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Abstract

In 2017, the base population of a family-based silver carp (Hypophthalmichthys molitrix)
genetic improvement program was spawned in Bangladesh. This program aims to improve
the growth rate of silver carp under polyculture production systems, through direct selec-
tion on the primary trait of harvest-age weight. The objective of this study was to quan-
tify genetic variation in, and genetic correlations between, harvest-age weight (assessed
on 8012 fish from 184 families) and a set of secondary traits (assessed on 1603 fish from
175 families). Secondary traits examined included feeding and digestive system traits (i.e.
gill raker sponginess and gut length as a ratio of standard length), a morphometric trait
(i.e. extent of overlap of pectoral and pelvic fins) and health traits (i.e. presence of Lernaea
and prevalence of red spots — sites of inflammation/haemorrhaging). Despite not being
under direct selection, genetic change in secondary traits is possible across generations in
closed genetic improvement populations as a result of a correlated response to selection
for the primary trait (i.e. indirect selection), adaptation to culture conditions, inbreeding
and/or genetic drift. It was found that the additive genetic variance within genetic groups
was significantly different from zero for all but the studied health traits. Heritability esti-
mates for harvest-age weight and pectoral/pelvic fin overlap were moderate (0.24 and
0.22, respectively) but were low for gill raker score and relative gut length (0.12 and 0.09,
respectively). Genetic correlations between harvest-age weight and secondary traits were
not significantly different from zero, indicating that selection for harvest-age weight will
not result in a correlated response to selection in the studied secondary traits.
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Introduction

Silver carp (Hypophthalmichthys molitrix) and carp species (family Cyprinidae), generally,
have not been the focus of genetic study or genetic improvement commensurate with their
global significance (Gheyas et al. 2009). Silver carp is ranked second in terms of volume
produced from aquaculture globally, with approximately 4.8 Mt of silver carp being pro-
duced annually (FAO 2020). In Bangladesh, annual production of silver carp is in the order
of 0.2 Mt (DoF 2020), and the species represents an important source of animal protein for
poor farmers and consumers (Belton et al. 2014).

In an effort to improve the genetic quality of silver carp available to Bangladeshi farmers, a
family-based (i.e. pedigree-based) genetic improvement program, with the objective of improv-
ing growth rate in polyculture production systems, is managed by WorldFish (Hamilton et al.
2021), along with comparable programs for catla (Catla catla; Hamilton et al. 2019a) and rohu
(Labeo rohita; Hamilton et al. 2019b). The base population (Generation 0) of the WorldFish
Silver Carp Genetic Improvement Program (WFSCGIP) was spawned in 2017 using founders
sourced from multiple Bangladeshi hatcheries (Hamilton et al. 2021). Parent selection in each
generation involves identifying individuals with high total estimated additive genetic values—
the sum of the estimated genetic group effect and estimated breeding value (EBV) (Wolak and
Reid, 2017)—for the primary trait of total body weight at harvest-age (herein referred to as
harvest-age weight), with additional constraints applied to avoid the accumulation of average
relatedness/coancestry and inbreeding in populations (Hamilton et al. 2022a).

Hybridisation between silver carp and bighead carp (H. nobilis) has been documented in
Bangladeshi hatcheries, and introgression of bighead genes into silver carp populations has the
potential to undermine or alter the recognised niche of silver carp within, and the productivity
of, polyculture systems (Rajts 2004). Silver carp is predominantly grown in earthen ponds in
polyculture with other Cyprinid, non-Cyprinid and small-indigenous species. Such polyculture
systems aim to efficiently utilise different spatial and trophic levels in ponds by stocking com-
plimentary filter-feeding, herbivorous and bottom feeding species (Wahab et al. 2011).

Although silver carp is often described as phytoplanktivorous, depending on the com-
position of available food, the species also ingests a high proportion of zooplankton in its
diet (Battonyai et al. 2015; Kolar et al. 2005). Silver carp are capable of efficiently captur-
ing phytoplankton and other food particles as small as 4 um primarily due to the structure
of their gill rakers—gill appendages used to filter food particles from the water—that have
a sponge-like appearance. In contrast, the gill rakers of bighead (H. nobilis) have a comb-
like or filamentous appearance capable of efficiently filtering larger zooplankton, although
phytoplankton can also constitute a sizeable component of bighead’s diet (Battonyai et al.
2015; Cohen and Hernandez 2018; Kolar et al. 2005; Lu et al. 2020).

In addition to gill raker structure, variations between and within silver carp and bighead
have been observed in (i) fin morphology, the length of the pectoral fin and the extent of over-
lap with the pelvic fin is a an external feature commonly used to distinguish silver carp from
bighead (Battonyai et al. 2015; Kolar et al. 2005; Rajts 2004); and (ii) intestine length relative
to fish length (i.e. relative gut length), ~5.0 silver carp and ~ 3.3 for bighead (Kolar et al. 2005).
The larger relative gut length of silver carp is in keeping with natural selection for a longer
gut to facilitate digestion of a diet with a high proportion of phytoplankton. Longer intestines
increase food transit time and the ability to extract nutrients from low energy and/or difficult to
digest food sources, such as phytoplankton (Bitterlich and Gnaiger 1984; Ke et al. 2008). Ke
et al (2008) identified substantial phenotypic plasticity in gut length in silver carp, noting that
silver carp altered the morphology of their digestive system to have a longer gut when their
diet was comprised of a greater proportion of phytoplankton.
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Although silver carp and other Cyprinids are generally considered robust species when well-
managed, parasite and disease outbreaks can occur in aquaculture systems, inevitably imposing
unnecessary stress on animals, productivity losses and financial imposts. Anchor worms (Lernaea
spp.) are ectoparasitic copepods, commonly present in carp aquaculture ponds in Bangladesh
(Hossain et al. 2018). Adult females attached to fish are visible to the naked eye and are threadlike
in appearance with their head anchored in the flesh of the host. At the site of attachment, inflam-
mation and haemorrhaging—commonly manifesting as unsightly red spots—are normal, as are
secondary bacterial or fungal infections. Disfigurement, ill-health and the presence of visible para-
sites substantially reduce the market value of affected fish. Accordingly, anchor worms represent
a threat to fish health and marketability, and the productivity and profitability of carp polyculture
systems (Abbas et al. 2014; Hossain et al. 2018).

In genetic improvement programs, secondary traits are those of minor, unknown, intermittent
or possible future importance and/or are difficult or expensive to measure. Secondary traits are
given no or minimal weighting in selection indices of genetic improvement programs. Common
secondary traits include those relating to fish health, feeding and digestive systems, external mor-
phology/appearance, processing ease and flesh/carcass quality (Lhorente et al. 2019; Verbyla et al.
2021; Verdal et al. 2017).

Despite not being under direct selection, secondary traits may change across generations in
closed populations as a result of a correlated response to selection for primary traits (i.e. indi-
rect selection), adaptation to culture conditions, inbreeding and/or genetic drift (Dufflocq et al.
2017; Lopez et al. 2021). In some instances, secondary traits are assessed routinely, along
with traits under direct selection, to monitor changes in breeding populations over time and/or
validate predicted correlated responses (Garber et al. 2019; Lhorente et al. 2019; Verbyla et al.
2021). The status of secondary traits can change over time with changes in the understand-
ing of markets and trait preferences (Mehar et al. 2021), environments (e.g. climate change)
(Lhorente et al. 2019), disease introductions/outbreaks (Barria et al. 2020), management sys-
tems (e.g. intensification of production) (Fry et al. 2018), or phenotyping/genomic-selection
costs (Sonesson and Meuwissen 2009), among other factors.

For a set of secondary traits—gill raker sponginess, gut length as a ratio of standard length,
extent of overlap of pectoral and pelvic fins and health traits—in a silver carp breeding popu-
lation, this study aimed to determine the magnitude of differences between genetic groups
and the extent of additive genetic variation within genetic groups—that is, to determine if
a response to selection (direct or indirect) might be expected in these traits. In addition, it
aimed to estimate genetic correlations between the primary trait targeted for improvement in
the breeding population, harvest-age weight and these secondary traits—that is, to determine
if recurrent direct selection for harvest-age weight might be expected to result in a correlated
response (favourable or adverse) in secondary traits.

Materials and methods
Fish management

Details of the studied fish and their management up to the time of harvest-age weight measure-
ment are provided in Hamilton et al. (2022b). In brief, the study was undertaken on fish from
the base population (i.e. Generation 0) of the WorldFish Silver Carp Genetic Improvement
Program (WFSCGIP). Founders of the WESCGIP population were sourced as adults from
17 Bangladeshi hatcheries. Only founders that exhibited a ‘pure’ silver carp external pheno-
type—that is, fish with gill rakers fused to form a sponge-like structure and non-overlapping
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pectoral and pelvic fins (Battonyai et al. 2015; Kolar et al. 2005; Rajts 2004)—were used as
parents of the base population. Founders were assigned to one of six genetic groups based on
hatchery-identified origins and analysis of single nucleotide polymorphism (SNP) data (2007
SNPs; Hamilton et al. 2021): (1) Sagor-Mukteshary-Jashore, (2) BRAC, (3) Joyda, (4) Raipur,
(5) Akram-Puthia, and (6) Rajshahi-Parbatipur-Nimgachi. For the purpose of analysis, the
Sagor-Mukteshary-Jashore and BRAC genetic groups were merged, due to the small number
of founders from the BRAC genetic group (Hamilton et al. 2022b).

To generate the base population, 219 silver carp population founders were strip spawned
to produce 184 full-sibling families. Mate allocation at the time of spawning occurred
at random (i.e. no consideration was given to the hatchery origin or genetic group of the
founders). Fish were spawned as four batches at each of two hatcheries over a period of
23 days in April 2017, with 15 to 42 families per spawning batch retained. No founder con-
tributed to more than two base-population families, but all families were putatively related
to at least one other family based on analysis of SNP data (Fig. 1; Hamilton et al. 2021).

Hatchlings were transferred from hatching jars to hapas (i.e. nets) after approximately
30 h. Each family was reared in a separate hapa in the same pond and was fed commercially
available feed. Fish were tagged, with passive integrated transponder (PIT) tags inserted
into the body cavity at between 202 and 219 days of age (mean of 18.5 g and standard
deviation of 10.4 g). After tagging 50 individuals per family, where available (N=_8935),
were reared together, with individuals from each family randomly allocated to grow-out
ponds. Six earthen grow-out ponds were assigned one of two treatments (i.e. culture sys-
tems): monoculture silver carp (two ponds—1700 and 1578 m?) and biculture with catla
(four ponds—1659, 2064, 1376 and 2590 m?). Tagged fish were stocked at 1.2 fish m~2 in
both monoculture and biculture ponds, with equal numbers of each species in biculture.
To ensure the availability of natural feed, fertiliser was applied to ponds weekly and lime
(calcium carbonate) was applied every four months. To supplement natural feed, fish were
fed a commercially available diet during grow out. The harvest-age weight of all surviving
fish (N=8012) was measured prior to sexual maturity at between 563 and 616 days of age
(Hamilton et al. 2022b).

After harvest-age assessment, 10 fish, where available (N=1718), from each of
175 families, were retained in addition to candidate parents retained for routine genetic
improvement activities. These fish represented those in the ~40th to~60th percentile of
total additive genetic value (Hamilton et al. 2022a; Pollak et al. 1984) for harvest-age
weight within each family. The study fish continued to be maintained in polyculture with
catla in two ponds until January 2021, when it was noted that fish were suffering from an
anchor worm (Lernaea spp.) infestation and many exhibited skin lesions (red spots) con-
sistent with those caused by Lernaea spp. (Hossain et al. 2018). The scale of this infesta-
tion was regarded as a risk to fish health and wellbeing by the WorldFish Health Team, and
it was determined that the fish should be humanely euthanised.

The presence of Lernaea spp. and red lesions on fish provided an opportunity to assess
individual fish for these health traits (i.e. presence/absence and red spot score) at the time
of euthanasia, aged 1434-1457 days. In addition, fish were assessed for a number of sec-
ondary traits post euthanasia: i) feeding and digestive system traits—gill raker score and
relative gut length and (ii) morphometric traits—pectoral/pelvic fin overlap. All measure-
ment, animal husbandry and euthanasia procedures reported in this study were undertaken
in accordance with WorldFish Carp Genetic Improvement Program Standard Operating
Procedures and the Guiding Principles of the Animal Care, Welfare and Ethics Policy of
the WorldFish Center (WorldFish 2004).
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Fig.1 WorldFish Silver Carp Genetic Improvement Program cohorts. Founders were sourced as adult fish
from 17 Bangladeshi hatcheries that were assigned to genetic groups—Sagor-Mukteshary-Jashore-BRAC
(SMJB); Joyda, Raipur, Akram-Puthia (AP), and Rajshahi-Parbatipur-Nimgachi (RPN). The number of full-
sibling families are shown in boxes, and the number of parents used to generate families are shown adjacent
to arrows
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Assessment methods

Gill-raker score was visually assessed on a 6-point ordinal scale, where one represented a fila-
mentous phenotype typical of bighead carp and six represented a sponge-like fused structure
typical of silver carp (Table 1; Supplementary Material 1); gut length was measured from the
beginning of the oesophagus to the anus and was expressed as a ratio of the standard length
(herein referred to as gut length ratio) (Ke et al. 2008; Rajts 2004); and pectoral/pelvic fin
overlap was recorded as the distance between the tip of the pectoral fin and the base of the
pelvic fin, with positive values representing non-overlapping fins (i.e. silver-carp like) (Rajts
2004). To assess the severity of Lernaea spp. infestation, Lernaea spp. were counted on indi-
vidual fish. However, despite some individuals experiencing severe infestations—the maximum
count on an individual fish was 255—82% of fish had no Lernaea spp. attached and, accord-
ingly, this trait was analysed as a binary presence-absence trait (herein referred to as Lernaea
presence). The severity of red spots was visually assessed according to a 6-point ordinal scale
(herein referred to as red spot score), with categories defined using the 6-point method outlined
in Raymond and Cotterill (1990)—where one represented the least-severely, and six the most-
severely, affected categories. All surviving fish (N=1603) were assessed for each trait.

Analyses

Prior to data analysis, 135 harvest-age weight records and 52 records for secondary
traits were excluded due to uncertainty relating to pond identifiers. Furthermore, data
for all traits except Lernaea presence were rescaled to have a mean of zero and pheno-
typic standard deviation of one within each grow-out pond and, in the case of secondary
traits only, post-harvest pond.

For harvest-age weight, variance components and the narrow-sense heritability were
estimated using ASReml (Gilmour et al. 2014) according to the following univariate
mixed model (Hamilton et al. 2022b):

y=Xb+X,Qg+Zu+e

where y is the vector of trait observations; b is a vector of fixed effects with its design
matrix X;; g is a vector of fixed genetic group effects with its design matrix X,; Q is a
m X g matrix, where m is the number of individuals in the pedigree and g is the number
of genetic groups, fitted in ASReml using the ‘!G’ qualifier to read the pedigree-derived
proportional contribution of each genetic group to the genome of each individual (Gil-
mour et al. 2014; Wolak and Reid 2017); u is a vector of random effects with its design

Table 1 Description of gill raker score categories

Raker score Description

Close to ‘bighead type’; filamentous structure

Fused structure; absence of pores

Reddish colour stronger; mixed coarse sponge and filamentous structure; primarily filamentous
Reddish colour stronger; mixed coarse sponge and filamentous structure; primarily sponge-like
Reddish colour appears; coarse sponge-like structure; absence of distinct anterior border

A LA W —

Whitish coloured, fine sponge-like fused structure; distinct anterior border; raker area at least
double of the gill area
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matrix Z; and e is the vector of random residual terms. The model included as fixed
effects in b the overall mean, grow out pond and spawning batch. Furthermore, age at
tagging (days), age at assessment (days) and the count of surviving fish per family at
tagging were included as covariates in b after standardisation to have a mean of zero and
standard deviation of one (Gilmour et al. 2014).

The random effects in u were hapa (confounding common nursing environment and
full-sibling, specific-combining-ability effects) and the additive genetic component. It
was assumed that the joint distribution of the random terms was multivariate normal,
with the following means and (co)variances:

e ([5H5R])

where G is a (co)variance matrix corresponding to u, R is a (co)variance matrix corre-
sponding to e, and 0 is a null matrix. The (co)variance matrix G was defined as G, @ G,,
where Gy, = o-ﬁL G, = 62A, and @ is the direct sum operation. Furthermore, R = ¢?1, of
is the hapa variance, af is the additive genetic variance, 662 is the residual variance, [ is an
identity matrix and A is the additive (i.e. numerator) relationship matrix accounting for
putative sibship among founders identified in Hamilton et al. (2021) (Fig. 1).

Preliminary analyses of harvest-age weight revealed evidence of heteroscedastic resid-
uals. Accordingly, prior to final analyses, data were square root transformed and trans-
formed data were, again, rescaled to have a mean of zero and phenotypic standard devia-
tion of one within each grow-out pond (Hamilton et al. 2022a; Hamzah et al. 2014).

Variance components, additive genetic correlations and narrow-sense heritabilities for
secondary traits were estimated by fitting two separate multivariate models—one includ-
ing harvest-age weight, gill raker score, relative gut length and pectoral-pelvic fin overlap
as response variables; and the other including harvest-age weight, Lernaea presence and red
spot score as response variables. Harvest-age weight was included in both multivariate mod-
els to minimise possible bias resulting from the selection of individuals for study based on
estimated total additive genetic values for this trait (Hamilton et al. 2022a; Pollak et al. 1984).

Multivariate models extended the univariate model above with the exception that, for
secondary traits, fixed effects in b included overall mean, grow out pond and post-har-
vest pond (two levels). In addition, assessor (i.e. the person who undertook the subjec-
tive visual assessment) was fitted as a fixed effect for visually-assessed gill raker score
and red spot score. (Co) variance matrices Gy, G, and R were defined as follows:

21 -0, 1 62A -0, A 62A 0, A o2l - 0
h; Ln a; a, a ay, e
G, = : : Ga = : : Ga = : : R = N
o, T 621 o, A cZA o, A cZA 0 -1
n.l h, A1 a, a4, a, e,

where the subscripts refer to traits 1 to n (n is the number of traits), oy, denotes the hapa
covariance, o, denotes the additive genetic covariance and all other terms are as previously
described. For each trait, the within genetic group narrow-sense heritability (%) was esti-
mated as follows:

~2

=

oy + oy + o;

The significance of Sﬁ and 62 from zero was tested with a one-tailed likelihood ratio test

separately for each trait (Gilmour et al. 2014). The significance of genetic correlations from
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zero was tested with a two-tailed likelihood ratio test (Gilmour et al. 2014). Standard errors
of parameters were estimated from the average information matrix, using a standard trun-
cated Taylor series approximation (Gilmour et al. 2014).

Genetic group means were estimated separately using the ‘predict’ function of ASReml
(Gilmour et al. 2014)—where the proportional contribution of the genetic group in ques-
tion was specified as one, and the proportional contributions of the other genetic groups
were specified as zero. The significance of the genetic group effect was then gauged by
fitting genetic group as a random effect (Quaas 1988; Swan et al. 2015) and undertaking a
one-tailed likelihood ratio test (Gilmour et al. 2014).

Results

The genetic group effect was not found to be significant for any trait (Fig. 2). In contrast,
the additive genetic variance within genetic groups was significantly different from zero for
all but the health traits of Lernaea presence and red spot score (Table 2). The hapa vari-
ance was significantly different from zero in the case of harvest-age weight only. However,
the hapa variance for harvest-age weight was small in magnitude (0.028 compared with
an additive variance of 0.169), indicating that genetic variation in this trait was primarily
additive. Estimated narrow sense heritabilities for harvest-age weight and pectoral/pelvic
fin overlap were moderate (0.24 and 0.22 respectively) but were low for gill raker score and
relative gut length (0.12 and 0.09 respectively).

In the case of gill raker score with relative gut length, the genetic correlation was moder-
ately negative (—0.62) and significantly different from zero (P=0.0414). However, genetic
correlations were not significantly different from zero in the case of pectoral/pelvic fin
overlap with either gill raker score or relative gut length, and genetic correlations between
harvest-age weight and other traits were not significantly different from zero. Genetic cor-
relations with health traits were not estimated, given the small and non-significant additive
genetic variances observed in Lernaea presence and red spot score (Table 2).

Discussion

Harvest-age growth was found to exhibit significant additive genetic variation and mod-
erate estimates of heritability within genetic groups, indicating that direct selection for
this trait will result in genetic gain across generations. Furthermore, the weak and non-
significant additive genetic correlations between this primary trait and studied second-
ary traits indicated that selection for harvest-age weight is unlikely to result in a corre-
lated response to selection in the secondary traits.

Despite the global significance of silver carp, very few estimates of heritability for,
or genetic correlations with, harvest weight are present in the literature (Gheyas et al.
2009; Hamilton et al. 2022b). However, the narrow-sense heritability estimate in the
current study (iz\2 = 0.24) was relatively low compared with estimates for harvest weight
in silver carp (first estimated by Gheyas et al. (2009) — 72 = 0.67, 95% confidence inter-
val =0.42-0.93) and other carp species (summarised in Hamilton et al. 2022b), due in
part to the presence of genotype-by-pond (i.e. genotype-by-environment) interaction
between the six ponds under study (Hamilton et al. 2022b).
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Fig.2 Genetic group means for each trait. Trait means for the genetic group with the greatest value are indi-
cated. Difference between populations were not statistically significant for any trait, according to likelihood
ratio tests

The significant additive genetic variation observed for gill raker score and relative gut
length and the negative and significant additive genetic correlation between these traits
indicate that selection for higher gill raker scores (i.e. for ‘silver-carp-like’ gill rakers with
a sponge-like structure) would result in indirect selection for shorter relative gut length
(i.e. more ‘bighead-like’ relative gut length) and vice versa. It is unclear if the additive
genetic variation observed in these traits resulted from intra-specific variation in ancestral
silver carp populations and/or introgression of big head carp genes into the hatchery popu-
lations from which WFSCGIP founders were sourced (Hamilton et al. 2021). In any case,
genetic change in either of these traits through direct or indirect selection is likely to be
constrained by low heritability (% =0.12 for gill raker score and 72 = 0.09 for relative gut
length; Table 2) and the seemingly antagonistic additive genetic correlation between them
(-0.62; Table 3). In the case of gill raker score, the low heritability estimate observed in our
study may, in part, be explained by the subjective nature of assessment, inherent measure-
ment error associated with categorical data and potential for categorical data to violate the
assumptions underpinning analyses. Additional training and experience of assessors in gill
raker scoring (Taylor et al. 2016), modification of categories (Table 1) and/or adoption of
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alternative approaches to genetic analysis (e.g. the adoption of generalised linear models;
Apiolaza 2011; Southey et al. 2003) warrant consideration as a means of improving the
accuracy of variance component and heritability estimates for this trait.

The negative direction of the genetic correlation observed between gill raker score
and relative gut length was unexpected, particularly given the phenotypic plasticity in gut
length observed by Ke et al. (2008)—relative gut length was observed by Ke et al. (2008)
to increase when fish were feeding on more phytoplankton. Silver carp-like spongy gill
rakers (i.e. fish with high gill raker scores) are putatively specialised to allow the filtration
and consumption of diets high in phytoplankton, and longer gut lengths are understood
to increase the ability of fish to digest this phytoplankton (Bitterlich and Gnaiger 1984;
Ke et al. 2008). However, bighead are also highly capable of filtering phytoplankton from
the water column depending on food availability in the environment. Accordingly, draw-
ing a direct relationship between gill raker characteristics (e.g. ‘sponginess’ as an indicator
of pore size) and the composition/size of filtered plankton is overly simplistic (Battonyai
et al. 2015; Cohen and Hernandez 2018; Kolar et al. 2005; Lu et al. 2020), and there is
evidently a need to better understand (i) the role of phenotypic plasticity (and ontology)
in feeding apparatus and internal gut morphology (Ke et al. 2008; Walleser et al. 2014);
(ii) the implications of altering feeding and digestive system traits in the context of carp
polyculture systems—changes in gill raker morphology and/or relative gut length have the
potential to affect the ability of silver carp to fill its accepted niche in polyculture systems
and, by extension, pond food webs and the productivity of polyculture systems more gen-
erally (Cohen and Hernandez 2018; Drenner et al. 1984; Wahab et al. 2011); and (iii) the
genetic mechanisms (i.e. linkage disequilibrium and/or pleiotropy) underpinning the addi-
tive genetic correlation observed in the current study. However, in the absence of a detailed
understanding of these factors, ongoing monitoring of feeding and digestive system traits
in silver carp breeding programs may be justified, particularly in the case of gill raker score
which can be simply and rapidly assessed on living fish.

Pectoral/pelvic fin overlap is a morphometric characteristic used to distinguish between
bighead, silver carp and their hybrids (Kolar et al. 2005; Rajts 2004). This trait is quantita-
tive, easy to assess, and non-lethal and exhibited both significant additive genetic varia-
tion and a moderate estimate for heritability in our study. However, genetic correlations
between pectoral-pelvic fin overlap and other traits were weak and not significantly dif-
ferent from zero (Table 3)—indicating that assessment of this trait in silver carp breed-
ing populations would be of limited or no utility, particularly given that pectoral-pelvic fin
overlap itself has no obvious intrinsic fitness or economic value.

The lack of significant additive genetic variation in disease traits suggested that additive
genetic variation in Lernaea spp. resistance is not under strong genetic control in silver
carp. However, it is possible that this result is an artefact of the study environment, specific
fish population and/or method of assessment and analysis (i.e. as a presence-absence trait)

Table 3 Additive genetic correlations (and standard errors) between traits

Harvest-age weight Gill raker score Relative gut length
Gill raker score 0.12 (0.24)™
Relative gut length 0.24 (0.22)™ —0.62 (0.28)*
Pectoral/pelvic fin overlap 0.07 (0.18)™ —0.18 (0.25)™ 0.06 (0.24)™

™ not significantly different from zero; * P <0.05
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adopted in our study. If resistance to Lernaea spp. in silver carp is to be monitored in sil-
ver carp genetic improvement programs, alternative approaches to assessment are required
and/or appropriate direct challenge tests developed—noting that the costs associated with
the development and implementation of the second of these options would be substantial.
Such approaches have successfully been developed and implemented for ectoparasites in
multiple finfish genetic improvement programs (Gharbi et al. 2015; Houston 2017; Taylor
et al. 2016), in numerous cases revealing significant additive genetic variation in suscep-
tibility to ectoparasites, and—as might be expected, given the multitude of traits, species,
challenge systems, and environments encompassed by such studies—highly variable esti-
mates of genetic correlations with harvest weight (e.g. Bassini et al. 2019; Gjerde et al.
2011; Lhorente et al. 2012; Papapetrou et al. 2021; Yafez et al. 2014).

Conclusion

Selection for harvest-age weight is unlikely to result in a correlated response to selection
in the studied secondary traits. However, ongoing monitoring of gill raker score may be
justified in silver carp genetic improvement programs—given it can be simply and rapidly
assessed on living fish, it will allow more precise estimation of genetic parameters (e.g.
the additive genetic correlation between harvest-age weight and gill raker score), and the
potential for genetic change in this trait across generations caused by factors other than
indirect selection (e.g. genetic drift). The methods used to assess health traits in this study
were not effective and alternative approaches to assessment, and/or appropriate direct chal-
lenge tests developed, if resistance to Lernaea spp. in silver carp is to be monitored or
selected for.

Supplementary information

Supplementary Information The online version contains supplementary material available at https://doi.
0rg/10.1007/s10499-022-00977-6.

Acknowledgements The authors thank Francois Rajts for sharing his knowledge and all the members of
the WorldFish Carp Genetic Improvement Program technical team in Jashore for managing and measur-
ing fish—Md. Badrul Alam, Benoy K. Barman, Aashish Kumar Roy, Uzzal Kumar Sarkar, Ram Prosad
Kundu, Md. Mustafizur Rahman, Md. Sultan Mohmud, Sirajum Monira Shanta, Md. Kamruzzaman, Jamal
Hossain, Md. Tutul Hossain, Md. Farque Hossain, Md. Igbal Hossain, Anutosh Kumar Sarkar, Md. Hafizur
Rahman and Md. Foyzur Rahman. The authors also thank the anonymous reviewers for their insights and
suggestions.

Author contribution According to CRediT (Contributor Roles Taxonomy), author contributions were as
follows:

Matthew G Hamilton: conceptualisation, data curation, formal analysis, methodology, project adminis-
tration, project administration, supervision, writing—original draft. Mohammed Yeasin: conceptualisation,
investigation, methodology, project administration, supervision, writing—review and editing. Vishnumurthy
Mohan Chadag: conceptualisation, methodology, writing—review and editing. Jérome Delamare-Deboutte-
ville: conceptualisation, methodology, writing—review and editing. Partho Pratim Debnath: conceptualisa-
tion, methodology, investigation, writing—review and editing. John AH Benzie: conceptualisation, funding
acquisition, supervision, writing—review and editing.

@ Springer


https://doi.org/10.1007/s10499-022-00977-6
https://doi.org/10.1007/s10499-022-00977-6

Aquaculture International

Funding This work was undertaken as part of the CGIAR Research Initiative on Resilient Aquatic Food
Systems for Healthy People and Planet, and funded by CGIAR Trust Fund donors. In addition funding sup-
port for this work was provided by USAID (Feed the Future Bangladesh Aquaculture and Nutrition Activity
[grant number 720388181000002]); and the CGIAR Research Program on Fish Agrifood Systems (FISH),
led by WorldFish and supported by contributors to the CGIAR Trust Fund.

Declarations

Competing interests The authors declare no competing interests.

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 Com-
mons 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://creativecommons.org/licenses/by/4.0/.

References

Abbas F, Ashraf M, Hafeez-ur-Rehman M, Igbal KJ, Abbas S, Javid A (2014) Lernaea susceptibility, infes-
tation and its treatment in indigenous major and exotic Chinese carps under polyculture system. Pak J
Zool 46(5):1215-1222

Apiolaza L. (2011). ASReml Cookbook. VSN International Ltd. https://asreml.kb.vsni.co.uk/knowledge-
base/apiolaza-asreml-cookbook/ Accessed 3 Mar 2022.

Barria A, Trinh TQ, Mahmuddin M, Benzie JAH, Chadag VM, Houston RD (2020) Genetic parameters
for resistance to Tilapia Lake Virus (TiLV) in Nile tilapia (Oreochromisniloticus). Aquaculture
522:735126. https://doi.org/10.1016/j.aquaculture.2020.735126

Bassini LN, Lhorente JP, Oyarziin M, Bangera R, Yarez JM, Neira R (2019) Genetic parameters for Piscir-
ickettsia salmonis resistance, sea lice (Caligusrogercresseyi) susceptibility and harvest weight in rain-
bow trout (Oncorhynchus mykiss). Aquaculture 510:276-282. https://doi.org/10.1016/j.aquaculture.
2019.05.008

Battonyai I, Specziar A, Vital Z, Mozsar A, Gorgényi J, Borics G, Téth L, Boros G (2015). Relationship
between gill raker morphology and feeding habits of hybrid bigheaded carps (Hypophthalmichthys
spp.). Knowledge and Management of Aquatic Ecosystems 416(36). https://doi.org/10.1051/kmae/
2015031

Belton B, van Asseldonk IJM, Thilsted SH (2014) Faltering fisheries and ascendant aquaculture: Implica-
tions for food and nutrition security in Bangladesh. Food Policy 44:77-87. https://doi.org/10.1016/j.
foodpol.2013.11.003

Bitterlich G, Gnaiger E (1984) Phytoplanktivorous or omnivorous fish? Digestibility of zooplankton by sil-
vercarp, Hypophthalmichthys molitrix (Val.). Aquaculture 40(3):261-263

Cohen KE, Hernandez LP (2018) Making a master filterer: ontogeny of specialized filtering plates in silver
carp (Hypophthalmichthys molitrix). ] Morphol 279(7):925-935. https://doi.org/10.1002/jmor.20821

DoF (2020) Yearbook of fisheries statistics of Bangladesh 2018-19, vol 36. Fisheries Resources Survey
System (FRSS), Department of Fisheries, Bangladesh

Drenner RW, Mummert JR, deNoyelles F Jr, Kettle D (1984) Selective particle ingestion by a filter-feed-
ing fish and its impact on phytoplankton community structure. Limnol Oceanogr 29(5):941-948.
https://doi.org/10.4319/10.1984.29.5.0941

Dufflocq P, Lhorente JP, Bangera R, Neira R, Newman S, Yaiiez JM (2017) Correlated response of flesh
color to selection for harvest weight in coho salmon (Oncorhynchus kisutch). Aquaculture 472:38—
43. https://doi.org/10.1016/j.aquaculture.2016.08.037

FAO. (2020). The state of World fisheries and aquaculture 2020. Sustainability in action. FAO: Rome,
Italy, pp 244. https://doi.org/10.4060/ca9229en

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://asreml.kb.vsni.co.uk/knowledge-base/apiolaza-asreml-cookbook/
https://asreml.kb.vsni.co.uk/knowledge-base/apiolaza-asreml-cookbook/
https://doi.org/10.1016/j.aquaculture.2020.735126
https://doi.org/10.1016/j.aquaculture.2019.05.008
https://doi.org/10.1016/j.aquaculture.2019.05.008
https://doi.org/10.1051/kmae/2015031
https://doi.org/10.1051/kmae/2015031
https://doi.org/10.1016/j.foodpol.2013.11.003
https://doi.org/10.1016/j.foodpol.2013.11.003
https://doi.org/10.1002/jmor.20821
https://doi.org/10.4319/lo.1984.29.5.0941
https://doi.org/10.1016/j.aquaculture.2016.08.037
https://doi.org/10.4060/ca9229en

Aquaculture International

Fry JP, Mailloux NA, Love DC, Milli MC, Cao L (2018) Feed conversion efficiency in aquaculture: do
we measure it correctly? Environ Res Lett 13(2):024017. https://doi.org/10.1088/1748-9326/aaa273

Garber AF, Amini F, Gezan SA, Swift BD, Hodkinson SE, Nickerson J, Bridger CJ (2019) Genetic and
phenotypic evaluation of harvest traits from a comprehensive commercial Atlantic salmon, Salmo
salar L., broodstock program. Aquaculture 503:242-253. https://doi.org/10.1016/j.aquaculture.
2019.01.001

Gharbi K, Matthews L, Bron J, Roberts R, Tinch A, Stear M (2015) The control of sea lice in Atlantic
salmon by selective breeding. J Roy Soc Interface 12(110):20150574. https://doi.org/10.1098/rsif.
2015.0574

Gheyas AA, Woolliams JA, Taggart JB, Sattar MA, Das TK, McAndrew BJ, Penman DJ (2009) Herit-
ability estimation of silver carp (Hypophthalmichthys molitrix) harvest traits using microsatellite
based parentage assignment. Aquaculture 294(3—4):187-193. https://doi.org/10.1016/j.aquaculture.
2009.06.013

Gilmour AR, Gogel BJ, Cullis BR, Welham SJ, Thompson R (2014). ASReml user guide release 4.1
functional specification. VSN International Ltd: Hemel Hempstead, UK.

Gjerde B, Odegard J, Thorland I (2011) Estimates of genetic variation in the susceptibility of Atlantic
salmon (Salmo salar) to the salmon louse Lepeophtheirus salmonis. Aquaculture 314(1-4):66-72.
https://doi.org/10.1016/j.aquaculture.2011.01.026

Hamilton MG, Mekkawy W, Benzie JAH (2019a) Sibship assignment to the founders of a Bang-
ladeshi Catla catla breeding population. Genet Sel Evol 51(1):17. https://doi.org/10.1186/
s12711-019-0454-x

Hamilton MG, Mekkawy W, Kilian A, Benzie JAH (2019b). Single Nucleotide Polymorphisms (SNPs)
reveal sibship among founders of a Bangladeshi rohu (Labeo rohita) breeding population. Frontiers
in Genetics 10(597). https://doi.org/10.3389/fgene.2019b.00597

Hamilton MG, Mekkawy W, Barman BK, Alam MB, Karim M, Benzie JAH (2021). Genetic relation-
ships among founders of a silver carp (Hypophthalmichthys molitrix) genetic improvement program
in Bangladesh. Aquaculture: 736715. https://doi.org/10.1016/j.aquaculture.2021.736715

Hamilton MG, Mekkawy W, Alam MB, Benzie JAH (2022a) Early selection to enhance genetic gain in a
rohu (Labeo rohita) genetic improvement program. Aquaculture 553:738058. https://doi.org/10.1016/j.
aquaculture.2022.738058

Hamilton MG, Mekkawy W, Alam MB, Barman BK, Karim M, Benzie JAH (2022b) Genotype-by-cul-
ture-system interaction in catla and silver carp: Monoculture and biculture. Aquaculture: 738846.
https://doi.org/10.1016/j.aquaculture.2022.738846

Hamzah A, Ponzoni RW, Nguyen NH, Khaw HL, Yee HY, Mohd Nor SA (2014) Performance of the
Genetically Improved Farmed Tilapia (GIFT) strain over ten generations of selection in Malaysia.
Pertanika J Trop Agric Sci 37(4):411-429

Hossain MMM, Ferdoushi J, Haque A (2018) Biology of anchor worms (Lernaeacyprinacea). J Entomol
Zool Stud 6(1):910-917. https://doi.org/10.22271/j.ent0.2018.v6.i11m.3047

Houston RD (2017) Future directions in breeding for disease resistance in aquaculture species. Revista
Brasileira De Zootecnia 46:545-551

Ke Z, Ping X, Guo L (2008) Phenotypic plasticity in gut length in the planktivorous filter-feeding silver
carp (Hypophthalmichthys molitrix). Sci World J 8:169-175. https://doi.org/10.1100/tsw.2008.37

Kolar CS, Chapman DC, Courtenay WR Jr, Housel CM, Williams JD, Jennings DP (2005) Asian carps
of the genus Hypophthalmichthys (Pisces, Cyprinidae)-a biological synopsis and environmental
risk assessment. Rep U.S. Fish Wildl Serv per Interagency Agreement 94400(3):0128-0175

Lhorente JP, Gallardo JA, Villanueva B, Araya AM, Torrealba DA, Toledo XE, Neira R (2012) Quan-
titative genetic basis for resistance to Caligusrogercresseyi sea lice in a breeding population of
Atlantic salmon (Salmo salar). Aquaculture 324-325:55-59. https://doi.org/10.1016/j.aquaculture.
2011.10.046

Lhorente JP, Araneda M, Neira R, Yafiez JM (2019) Advances in genetic improvement for salmon and trout
aquaculture: the Chilean situation and prospects. Rev Aquac 11(2):340-353. https://doi.org/10.1111/
raq.12335

Lépez ME, Cadiz MI, Rondeau EB, Koop BF, Yaiiez JM (2021) Detection of selection signatures in
farmed coho salmon (Oncorhynchus kisutch) using dense genome-wide information. Sci Rep
11(1):9685. https://doi.org/10.1038/s41598-021-86154-w

Lu G, Wang C, Zhao J, Liao X, Wang J, Luo M, Zhu L, Bernatzhez L, Li S (2020) Evolution and genetics
of bighead and silver carps: Native population conservation versus invasive species control. Evol Appl
13(6):1351-1362. https://doi.org/10.1111/eva.12982

@ Springer


https://doi.org/10.1088/1748-9326/aaa273
https://doi.org/10.1016/j.aquaculture.2019.01.001
https://doi.org/10.1016/j.aquaculture.2019.01.001
https://doi.org/10.1098/rsif.2015.0574
https://doi.org/10.1098/rsif.2015.0574
https://doi.org/10.1016/j.aquaculture.2009.06.013
https://doi.org/10.1016/j.aquaculture.2009.06.013
https://doi.org/10.1016/j.aquaculture.2011.01.026
https://doi.org/10.1186/s12711-019-0454-x
https://doi.org/10.1186/s12711-019-0454-x
https://doi.org/10.3389/fgene.2019b.00597
https://doi.org/10.1016/j.aquaculture.2021.736715
https://doi.org/10.1016/j.aquaculture.2022.738058
https://doi.org/10.1016/j.aquaculture.2022.738058
https://doi.org/10.1016/j.aquaculture.2022.738846
https://doi.org/10.22271/j.ento.2018.v6.i1m.3047
https://doi.org/10.1100/tsw.2008.37
https://doi.org/10.1016/j.aquaculture.2011.10.046
https://doi.org/10.1016/j.aquaculture.2011.10.046
https://doi.org/10.1111/raq.12335
https://doi.org/10.1111/raq.12335
https://doi.org/10.1038/s41598-021-86154-w
https://doi.org/10.1111/eva.12982

Aquaculture International

Mehar M, Mekkawy W, McDougall C, Benzie JA (2021). Preferences for rohu fish (L. rohita) traits of
women and men from farming households in Bangladesh and India. Aquaculture: 737480. https://doi.
org/10.1016/j.aquaculture.2021.737480

Papapetrou M, Kazlari Z, Papanna K, Papaharisis L, Oikonomou S, Manousaki T, Loukovitis D, Kottaras
L, Dimitroglou A, Gourzioti E, Pagonis C, Kostandis A, Tsigenopoulos CS, Chatziplis D (2021). On
the trail of detecting genetic (co)variation between resistance to parasite infections (Diplectanum aequ-
ans and Lernanthropus kroyeri) and growth in European seabass (Dicentrarchus labrax). Aquaculture
Reports 20: 100767. https://doi.org/10.1016/j.aqrep.2021.100767

Pollak E, Van der Werf J, Quaas R (1984) Selection bias and multiple trait evaluation. J Dairy Sci
67(7):1590-1595

Quaas RL (1988) Additive genetic model with groups and relationships. J Dairy Sci 71(5):1338-1345

Rajts F. (2004). Genetic erosion of silver carp (Hypophthalmichthys molitrix Valenciennes) is threatening
food security in Bangladesh. Fourth Fisheries Project (Government of Bangladesh), pp 26.

Raymond CA, Cotterill PP (1990) Methods of assessing crown form of Pinus radiata. Silvae Genet
39(2):67-71

Sonesson AK, Meuwissen THE (2009) Testing strategies for genomic selection in aquaculture breeding pro-
grams. Genet Sel Evol 41(1):37. https://doi.org/10.1186/1297-9686-41-37

Southey BR, Rodriguez-Zas SL, Leymaster KA (2003) Discrete time survival analysis of lamb mortality
in a terminal sire composite population. J Anim Sci 81(6):1399-1405. https://doi.org/10.2527/2003.
8161399x

Swan AA, Brown DJ, van der Werf JHJ (2015) Genetic variation within and between subpopulations of the
Australian Merino breed. Animal Production Science 56(1):87-94. https://doi.org/10.1071/AN14560

Taylor R, Huynh C, Cameron D, Evans B, Cook M, Ritchie G (2016). Gill score guide Amoebic Gill Dis-
ease (AGD) management training document. Tassal Pty Ltd: Hobart, Tasmania.

Verbyla KL, Kube PD, Evans BS (2021) Commercial implementation of genomic selection in Tasmanian
Atlantic salmon: Scheme evolution and validation. Evol Appl. https://doi.org/10.1111/eva.13304
Verdal H, Komen H, Quillet E, Chatain B, Allal F, Benzie John AH, Vandeputte M (2017) Improving feed
efficiency in fish using selective breeding: a review. Rev Aquac 10:833-851. https://doi.org/10.1111/

raq.12202

Wahab MA, Kadir A, Milstein A, Kunda M (2011) Manipulation of species combination for enhancing fish
production in polyculture systems involving major carps and small indigenous fish species. Aquacul-
ture 321(3):289-297. https://doi.org/10.1016/j.aquaculture.2011.09.020

Walleser LR, Sandheinrich MB, Howard DR, Gaikowski MP, Amberg JJ (2014) Spatial and Temporal Vari-
ation of the Gill Rakers of Gizzard Shad and Silver Carp in Three Midwestern Rivers. N Am J Fish
Manage 34(5):875-884. https://doi.org/10.1080/02755947.2014.920740

Wolak ME, Reid JM (2017) Accounting for genetic differences among unknown parents in microevolu-
tionary studies: how to include genetic groups in quantitative genetic animal models. J Anim Ecol
86(1):7-20. https://doi.org/10.1111/1365-2656.12597

WorldFish. (2004). Animal care, welfare and ethics policy of WorldFish center. WorldFish: Penang,
Malaysia.

Yadez JM, Lhorente JP, Bassini LN, Oyarzin M, Neira R, Newman S (2014). Genetic co-variation between
resistance against both Caligus rogercresseyi and Piscirickettsia salmonis, and body weight in Atlantic
salmon (Salmo salar). Aquaculture 433: 295-298. https://doi.org/10.1016/j.aquaculture.2014.06.026

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

@ Springer


https://doi.org/10.1016/j.aquaculture.2021.737480
https://doi.org/10.1016/j.aquaculture.2021.737480
https://doi.org/10.1016/j.aqrep.2021.100767
https://doi.org/10.1186/1297-9686-41-37
https://doi.org/10.2527/2003.8161399x
https://doi.org/10.2527/2003.8161399x
https://doi.org/10.1071/AN14560
https://doi.org/10.1111/eva.13304
https://doi.org/10.1111/raq.12202
https://doi.org/10.1111/raq.12202
https://doi.org/10.1016/j.aquaculture.2011.09.020
https://doi.org/10.1080/02755947.2014.920740
https://doi.org/10.1111/1365-2656.12597
https://doi.org/10.1016/j.aquaculture.2014.06.026

Aquaculture International

Authors and Affiliations

Matthew G. Hamilton'® - Mohammed Yeasin'® - Vishnumurthy Mohan Chadag’
Jérdome Delamare-Deboutteville' ® . Partho Pratim Debnath'’
John A. H. Benzie'?

Mohammed Yeasin
M.Yeasin@cgiar.org

Vishnumurthy Mohan Chadag
V.Chadag @cgiar.org

Jérome Delamare-Deboutteville
J.Delamare @cgiar.org

Partho Pratim Debnath
parthoku2004 @yahoo.com

John A. H. Benzie
J.Benzie@cgiar.org

WorldFish, Jalan Batu Maung, 11960 Bayan Lepas, Penang, Malaysia

School of Biological Earth and Environmental Sciences, University College Cork, Cork, Ireland

@ Springer


http://orcid.org/0000-0001-8098-8845
http://orcid.org/0000-0002-6586-3590
http://orcid.org/0000-0002-2574-284X
http://orcid.org/0000-0003-4169-2456
http://orcid.org/0000-0002-8107-7880
http://orcid.org/0000-0001-9599-8683

	Genetic correlations between harvest weight and secondary traits in a silver carp (Hypophthalmichthys molitrix) genetic improvement program
	Abstract
	Introduction
	Materials and methods
	Fish management
	Assessment methods
	Analyses

	Results
	Discussion
	Conclusion
	Supplementary information
	Acknowledgements 
	References


