pairs for UANN between F1 and F2. In COLONY 2.0,
we treated HS relationships between generations as GG
or UANN. The detailed results from COLONY 2.0 are
shown in Tables S5–S10 for all outputs regardless of the
support probability. The results from Sequoia were 1 pair
for FS within F0, 2 pairs for HS within F0, 19 pairs for
FS within F2, 9 pairs for HS within F2, 9 pairs for GG
between F0 and F2, and 9 pairs for UANN between F1
and F2 (shown in Tables S11–S16). The GG relationships
estimated from gRandma were 42 robust trios
(Table S17) and 20 weak trios (Table S18). The results
from these three programs are presented in Figure 2 as
solid lines.

3.4 | Family identification for F2
individuals and reproductive bias

The families from which all 47 F2 individuals originated,
as determined from the kinship estimation, are shown in
Table 1. Thirteen, twenty-four, and thirty-seven F2 indi-
viduals were identified as descendants of the A1, A2, and
A3 families, respectively. The total number of F2 individ-
uals exceeds 47, since one F2 individual may have origi-
nated from two families (maternal and paternal).
Conversely, no F2 individuals belonging to families other
than those named above were found. Thus, only three
families were identified in this study: A1, A2, and A3.
Three family lineages, denoted as A1, A2, and A3, were
potentially implicated in the 35 F2 individuals in the
2018 year-class, and kinship analysis revealed 13, 17, and
25 involvements, respectively (Table 2). No significant
reproductive bias was detected among the lineages

(Table S19). On the other hand, 12 individuals of the
2019 year-class showed significant reproductive bias,
with 0, 7, 12, 0, 0, and 0 involvement detected among six
family lineages, namely A1, A2, A3, A4, A5, and
A6A7A9. For the F2 individuals for which only one fam-
ily lineage was estimated, there exists the potential pres-
ence of an additional familial lineage that eluded
estimation. Consequently, we assessed the scenario
wherein the undetermined familial lineage was uni-
formly distributed among all lineages for F2 individuals
with a sole familial lineage estimation. Even under these
conditions, no statistically significant bias was observed
in the 2018 year-group whereas a significant bias was evi-
dent in the 2019 year-group (data not shown).

We excluded two cases from our identification of fam-
ilies as they were clearly false positives: UANN
190619-NN6-59 and F15A (which would have indicated
that 190,619-NN6-59 was from the A6A7A9 family, but
F1 in A6A7A9 could not be the parent of the 2018 year-
class because of age), and GG between 190,619-NN6-63
and f9A (which would have indicated that
190,619-NN6-63 was from the A17 family, but an F1 indi-
vidual of A17 could not be the parent of the 2018 year-
class because of age).

3.5 | Mitochondrial DNA sequence
variation

We determined a mitochondrial DNA sequence of 16,528
bases with an average depth of 385.5. The minimum
depth for all bases was greater than 50, so no SNPs were
excluded by filtering with MIN_DP = 50. Only 2 biallelic
SNPs were identified from all 70 F0, F1, and F2 individ-
uals. These two loci in the mitochondrial DNA sequence
were in the ND6 gene region (gene encoding NADH
dehydrogenase 6) and the Cytb gene region (gene encod-
ing cytochrome b) in the first and second codon posi-
tions, respectively. Only two haplotypes were found at
these loci. The haplotypes of all individuals are shown in
Table S20.

4 | DISCUSSION

4.1 | Genetic diversity of T. ichikawai

The genome-wide SNP heterozygosity of Tachysurus ichi-
kawai (1.6 � 10�4/bp) estimated from the individual of
the reference genome was considerably lower than its
congeneric species T. fulvidraco (4.5 � 10�3/bp; Gong
et al., 2018). Additionally, the heterozygosity of
T. ichikawai was much lower than that of some critically
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FIGURE 2 Legend on next page.
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endangered teleost species listed on the IUCN Red List,
such as large yellow croaker (3.58 � 10�3/bp; Wu
et al., 2014) or European eel (1.48–1.59 � 10�2/bp;
Jansen et al., 2017). However, it remains uncertain
whether the reduction in genetic diversity is a recent con-
sequence of declining population size or has historical
origins. Furthermore, approximately 54% of the SNPs
determined in this study for a group of 20 individuals
including F0 and F1 generations, were singletons. Single-
ton SNPs exhibit mutations in only one allele among all
individuals examined, so they do not provide useful infor-
mation for kinship inference. Thus, despite our acquisi-
tion of a substantial number of SNPs, we estimated that
approximately half of them were uninformative loci for
kinship analysis.

Despite the challenge posed by limited genetic diver-
sity, frequent occurrence of singleton SNPs, and high
level of inbreeding demonstrated by frequent HS and FS
occurrence among F0s (Tables S8 and S9), we successfully
accomplished a kinship analysis by employing whole-
genome resequencing. An alternative method incorporat-
ing reduced genome analysis, such as RAD-seq, would
have yielded an insufficient quantity of SNPs to facilitate
a comprehensive kinship analysis. Although it is impera-
tive to carefully select suitable loci for kinship analysis,
we deem the use of whole-genome resequencing for pedi-
gree analysis in wild animals exhibiting low genetic
diversity and inbreeding to be effective.

4.2 | Reproductive bias in the
reintroduced population

By combining the kinship estimates from COLONY 2.0
and Sequoia, we were able to identify at least one family
for all F2 individuals. This is a significant accomplish-
ment of our study, as there have been few instances
where detailed kinships, such as GG and UANN relation-
ships, have been identified in a highly inbred population.
In families where breeding involved several F0 individ-
uals and at least one F0 individual was not accessible, we
used two F1 individuals alongside. If not all F0 individ-
uals in the tank contributed to producing the two sam-
pled F1 individuals, it could have resulted in
underestimating the number of descendants in this fam-
ily. On the other hand, for some F2 individuals, we

indirectly estimated the familial lineage. That is, we con-
sidered the F2 individual, in a full-sibling relationship
with another F2 individual whose familial lineage was
identified, to belong to the same family. This is a two-step
estimation, which might have caused a proliferation of
inference errors. However, it was thought to be unlikely
that these would have remarkably affected the results, as
familial lineage was successfully estimated for all F2, with
the combination of three different software.

We next investigated whether there was any bias in
reproductive contribution among the identified families.
In the 2018 year-class, there was no statistically signifi-
cant difference between the contributions from the three
families that were likely involved in reproduction. This is
a desirable outcome, as outlined in the introduction,
because bias among families can result in a loss of genetic
diversity (Willoughby et al., 2017). However, in the
2019 year-class, we observed a significant bias in breed-
ing contribution among families. This was largely influ-
enced by the fact that no F2 individuals were found from
the A4, A5, or A6A7A9 families. We anticipated that F1
individuals from these families would likely have had
few offspring in 2019. It is probable that a reduction in
the water level of the NN6 pool, caused by the collapse of
a downstream weir due to a flood in fall 2018, had a neg-
ative impact on the growth and survival rates of F1 indi-
viduals in families A4, A5, and A6A7A9 (Shitara Dam
Construction Office, unpublished information). Although
T. ichikawai typically reaches sexual maturity at age 2–
3 years (Watanabe, 1994a, 2008), it is possible that only a
few F1 individuals from the A4, A5, and A6A7A9 families
had reached maturity during the 2019 breeding season
because of delayed growth. Even if some F1 individuals
from these families had reached maturity, they would
have been smaller than the F1 individuals from the A1,
A2, and A3 families, which were 1 year older, and there-
fore at a disadvantage in breeding competition. More-
over, the low water level may have decreased the overall
reproductive rate in 2019. The number of F1 individuals
able to produce offspring in 2019 was small, as only
12 F2 samples from year-class 2019 were obtained,
despite a vigorous sampling effort, of which six individ-
uals had the same estimated grandparents (m14A and
f7A, m18A and f10A), and four individuals had the same
grandparents (m18A and f10A), indicating that
the number of F1 individuals that were able to produce

FIGURE 2 The estimated relationships by COLONY 2.0, Sequoia, and gRandma. Left panel: Grandparent–grandchild
(GG) relationships between F0 and F2 generations. Right panel: Uncle–aunt–nephew–niece (UANN) relationships between F1 and F2
generations. Individuals shaded in yellow represent the samples used for genetic analyses. Individuals marked with a cross were not sampled

for genetic analysis. GG relationship between 190,619-NN6-63 and f9A was presumed to be false positive (see text for details). See also

Table 1 for detailed relationships.
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TABLE 1 Families of all 47 F2 individuals identified from the kinship analysis.

Name of F2 Family Results used to identify familya
Individuals of F0 or F1 generations with
estimated GG or UANN relationships

190619-NN6-54 A1 (UANN by Se) mA1-4

190619-NN6-66 A1 (UANN by Se) mA1-4

190619-NN6-51 A1 A2 (UANN by Co), (rob GG by gR) m14A, f7A, mA1-4

190619-NN6-52 A1 A2 (we GG by gR), (Comb) m14A, f7A

190619-NN6-53 A1 A2 (UANN by Co), (rob GG by gR) m14A, f7A, mA1-4

190619-NN6-76 A1 A2 (UANN by Co), (rob GG by gR) m14A, f7A, mA1-4

190619-NN6-48 A1 A3 (UANN by Co), (we GG by gR) m18A, f10A, mA1-4

190619-NN6-50 A1 A3 (UANN by Co), (we GG by gR) m18A, f10A, mA1-4

190619-NN6-56 A1 A3 (GG by Co), (UANN by Se), (rob GG by gR) m18A, f6A, mA1-4

190619-NN6-61 A1 A3 (we GG by gR), (Comb) m18A, f10A

190619-NN6-70 A1 A3 (GG by Co), (UANN by Co), (UANN by Se), (rob
GG by gR)

m18A, f6A, mA1-4

190619-NN6-74 A1 A3 (GG by Co), (UANN by Co), (rob GG by gR) m18A, f6A, mA1-4

190619-NN6-82 A1 A3 (UANN by Co), (rob GG by gR) m18A, f10A, mA1-4

190619-NN6-33 A2 (rob GG by gR) m14A, f7A

190619-NN6-59 A2 (GG by Co), (UANN by Se), (rob GG by gR) m14A, f7A, fA2-11, f15A

190619-NN6-60 A2 (GG by Co), (UANN by Se), (rob GG by gR) m14A, f7A, fA2-11

190619-NN6-62 A2 (rob GG by gR) m14A, f7A

190619-NN6-77 A2 (UANN by Co), (rob GG by gR) m14A, f7A, fA2-11

190619-NN6-78 A2 (UANN by Co), (UANN by Se), (rob GG by gR) m14A, f7A, fA2-11

200625-NN6-28 A2 (rob GG by gR) m14A, f7A

190619-NN6-34 A2 A3 (GG by Co), (rob GG by gR) m14A, f7A, m18A, f10A

190619-NN6-49 A2 A3 (we GG by gR) m14A, f7A

190619-NN6-55 A2 A3 (GG by Co), (UANN by Co), (rob GG by gR), (we
GG by gR)

m14A, f7A, m18A, f6A, fA2-11

190619-NN6-58 A2 A3 (GG by Co), (rob GG by gR) m14A, f7A, m18A, f6A

190619-NN6-68 A2 A3 (GG by Co), (we GG by gR) m14A, f7A, m18A, f6A

190619-NN6-72 A2 A3 (GG by Co), (rob GG by gR) m14A, f7A, m18A, f6A

190619-NN6-79 A2 A3 (GG by Co), (rob GG by gR) m14A, f7A, m18A, f10A

200625-NN6-21 A2 A3 (GG by Co), (UANN by Co), (UANN by Se), (we
GG by gR)

m14A, f7A, m18A, f10A, fA2-11

200625-NN6-29 A2 A3 (rob GG by gR), (we GG by gR) m14A, f7A, m18A, f10A

200625-NN6-140 A2 A3 (GG by Co), (UANN by Co), (we GG by gR) m14A, f7A, m18A, f10A, fA2-11

200625-NN6-141 A2 A3 (GG by Co), (rob GG by gR) m14A, f7A, m18A, f10A

200625-NN6-142 A2 A3 (rob GG by gR) m14A, f7A, m18A, f10A

200625-NN6-143 A2 A3 (rob GG by gR), (we GG by gR) m14A, f7A, m18A, f10A

190619-NN6-47 A3 (we GG by gR) m18A, f6A

190619-NN6-63 A3 (GG by Co), (rob GG by gR) m18A, f10A

190619-NN6-64 A3 (we GG by gR) m18A, f10A

190619-NN6-65 A3 (GG by Co), (rob GG by gR) m18A, f6A

190619-NN6-67 A3 (GG by Co), (rob GG by gR) m18A, f6A

190619-NN6-73 A3 (we GG by gR) m18A, f10A, m20A

190619-NN6-81 A3 (we GG by gR) m18A, f10A

(Continues)
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offspring in 2019 was small. However, the observed bias
in 2019 could be a short-term result of demographics and
is not necessarily indicative of a loss in genetic diversity
at the population scale.

4.3 | SNP filtering criteria suitable for
kinship estimation

Although some studies have shown that using more SNPs
can increase the number of identified kinships (Mendes
et al., 2022), we chose to prioritize the creation of an SNP
dataset with minimal errors by applying filtering condi-
tions, even if it meant a reduction in the number of SNPs.
This is because when a large number of SNPs were used
under loose filtering conditions, the estimation of kin-
ships did not yield satisfactory results when the assumed
error rate was high in COLONY 2.0. We finally found
what were probably the best filtering conditions
(MIN_DP = 5, MAX_DP = 50, MIN_MEAN_DP = 15,
MIN_GQ ≥30, CR >0.9, MAF ≥0.03, HWE <0.00001,
HET ≤0.7, LD ≤0.2) that accurately reproduced known
kinships in both COLONY 2.0 and Sequoia. The subtle
adjustments of HET or HWE values, which resulted in
successful kinship estimation using both COLONY 2.0
and Sequoia, likely played a crucial role in the success of
our study; we used this combination to estimate
unknown kinship relationships. We are confident that

we have identified the conditions required to generate a
set of SNPs that can produce relatively reliable results for
kinship analysis in the target population.

4.4 | Analysis of relationships by
COLONY 2.0 and Sequoia

We conducted kinship analysis using COLONY 2.0 and
Sequoia and found that Sequoia produced lower reliabil-
ity of kinships for all types of relationships compared to
COLONY 2.0. This is possibly because COLONY 2.0 esti-
mates kinships by calculating the likelihood for the entire
set of individuals (J. Wang, 2004, 2012), whereas Sequoia
identifies the most likely kinship based on a threshold
likelihood ratio between the first and second most likely
relationships for a given pair (Huisman, 2017), which is
less powerful than the COLONY 2.0 calculation. More-
over, the target population in this study was considered
to be highly inbred, making COLONY 2.0 more suitable
for this study as it can account for inbreeding. Neverthe-
less, almost all the pairs estimated as FS or HS by Sequoia
were similarly estimated by COLONY 2.0, whereas four
out of eight UANN pairs were estimated only by Sequoia.
This can be attributed to COLONY 2.0 originally lacking
a function to estimate UANN relationships.

We identified 10 pairs of FS or HS among the 15 F0
individuals, indicating that the natural population was

TABLE 1 (Continued)

Name of F2 Family Results used to identify familya
Individuals of F0 or F1 generations with
estimated GG or UANN relationships

200625-NN6-16 A3 (GG by Co), (rob GG by gR) m18A, f10A

200625-NN6-19 A3 (GG by Co), (rob GG by gR) m18A, f10A

200625-NN6-22 A3 (we GG by gR) m18A, f10A

200625-NN6-144 A3 (we GG by gR) m18A, f10A

190619-NN6-57 A3 A3 (rob GG by gR) m18A, f6A, f10A

190619-NN6-80 A3 A3 (GG by Co), (rob GG by gR) m18A, f6A, f10A

200625-NN6-145 A3 A3 (GG by Co), (rob GG by gR) m18A, f6A, f10A

Note: (GG by Co) GG (grandparent–grandchild) relationship estimated by COLONY 2.0, (UANN by Co) UANN (uncle–aunt–nephew–niece) relationship
estimated by COLONY 2.0, (UANN by Se) UANN relationship estimated by Sequoia, (rob GG by gR) Robust GG relationship estimated by gRandma, (we GG
by gR) Weak GG relationship estimated by gRandma, (Comb) Whose family was indirectly identified by the estimation of FS relationships by COLONY 2.0

with individuals whose family was identified by COLONY 2.0, Sequoia, or gRandma (other methods failed to identify the family).
aThe following numbers indicate the results of kinship estimation used to identify the family from which each F2 was born.

TABLE 2 Familial lineage composition for each year-class.

A1 family A2 family A3 family A4 family A5 family A6A7A9 family Total

2018 year-group 13 17 25 – – – 55

2019 year-group 0 7 12 0 0 0 19
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highly inbred, making it challenging to determine the
detailed kinships of a reintroduced population. Despite
these difficulties, we were able to identify almost all of
the F2 families by combining the estimated GG, UANN,
and FS relationships between F2 individuals. However,
despite sampling all possible grandparents for the F2 indi-
viduals analyzed, GG relationships were not estimated
for all F2 individuals using COLONY 2.0. When multiple
individuals in F2 are in an FS relationship, COLONY 2.0
would not estimate the relationship between them and
F0 as HS “incorrectly” (J. Wang, 2007). In this study, the
abundance of FS and HS relationships in F2 may have
led to a reduced frequency of HS relationships (inter-
preted as GG relationships) between F0 and F2. More-
over, COLONY 2.0 assumes hypothetical parents when
estimating kinship (Steyaert et al., 2012), resulting in
inconsistencies when attempting to estimate individuals
that originally have a GG relationship by regarding
them as HS.

4.5 | Analysis of relationships by
gRandma

By utilizing kinship estimates from COLONY 2.0 or
Sequoia, including GG, UANN, and FS relationships, we
were able to identify families for 36 out of 47 F2 individ-
uals. However, the families for the remaining 11 F2 indi-
viduals were still unknown. In contrast, gRandma, a
specialized software for estimating GG trio relationships,
was able to estimate grandparents for almost all F2 indi-
viduals. gRandma failed to infer any GG relationship for
only two of the F2 individuals, but Sequoia estimated that
they had a UANN relationship with an F1 individual
(mA1-4) of the A1 family, which supports the hypothesis
that these F2 individuals were produced by breeding
between F1 individuals of the A1 family.

The algorithm used by gRandma is unique because it
considers GG trios instead of just GG pairs. Originally
developed to estimate GG relationships between wild-
caught grandchildren and hatchery grandparents,
gRandma was designed to detect crossbreeding when
adult sampling in the wild is limited (Delomas &
Campbell, 2021). As a result, it was initially intended for
cases where only one set of grandparents, paternal or
maternal, was sampled. However, in this study, where
both paternal and maternal grandparents were sampled,
gRandma was able to estimate both sets of grandparents
(T. A. Delomas, pers. comm.). However, because Delo-
mas and Campbell (2021) initially assumed a low proba-
bility of false positives from trios other than GG, it is
possible for a false-positive trio to yield a high LLR
when, for example, the potential grandparents include
siblings (Delomas, pers. comm.). As the COLONY 2.0

analysis revealed that the target population in this study
contained many siblings in the grandparents' generation,
we incorporated a MI threshold in addition to the LLR
value. This is because a trio with a high LLR and low
MI is more likely to be reliable, as a true GG trio would
have both a high LLR and low MI, whereas a false-
positive trio would have a high LLR and high
MI. Moreover, we have information on the relationships
between grandparents, such as if they are FS and HS,
and which individuals were possibly interbred, so we
were able to identify whether the inferred trios were
false positives.

5 | CONCLUSIONS

In this investigation, we conducted a whole-genome SNP
analysis to investigate detailed kinships and identify
potential biases among families. Our findings indicate
that family bias might be associated with the age and tim-
ing of release. Additionally, the high proportion of sib-
lings among the F0 cohort highlights the severely
depleted genetic diversity of the natural population. We
have also made novel contributions to the development
of methods for characterizing detailed kinships in popu-
lations with extremely low genetic diversity, and we
anticipate that our approach will prove beneficial for kin-
ship estimation and genealogical analysis for other
endangered species.
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