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Abstract

Hybridization is a simple and well-known approach to genetic improvement via heterosis.
However, heterosis in any hybrid comparative to parents is trait-dependent and may not be
achieved in every case. Rohu (R) and Catla (C) are the highly culturable freshwater fish
species in Pakistan, India, and Bangladesh. They are variable in qualitative and quantitative
traits like C.catla is fast-growing than L.rohita but carcass value, nutritive value, and
immunity of L. rohita is better than C. catla. Here, a comprehensive study was designed to
combine the valuable traits of these closely and phylogenetically related species and produce
F1 hybrid of superior quality. Induced breeding of these species was conducted and
homospecific (R@xRJ and C@x CJ) and reciprocal heterologous (CQ x RJ and RQ x
CJ) crosses were made for the production of parent species (RR and CC, rohu and catla
respectively) and reciprocal hybrids (RC, L. rohita®, and CR, C. catla?). To evaluate the
impact of hybridization, fertilization, and hatching rate, growth performance, blood profile,
immunity, disease resistance, thermal tolerance, nutritive value, and morphological traits of
reciprocal hybrids (RC &CR) to parental species (RR & CC) were compared. Results
indicated statistically comparable and significantly higher fertilization and hatching rate of
both purebred cross-types (RR and CC) as compared to hybrid cross-types (CR and RC).
Furthermore, both hybrid cross-types also showed statistically similar fertilization and
hatching rate. The growth performance data of all cross-types at different developmental
stages, both in controlled and semi-intensive culture systems showed the highest final weight,
weight gain % and SGR %, of CC followed by CR hybrids while RR showed the lowest
values. Moreover, pairwise comparison among hybrids indicated considerably (p<0.05)
higher weight gain and SGR % of CR hybrid. The relative expression of growth-related genes
MyoD, Myogenin, and IGF-1 in all cross-types showed tissue-specific expression, i.e., higher
expression of MyoD and Myogenin genes in the muscle compared to IGF-1 that showed
higher expression in the liver. The expressions are in accordance with growth performance
data, i.e., significantly (P<0.001) higher expression of Myogenin, MyoD and IGF-1 genes in
the CC (C. catla) followed by F1 CR hybrid while the lowest expressions in RR (L.rohita).
Based on growth performance, all cross-types followed the following rank CC > CR
>RC>RR. Both F1 hybrids showed low parent heterosis, with the CR hybrid favorable mid-
parent heterosis. Phenotypically, both hybrids (RC and CR hybrids) were intermediate in
most of the traits, while some traits resemble their mother species. In morphometric features,



the CR hybrid resembled C. catla in body appearance and L. rohita in mouth profile. The
body of CR hybrid was compressed, relatively deep with a far more convex dorsal profile
compared to ventral profile, and like CC, pectoral, ventral, and anal fins were black.
However, the body depth of the RC hybrid was wider than RR but not to CC, while the head
size was smaller compared to CC and somewhat larger than RR. The mouth of both hybrids
was terminal with a circular opening. For accurate identification and phylogenetic
relationship of all cross-types (RR, CC, CR, and RC), DNA barcoding by mitochondria COX
1 was also conducted. The constructed Neighbour Joining (NJ) tree (K2P) based on COI gene
sequence analysis categorized all four crosses into two genetically distant groups. Each
hybrid showed an identical phylogenetic relationship with the mother species, i.e., CR
hybrids showed the minimum distance with CC, and RC hybrid showed the minimum
distance with RR. Moreover, the genetic distance between CC and RC hybrid was higher
than between RR and RC hybrid.

For the evaluation of health status, immunity, and disease resistance against
pathogens, a randomly designed experiment under controlled conditions was also designed,
and 200 fingerlings of each cross-type after about two weeks of acclimation were evenly
distributed in their respective 8 tanks at a stocking density of 2g/L (25 fingerlings/tank). The
first two tanks of each cross-type were marked as control without exposure to pathogen while
the other six tanks were exposed to the pathogen. Among pathogen exposed tanks, 2 of each
were used for evaluation of cumulative mortality (%) during 20 days exposure, the other 2 for
the evaluation of immunological indices, and the last two for the temporal and spatial
expression of immune-related genes. All fingerlings except in two tanks of each cross-type
were exposed to pathogen Aeromonas hydrophila, at a concentration of 2.24x10” CFU/g.
The control fish were injected with 100uL sterile PBS. For evaluating disease resistance, fish
in each group were observed closely for disease symptoms and mortality was recorded. For
hematological indices, at random 18 fingerlings of each cross-type were collected from their
respective control group while for evaluation of immunological indices, after 24 hrs post-
infection, the blood of 18 fingerlings (9/tank), both from control and pathogen exposed
groups of each cross-type were collected. Moreover, 6 fingerlings from the last two tanks of
each cross-type (3 fish/tank) were captured after 0, 6, 12, 24, 48, and 168 hrs post-challenge,
and their liver and muscle were stored in RNA Later™ for gene expression study. Results of
this part of the study indicated that RC hybrids had the highest values of RBCs, WBC, MCH,
MCHC, HB, and Hct% followed by CR hybrid as compared to parental species. The post-
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challenge survival rate showed a similar trend i.e., the highest survival % of the fingerlings of
RC followed by CR hybrid while CC fingerlings showed the highest mortality rate. The pre-
and post-challenge immunity parameters: serum total protein, IgM, lysozyme level,
phagocytic activity, phagocytic index and respiratory burst activity, also showed the highest
values in the RC hybrids than CR hybrids while CC showed the lowest values. The spatial
and temporal relative expression of immunity-related genes Lysozyme C, Lysozyme G,
and TNF-a after challenge to A. hydrophila were in accordance to the results of immunity
indices and indicated a significantly higher mRNA level of lysozyme C, lysozyme G, and
TNF-a genes in the liver and muscle of the fingerlings of RC hybrid followed by CR and RR
while fingerlings of CC showed comparatively lower expression. Overall, both hybrids
showed higher immunity, and heterosis (LPH, MPH, and HPH) in all studied immunity
parameters before and after challenge to A. hydrophila. Based on immunity, F1 fingerlings
of all cross-types followed the following rank RC > CR >RR>CC before and after pathogen
challenge, while based on heterosis, RC hybrid followed the CR hybrid. The critical thermal
tolerance (CTmax and CTmin) of all cross-types: RR, CC, and their reciprocal hybrids RC
and CR being acclimatized at four acclimation temperatures (22, 26, 30, and 34°C)
indicated, comparatively the highest CTmax with the largest total and intrinsic polygon zones
as well as the upper and lower acquired thermal tolerance zones of RR followed by RC and
CR hybrids. However, CC showed the highest CTmin value and the smallest intrinsic and
acquired thermal tolerance zones. Both RC and CR hybrids showed intermediate thermal
tolerance with low parent heterosis. The nutritive value of all cross-types indicated a
significantly higher percentage of crude protein and fat contents, monosaturated fatty acids
(MSFA, 27.45%) and polyunsaturated PUFA (>33%) in the muscle of RR followed by both
hybrids, while muscle of CC contained a significantly higher concentration of moisture, ash
content, non-essential amino acids (>92%) and the lowest values of MSFA and PUFA.
Moreover, both hybrids (RC and CR) showed intermediate values of crude protein and fat
contents, MSFA and PUFA with a lower ratio of ®3 to ®6 PUFA as compared to parental
species (RR and CC). Additionally, the RC hybrid showed significantly higher concentration
of essential amino acids (EAA) especially alanine, yet the CR hybrid showed a significantly
higher value of PUFA (p<0.05) as compared to both RR and CC. Overall results indicated
intermediate growth performance, thermal tolerance, nutritive value, and morphological
features while improved immunity and disease resistance of both hybrids compared to both

parental species. These results also indicated the higher disease resistance, immunity, thermal
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tolerance, and nutritive value of RC hybrid compared to CR hybrids which showed a higher

growth rate.
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Introduction

Introduction

Globally, with the increase in population, the demand for food, especially high-quality
protein from aquatic sources, is growing considerably. Since the late 1980s, capture fisheries
is showing a declining trend due to multiple reasons, including overfishing, pollution, habitat
destruction, and climatic changes, etc. Under the current global conditions and environment,
further increase in the stock of many major fish species is not be expected, thus to fulfill the
demand of the population, the pressure on aquaculture is continuously increasing. It is well
established that the biomass of aquatic animals, including fish that can be produced per
hectare is far greater than that for land animals. This indicates that aquaculture could play a
vital role in global food security (Omole, 2017). Though fish and shellfish production
through aquaculture contribute remarkably with global production of 87 Mt (FAO, 2018),
even so, still further advancement, i.e., increase in efficiency of aquaculture production is
required to meet the food insecurity challenges of the fast-growing world’s population,

generally in developing countries, like Bangladesh, India, Pakistan, etc.

The increased demand for aquaculture products is continuously increasing the
pressure on aquaculture and indicates the need for a more efficient production system. The
efficiency of aquaculture production can be improved by acquiring sound management
practices and genetic engineering. Substantial improvement has already been made in the
management of culture systems, husbandry practices, water quality maintenance, nutrition,
disease prevention, diagnostics and treatment, as well as up to some extent, in the genetic

improvement of aquaculture species.

For many years, the genetic intervention has been used to improve animal and
agricultural plant production worldwide (Dunham et al., 2000; Nguyen et al., 2016). From the
last three decades, genetic tools are gaining importance in aquaculture to overcome many
different production challenges. Aquaculture genetics demonstrates the immense potential for
improving production efficiency, increasing production in a way that meets goals set for
sustainable development of aquaculture for the new millennium. Fish genetic programs were
first initiated in the 1900s, after the development of the basic principles of genetics and
guantitative genetics. Yet, due to small-scale aquaculture and insufficient knowledge of fish
genetics, genetic enhancement programs did not practically start until the 1960s. From 1960

to 1980, many developments have been made in the field of fish genetics like selective
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breeding of common carp in Israel (Wohlfarth, 1986), Channel catfish in the USA (1970-
1980), various salmonids (TrgveGjedrem, Harold Kincaid and, later, William Hershberger,
1970s) in different countries as well as, development of sex-reversal technology for tilapia
(Guerrero 111 and Shelton,1970s). Since the 1980s, with the involvement of molecular-based
knowledge and biotechnology, the intervention of genetics in aquaculture has gained
momentum and started to show the impact on production traits of culturable species (Dunham
et al., 2000).

Now it is well established that by genetic research and application of genetic
enhancement programs, many constraints of aquaculture sustainability including resource
utilization, slow growth and high mortality of fish from diseases, pollution and temperature
fluctuation, inefficient feed conversion, low fecundity, poor reproduction, inability to tolerate
low DO level, inefficient harvest or post-harvest losses can be addressed (Dunham, 2011).
Nowadays, the development of new high-value and fast-growing breed of aquatic organisms,
which can flourish in diverse environmental conditions and contribute to boosting up
production, is considered as one of the most required processes for promoting aquaculture

and meeting the future food challenges of the growing population.

Production of genetically improved fish is a prerequisite for advancing aquaculture
(Shah 2004; Dunham, 2011; Gjedrem and Morten, 2018) and it can be achieved through
various methods including, strain evaluation and selection, inbreeding, selective breeding,
and hybridization (Xu et al., 2015). Through these techniques, not only the aquaculture
production can be enhanced but the marketability of culturable species, culture environment,
and the conservation of natural resources could also be improved (Moses et al., 2005). For the
initiation of a genetic enhancement program and rapid initial genetic improvement, the first
step is the selection and use of best-performing domestic strains (Dunham, 2011). A strain is
a population of fish within a single species that has the same history, the same origin, and has
at least one trait or a suite of traits that make it unique or make it different from other strains.
It is well documented that different strains of fish display large amounts of variability for
many different traits like body conformation, growth rate, color, age of maturity, disease
resistance, dressing percentage, fecundity, time of spawning, (Smitherman and Dunham,
1985; Coe et al., 2008). For instance, infectious pancreatic necrosis (IPN) virus resistance

variability has been reported in different strains of rainbow trout (Oncorhynchus mykiss).
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(Okamoto et al., 1993). Similarly, variation in caudal fin disassociation, swimming
equilibrium, higher temperature of Barramundi, (Lates calcarifer) strains (Newton et al.,
2010), and in upper and lower thermal tolerance limit, (L. rohita) strains (Syed et al., 2018)
are well documented. Strain evaluation is imperative, since strain affects other genetic

improvement approaches, like hybridization, sex control, and genetic engineering.

Hybridization is another well-known approach of genetic improvement via heterosis
(Bartley et al., 2001; Scribner et al., 2001; Rahman et al., 2000, 2005, 2013; Facon, et al.,
2005; Agren et al., 2018; Zhong et al., 2019). It is one of the low-cost and potential tools of
improving genetic traits of fish, involving combining the desirable traits of two different
organisms (strains) or selected species and produce a new generation of totally different and
superior quality organisms known as hybrids (Ayinla and Nwadukwe, 2003), guarantees to
survive in competition with parents (Mallet, 2007). Generally, hybridization leads to genomic
changes like chromosomal rearrangement, gene silencing, and differential gene expression
(Josefsson et al., 2006; Tirosh et al., 2006; Otto, 2007; Hoffmann and Sgro, 2011; Morales
and Dujon, 2012). Generally, the F1 or first-generation hybrids own a genetic combination of
both parents, which may lead to different ontogenetic trajectories and produce phenotypic
variation (Corse et al., 2012). The prime goal of hybridization in animal husbandry is to
acquire the favored or selected traits of each parent in a hybrid. Hybrid vigor or positive
heterosis is achieved, when a hybrid possesses characteristics superior to both parents
(Rahman et al., 2013) Heterosis or hybrid vigor could arise due to intra-allelic interactions,
inter-allelic interactions, or superior alleles combination at multiple loci (Hochholdinger and
Hoecker, 2007). The intensity of heterosis is generally higher when parental species are
genetically distant from each other or are highly inbred (Shikano et al., 2000; Wang and Xia,
2002; Hochholdinger and Hoecker, 2007). Additionally, the selection of the strain used as a
sire or dam in the cross may also affect the expression of heterosis (Bentsen et al., 1998).
Therefore, specific capacities in hybrids could be improved by using better strains as a dam
or sire (Perry et al., 2004; Wang et al., 2006).

Hybridization is an effective approach to deal with a variety degeneration (decline)
and produce a superior variety (Wang et al., 2019). It could be used to improve performance
via heterosis, like faster growth rate (McEntire et al., 2015), improved feed utilization

(Daudpota et al., 2016) as well as increased immunity and improved disease resistance
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(Simkova et al., 2015). The crossbreeding of different sub-species within species or different
strains of a species (individuals of the same species with different characteristics) is called
intra-specific hybridization. The phenotypic and genotypic variations in hybrids are the
results of the combination of the genome from different sub-species (Wang et al., 2019). It is
a common technique for producing genetically improved livestock animals (Mohammed et
al., 2005; Musa et al., 2006; Saadey et al., 2008; Bekele et al., 2010; Farahvash et al., 2011;
Razuki and Al-Shaheen, 2011). Although it could increase the growth rate, however heterosis
may not be achieved in every case. For instance, a 22 % and 55% increase in growth rate was
observed in the crossbreeds of rainbow trout and channel catfish respectively, (Dunham and
Smitherman, 1983; Dunham, 1996). The cross-breeding of Clarias anguillaris also showed
better performance of the progeny (Onyia et al., 2010). Similarly, higher adaptability to
warmer conditions was noted in the cross-breed of European catfish (Silurus glanis) (Bartley
et al., 2001), while, cross-breed of walking catfish, (Clarias macrocephalus), showed
improved resistance to A. hydrophila infections (Srisapoome et al., 2019). However, cross-
breeds of Chum salmon (Dunham, 1996) and Atlantic salmon (Friars et al., 1979; Gjerde and
Refstie, 1984) did not show a significant heterosis effect for either growth or survival rate.

The mating or crossing of two distant or different species usually from within the
same genus or higher-ranking taxa is called Inter-specific or distant hybridization. The
genotypic and phenotypic variations in hybrids are the results of the combination of the
genome of different species (Wang et al., 2019). It seems interspecific/distant hybridization
has greater potential to produce variation in the genotype and phenotype of hybrid in contrast
to intraspecific hybridization. It has long been practiced in aquaculture to combine desirable
traits from two species, to transfer valuable characteristics from one species to another for
improving production by increasing growth rate, improving flesh quality, manipulating sex
ratios, producing sterile animals, increasing disease resistance and environmental tolerance,
improving food conversion rate and improving avariety of other traits by taking the
advantages of sexual dimorphism, thus to make aquaculture more profitable (Bartley et al.,
2001, 2004; David and Pandian, 2006). Generally, the offspring exhibit characteristics and

traits of both parents and often sterile, thus preventing gene flow among the species.

Interspecific hybridization is an approach that facilitates adaptation, evolutionary

novelty, and the origin of new species (Rieseberg and Willis, 2007; Mallet, 2008; Abbott et
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al., 2013). Over the last three decades, many examples of animal hybridization have been
reported in nature (e.g. invertebrates; Howard, 1986: Heath et al., 1998; Yao et al., 2015;
Zhang et al., 2017; birds, Grant and Grant, 1992; Burrell et al., 2016; David et al., 2018;
Ottenburghs, 2019; fish, Avise and Saunders, 1984; Hatfield and Schluter, 1999; Taylor et
al., 2002; Deines et al., 2014; Khaefi et al., 2018; Vasil’eva and Vasil 2019). Generally,
interspecific hybridization is more common in fish as compared to other vertebrates
(Allendorf and Waples, 1996; Scribner et al., 2001). There are about 32,500 fish species,
representing the largest vertebrate group (Cossins and crawford, 2005). This large number
represents the important genetic resource that provides a variety of alternative parents for
interspecific hybridization and production of improved variety. Although reproductive
isolation between species exists in nature which maintains the balance and stability of
species, however various factors like the unequal abundance of the two parental species,
external fertilization, weak behavioral isolating mechanisms, competition for narrow
spawning ground, and decreasing habitat complexity appear as driving forces in the higher
occurrence of natural hybridization among closely related fish species (Hubbs, 1955;
Campton, 1987; Wang et al., 2019).

Natural hybridization is an important evolutionary or ecological process, that
contributes to speciation and has been reported in several taxa, especially in fish (Scribner et
al., 2000; Abbott et al., 2013) and plants (King et al., 2010). For instance, the presence of
several interspecific hybrids like a hybrid of Nile tilapia (female) x blue tilapia (male)
(Deines et al., 2014), Pundamilia pundamilia x P. nyererei (Taylor et al., 2002) in natural
water bodies (lakes and rivers) indicate the role of interspecific hybridization in speciation.
Generally, hybridization among species is linked with human intervention or the destruction
of habitats of parental species. Natural hybridization events are normally occurring during the
spawning event without human interference within the species’ native range, while human-
induced hybridization event occurred either by directed manipulations of the environment
(Construction of dams and canals, pollution, etc.) that resulted in the loss or alteration of
spawning grounds, determined translocations of species from their historic native range or
purposeful hybridization, i.e., artificial crosses between species for desirable traits (Scribner
et al., 2001). Among anthropogenic factors, aquaculture is the most prevalent one that

contributes about 39% of interspecific hybridization (Scribner et al., 2001)
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The directed inter-specific hybridization in aquaculture is common among species in
three families Ictaluridae, Cichlidae, and Cyprinidae. During the 1990s, there are about
eighteen cyprinid species that are used to form nineteen hybrid combinations (Hulata, 1995;
Lutz, 1997). By 2017, the Chinese government approved 83 new genetically improved fish
varieties including 40 hybrids. This shows the importance of hybridization technology in the
production of improved aquaculture products. In aquaculture, the human-directed inter-
specific hybridization to increase/improve growth rate, disease resistance, environmental
tolerance, flesh quality, and palatability, as well as the production of sterile animals, has long
been practiced to make the aquaculture industry more profitable (Khajarern and Khajarern,
1997; Rahman et al., 1995; Bartley et al., 2001 & 2004; David and Pandian 2006; Rehman et
al., 2013; Al Mamun and Mahmud, 2014; Wang et al., 2019). Earlier, the majority of the
research work on hybridization was performed for salmon fish, however, these species did
not show hybrid vigor or commercial importance. Therefore, hybrids in these fish do not
attract fish culturists (Bartley et al., 2000; Bryden et al., 2004; Miller et al., 2004).

In the last decades, with the expansion and intensification of fish production
throughout the world, interspecific hybrids also gained importance and now playing a
significant role in global production through aquaculture. About 35 interspecific hybrid fish
from 15 families have been produced so far. Some of which are popular in aquaculture e.g.,
hybrid striped bass is commonly known as whiterock bass (Morone saxatilis x M.
chrysops) in the USA, hybrid characids in Venezuela, hybrid catfish (C. gariepinus x C.
macrocephalus) in Thailand, hybrid tilapia (Oreochromis niloticus x O. aureus) in Israel, and
Tambacu hybrid (Colossoma macropomum x Piaractus mesopotamicus) in Brazil while
others are in the process of evaluation (Bartley et al., 2000, 2001 & 2004; Diogo et al., 2012;
Rahman et al., 2013). The better knowledge of reproductive biology of fish, improvement in
artificial breeding and in vitro fertilization techniques are the main factors which are
encouraging the aquaculturists to use interspecific hybridization technique and produce
hybrids with improved quality traits over their pure parental species (Rahman et al., 2018)

In aquaculture, human-directed inter-specific hybridization has been practiced to
produce hybrids of superior traits resulting from heterosis or to mix targeted traits of both
parental species (Falconer and Mackay, 1996; Rahman et al., 2018). Heterosis or hybrid vigor

has a tremendous economic value in the aquaculture and agriculture sectors. It manifested in
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various ways like increase in survival rate, growth rate, fertility rate or reproductive ability,
disease-resistance, thermal tolerance, etc. Generally, interspecific hybridization via heterosis
(hybrid vigor) may also have positive effects on fitness at the individual level and/or a higher
degree of genetic variance for particular phenotypic traits at the population level (Facon et al.,
2008; Benvenuto et al., 2012). These features can contribute to the adaptation of hybrids to

heterogenous or novel environments better than the parental species (Benvenuto et al., 2012)

The difference in the performance of the hybrid relative to the average of the parent
species is termed as the mid-parent (MP) value, while the deviation of the hybrid relative to
MP is the relevant value. Practically, high-parent heterosis (HPH), which quantifies the
superiority of the hybrid relative to the best parent, is the important target in the genetic
enhancement program. Heterosis in contrast to inbreeding depression generally increases the
heterozygosity and its measures are phenotype-dependent. For instance, some interspecific
hybrids of fish may display increased growth rate, size, immunity, and other desirable fitness
traits, but are often sterile, thus have reduced fecundity. According to Flint-Garcia et al.
(2009) heterosis in any hybrid relative to its parents is trait-dependent and that hybrids could

not be simply classified as heterotic or non-heterotic.

Heterosis can be explained by dominance, overdominance, or epistasis. The
dominance hypothesis first postulated by Davenport (1908), explains the hybrid vigor due to
cancelling /masking of inferior or deleterious recessive alleles of one parent by beneficial or
superior dominant alleles of others. Nevertheless, the overdominance hypothesis postulates
the superiority of hybrid due to diverse intra-allelic interaction in contrast to when alleles
occur in the homozygous state. Though various molecular mechanisms have been reported
for such interactions, however, none is obvious (Kato et al., 2006). If overdominance is the
major source of heterosis, inbreeding strategies where the major objective is to maximize
heterozygosity, then the result will be the best performance. However, if dominance or
epistasis is the main mechanism of heterosis in the natural or human-directed breeding
populations then individuals will perform equally to any hybrid because of the fixation of
favorable alleles (Reif et al., 2007). For instance, due to over-dominance male F1 hybrid
(Nile tilapias @ x blue tilapias &) compared to both parents showed higher expression of

growth hormone (an indicator of growth) while in female F1 hybrid, maternal dominance
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contributed to the higher GH expression as compared to blue tilapia and statistically similar
to Nile tilapia (Zhong et al., 2019).

The results of interspecific hybridization could be variable and depend on the genetic
makeup, gamete compatibility, crossing patterns, and gene flow patterns of the parental
species (Rahman et al., 2013). According to many scientists, the phenotypes of hybrids are
affected by several changes like transposon activities, loss of a fragment of the DNA, and
variation in the levels of DNA methylation (Kidwell and Lisch, 1998; Han et al., 2003; Abid
et al., 2011). Generally, heterosis, makes the hybrid speciation successful and associated with
gene expression patterns. For instance, the unique phenotypes like fast growth rate (Sun et al.,
2016; Zhong et al., 2019) and strong resistance of fish to pathogens (Zhang et al., 2006) are
related to the overall expression of homologs in hybrids (Zhang et al., 2006 & 2019). In
hybrids, the gene expression could be additive and nonadditive (Ren et al., 2016; Zhu et al.,
2017b). The additive gene expression indicates the reduced differences and hybrids appear
close to the average of their parents (Bell and Travis, 2005). The nonadditive gene expression
has been regarded as a specific expression pattern for heterosis (Li et al., 2015). The non-
additive gene expression in hybrid could be confirmed, when the expression is higher or
lower than the mid-parent value. Besides, overall expression pattern, allele-specific
expression (ASE) i.e., sequence variation in regulatory regions is another mechanism of
heterosis (Shao et al., 2019) and reported in hybrids (Cheng et al., 2016; Zhong et al., 2019).

Indeed, not all of the hybrids are contributing to commercial aquaculture production.
Several are produced intentionally or unintentionally for release in open water bodies like
floodplains under the government restocking programs or to increase sport fishing (Hussain
and Mazid, 2001). For instance, hybrids produced for angling purpose include white bass x
striped bass (Morone chrysops x M. saxatilis), muskellunge x northern pike (Esox
masquinongyx E. lucius), green sunfish x bluegill sunfish (Lepomis cyanellus x
L. macrochirus), largemouth bass x smallmouth bass (Micropterus salmoides x M.
dolomieu), walleye x sauger (Stizostedion vitreum x S. canadense), channel catfish and blue
catfish ~ (Ictalurus  punctatus x I.  furcatus), brook trout x lake trout
(Salvelinusx fontinalus and S. namaycush), green sunfish x redear sunfish (L. cyanellus x L.

microlophus), brown trout x rainbow trout (Salmo trutta x Oncorhynchus mykiss). However,
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in several cases, these hybrids decrease the native parental species and hampered

conservation efforts (Scribner et al., 2001).

Although human-directed interspecific hybridization is a potential genetic tool in
aquaculture to produce fish with desirable phenotypes from two different species, however,
the success and results of hybridization vary considerably, i.e., from non-viable embryonic
production to viable and sterile to fertile progenies (Rahman et al., 2013; Wang et al., 2019).
For instance, the success of interspecific hybridization depends on the phylogenetic
karyotypic relationships (Aluko, 1998). The incompatibility of chromosomes of parent
species is the major constraint to any successful hybridization (Adah et al., 2014). Like
results of hybridization, heterosis is also uncertain, depending on various factors including
strains used as sire or dam (Zhong et al., 2019). Thus it is not guaranteed to be successful in
improving the performance of offspring. For example, the performance of F1 hybrids of
salmonids (Bartley et al., 2000; Bryden et al., 2004; Miller et al., 2004), char (Dumas et al.,
1992 & 1996; Cyr et al., 2018) are often less as compared to parental species, while a hybrid
of tilapia (O. niloticusx O. aureus) showed faster growth rate as compared to parental species
when O. niloticus was used as a dam. However, no such growth vigor could be found in the

reciprocal hybrid (Pruginin et al., 1975).

Many scholars have carried out many studies on interspecific hybridization and
reported the impact of hybridization on different traits of fish. Most studies conducted their
experiments on the families of Salmonidae Cyprinidae, Poeciliidae, and Centrarchidae
(Schwartz, 1981) and used distant species having a similar number of chromosomes. For
instance, F1 hybrids resulting from the crossing of O. niloticus @ x O. aureus & (9 and &
chromosome number, 2n=44) were all male and showed fast growth rates, high yields, and
strong disease resistance (Xu, 1984; Wang et al., 1989). Similarly, F1 hybrids derived from
the crossing of I. furcatusQ x I. punctatus & (2n of both @ and & =58) showed obvious
heterosis and 30% faster growth rate as compared to parental species (Dunham and Argue,
1998), while F1 hybrids obtained from reciprocal crossings of M. chrysops x M. saxatilis (2n
of both @ and & =48) showed stronger stress and anti-disease resistance and grew more
quickly than parental species (Gaylord and Gatlin 111, 2000). Moreover, successful F1 hybrids
derived from the crossing of O. niloticus x O. mossambicus (2n of both © and & =44) (Tang

et al., 2006), scattered mirror carpQ x red crucian carp & (2n of both parents=100) (Zhou et
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al., 2008), Erythro culterilishaeformis @ xAncherythroculter nigrocauda & (2n of both
parents =48,) (Li, 2013), Siniperca scherzeri @ xSiniperca chuatsi & (2n of both parents=48,)
(Qian et al., 2016), and Epinephelus fuscoguttatus ©x E. lanceolatus (2n of both parents =48)
(Zhang et al., 2018) also had an equal number of chromosomes like their parents. These
results are consistent with the breeding rules proposed by Wang et al. (2019) in the one-step

breeding technology.

Generally, it is considered that interspecific hybridization produces infertile lineages
because of the presence of reproductive isolation in the crossing of distant species. However,
this is not true in all cases. Based on many studies (Liu, 2010; Qin et al., 2010; He et al.,
2012; Hu et al., 2012; Song et al., 2012; He et al., 2013; Qin et al., 2014; Xiao et al., 2014;
Wang et al., 2015; Xu et al., 2015; Chen et al.,2016; Liu et al., 2007; Wang et al., 2017; Hu et
al., 2018; Wang et al., 2018), Wan et al. (2019) suggested the genetic rule of interspecific
hybridization. According to them, the results of hybridization depend on the numbers of
maternal and paternal chromosomes. Generally, there are two types of patterns in
hybridization, one in which both parents have the same number of chromosomes while in
other, parents involved in hybridization have different number of chromosomes. When the
paternal chromosome number is less than maternal chromosomes, then the F1 hybrid can
overcome the reproductive barrier and established autodiploid and autotetraploid lineages. If
the number of chromosomes of both parents (maternal and paternal chromosomes) are equal
then, the F1 hybrid breakthrough the reproductive barrier and established allodiploid and
allotetraploid lineages. However, when the number of maternal chromosomes is less as
compared to paternal chromosomes, then progeny of hybridization have little chance to
survive (Liu, 2010 & 2014; Song et al., 2012).

By the application of genetic rules, a fish breeder can avoid the unexpected results of
hybridization, (no or fewer progeny) and predict the relationship between parent and
offspring (Wang et al., 2019).

The genetic rules indicated that at the chromosomal level, matching of the
chromosome numbers of the parents is involved. The degree or strength of matching the
number of chromosome of the parents influences the nucleus-cytoplasm and nucleus-nucleus
compatibilities of F1 hybrid which in turn affects the survival rate of the F1 hybrid. These

nucleus-nucleus and nucleus-cytoplasm compatibilities reflect the similarity between the

10
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maternal and paternal genomes as well as the maternal genome-cytoplasm and the paternal

genome-cytoplasm (Wang et al., 2019).

According to the genetic rule reported by Wang et al. (2019), in Intraspecific
hybridization, the number of maternal and paternal chromosomes is equal and compatibilities
between the maternal and paternal genomes are fairly good, therefore the survival rate of F1
hybrid is generally high. However, in interspecific hybridization, when the number of
maternal and paternal chromosomes is equal, then in F1 hybrid, the compatibilities between
the maternal and paternal genome as well as, the maternal genome-cytoplasm with the
paternal genome-cytoplasm are good, therefore F1 hybrid shows a higher survival rate.
Furthermore, when the maternal chromosome number is higher than the paternal
chromosomes, then the maternal genome is in the dominant position. In this case, the
compatibilities of the maternal and paternal genome as well as, the maternal genome-
cytoplasm with the paternal genome-cytoplasm will be deceased. Therefore, the F1 hybrid of
this cross will show a certain survival rate. However, when the maternal chromosomes are
less in number as compared to paternal chromosomes, then the paternal genome is in the
dominant position. In this case, the compatibilities of the maternal and paternal genome as
well as, the maternal genome-cytoplasm with the paternal genome-cytoplasm will decrease

further. Thus F1 hybrid of this cross will show a poor survival rate.

Many interspecific hybrids have been produced, however, most of them are of no
applied/commercial importance (Bartley et al., 2000; Rahman et al., 2018; Wang et al.,
2019). However, the number of hybrids showed desirable characteristics from both parents
and appeared suitable for aquaculture (Issa et al., 1986; Kowtal, 1987; Salami et al., 1993;
Basaravaju et al., 1995; Harrell, 1998; Rahman et al., 2013). Among them some showed
intermediate growth e.g., Channel Catfish x Blue Catfish Hybrids (Neely et al., 2020),
sturgeon x sterlet (Shivaramu et al., 2019). C. gariepinus x C. anguillaris (Akinwande 2011),
Nile tilapia (O. niloticus) x Blue tilapia, (O. aureus) (SamyYehya and EIl-Zaeem
2011), Heteropneustes fossilis? x C. batrachus? (Jothilakshmanan and Marx 2013), C.
catla xLabeo fimbriatus (Basavaraju et al 1995), C. gariepinusxH. longifilis (\Valenciennes,
1840 and Burchell, 1822), H. longifilis x C. gariepinus (Legendre et al., 1992), C. carpio x C.
catla, L. rohitax C. mrigala, L. rohitax C. carpio (John and Reddy, 1986; Khan et al.,
1989). C. catla® x L. rohitad (CR) (Alikunhi et al., 1971; Varghese and Sukumaran 1971;
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Chaudhuri, 1971; Natarajan et al., 1976; Reddy and Varghese 1980; Reddy 2000; Sarder et
al., 2014; Al-Mamun and Mahmud, 2014) and M. chrysops x M. saxatilis (Smith, 1988).
while other superior to parental species, for example, sterlet (Acipenser ruthenus) x Siberian
sturgeon (A. baerii) (Shivaramu et al., 2019), Epinephelus fuscoguttatus x E.
lanceolatus (Zhang et al., 2018), M. chrysops@ x M. saxatilis?'; Haliotis discus hannai @
x H. discus discus & (Hoshikawa et al., 1998), E. fuscoguttatus x E. polyphekadion (James et
al., 1999), CyCa nucleocytplasmic hybrid x scattered mirror carp (Liu et al., 2017) grow
better than the male and female parents. However, some show less growth than both parents
for example C. gariepinusx H. longifilis (Ataguba et al., 2010) in plastic aquaria and
salmonids has shown that first-generation hybrids often perform less well than parental lines
(Bartley et al., 2000; Bryden et al., 2004; Miller et al., 2004),

In 2001, Scribner et al. collected the distant hybridization in fish data and reported
that species within the family Cyprinidae were hybridized most frequently and accounted for
about 40% of all hybrids in contrast to Centrarchid (20%), Salmonidae (8%), Percidae,
Catostomidae, and Poeciliidae (4%), Cichlidae, Clariidae, and Esocidae (3%),
Cyprinidontidae (2%), and all others (1%). They reported that 68 Cyprinid species were
involved in 56 inter-species hybrids. According to Purdom (1993), within the family
Cyprinidae, natural hybridization is a quite common phenomenon. For instance, in Australian
and Canadian waters, natural hybrids of two exotic species common carp X gold were most
frequently observed (Taylor and Mahon, 1977; Hume et al., 1983). Similarly, natural hybrids
of L. rohitax C. catla, C. catlax L. rohita, L. calbasu x C. catla, L. fimbriatus x L.
gonius have also been reported by many scientists in the water bodies of India and Pakistan
(Desai and Rao, 1970; Prasad, 1976; Natarajan et al., 1976). Generally, cyprinids species
spawn in groups and their spawning activities show a mutualistic or commensal relationship
with other species often within very restricted areas or spawning substrates (Rahman et al.,
1995; Khajarern and Khajarern, 1997). Therefore higher occurrence of natural hybrids could
be due to the scarcity of one species and dominance of a related species nearby (Hubbs,
1955) or overcrowding of species in the spawning ground. In restricted or limited spaces
(may be due to the construction of dams across rivers), there is a greater chance of
fertilization of ova of one species with sperm of other species (Nagpure et al., 2001). Indian
major carps have a more compatible genomic structure, therefore natural hybridization more

likely occurs in these species (Zhang and Reddy, 1991)
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Species within the cyprinids have been more frequently hybridized purposely in many
countries including China, Bangladesh, India, and Burma, to improve the growth rate,
production per acre, palatability, disease resistance, and economic value of the product. From
the last several decades, many investigators especially from China and India are extensively
involved in conducting artificial hybridization among cyprinids of different genera and even
families and concluded that inter-families hybridization is not much successful (Wu, 1990;
Wang et al., 2018). Although, some hybrids between subfamilies showed survival up to
hatching, beyond which higher rate of abnormalities appeared and survived fish were mostly
sterile (Wu, 1990; Wang et al., 2018).

Generally, intergenic hybrids, produced by the mating of two species having a similar
number of chromosomes and karyotypes, like, Cyprinus carpio x Carassius
auratus and Hypophthalmichthys molitrix x Aristichthys nobilis) are viable and even fertile or
in some cases only males showed sterility e.g. C. carpio x C. carassius (Makino et al., 1958).
However, when species had different number of chromosomes or the karyotypes, then
interspecific hybridization failed, eg., C. carpio x Ctenopharyngodon idella (Wu, 1990).
From 1980 to 1995, extensive work on interspecific hybridization was carried out in China
and several hybrids with valuable traits for aquaculture like accelerated growth of H.
molitrix x C. idella and C. carassius x C. carpio hybrids (Liu et al., 1986) and low-
temperature tolerance of Cirrhinus molitorella x Sinilubeo decorus hybrid (Wang et al.,
1984) had been selected and being introduced in the culture system of China (Wu, 1993).

During the 1970s, a successful crossbreeding program among five cyprinids; C.
carpio, H. molitrix, Aristichthys nobilis, C. idella, and tench) was carried out in Hungary to
produce hybrids suitable for the natural waters (Bakos et al., 1978). Although all interspecific
hybrids among Chinese carp themselves and with C. carpio were developed, but, showed
variation in their viability. For example, hybrids of C. carpio x H. molitrix and C. carpio x C.
idella and C. carpio x trench were viable as compared to their reciprocal hybrids. However,
all interspecific hybrids produced from reciprocal crosses of C. idella x A. nobilis and H.
molitrix x A. nobilis were viable. Whilst hybrid and reciprocal hybrid from reciprocal crosses
of H. nobilis x C. idella showed gross malformation and lower viability (Hulata, 1995). It

indicated that among Chinese carps, crosses between C. idella and A. nobilis (Marian and
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Krasznai, 1978) as well as between H. molitrix and A. nobilis (Issa et al., 1986) showed the

most promising results and appeared as most suitable for aquaculture.

The progeny from reciprocal crosses of bighead carp and silver carp showed a higher
survival rate and yield as compared to parent species. Moreover, hybrids were fertile and
farmers showed preference to culture hybrids in contrast to silver carps. However, due to
widely spaced gill rakers, these hybrids showed lower efficiency in controlling microalgal
blooms (Panjusova and Tselikova, 1983; Spataru et al., 1983). In contrast to these hybrids,
hybrids from reciprocal crosses of bighead carp and grass carp contain both diploids and
triploids hybrids. The diploid hybrid showed reduced viability (Marian and Krasznai, 1979;
Beck et al., 1980; Sutton et al., 1981; Allan and Stanely, 1983), while the triploid hybrid was
attracted by the U.S. biologists, who were interested in grass carp for controlling aquatic

vegetation without compromising its naturalization in natural ecosystems (Dunham, 2011).

In the 1960s hybridization between the crucian carp (Carassius carassius) and other
cyprinid species has also been explored in Japan and China. It is documented that hybrids
between C. carpio @ and C. carassius & were viable (Kafuku, 1968; Kafuku and
Matsushima, 1968) and the reciprocal hybrid (C. carassius x C. carpio &) attracted the fish
farmers because of faster growth rate (Wu, 1993). According to Rothbard (1993), although
C. carpio @ x C. Carassius & showed limited potential for food fish production, however,
hybrids were produced for use as baitfish. Experiments on the hybridization of Indian major
carps (L. rohita, C. catla, and C. mrigala), C. carpio, and Chinese carps (C. carpio, H.
molitrix, C. idella, and H. nobilis) were initiated in 1958 (Chaudhuri, 1961). The interspecific
and intergeneric hybridization among Indian major carps themselves, with Chinese carp and
with C. carpio indicated that generally, the interspecific hybrids of L. rohita with Chinese
carps (silver carp, bighead carp, and grass carp) were short-lived and did not show any
genetic advantage over the parent species (Kowtal, 1987; Jena, 2006). Moreover, hybrids of
C. carpio & x L. rohia @ and C. carpio & x C. mrigla @ although, both crosses showed good
fertilization rate during incubation, their development ceased, and most of the embryos died.
However, the reciprocal hybrid in which C. carpio @ cross showed higher fertilization and

hatching rate, and hybrids were sterile and showed more maternal traits (Khan et al., 1990).

The hybridization experiments further indicated the higher compatibility of Indian

major carps for hybridization. The literature revealed the artificial production of about six
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interspecific hybrids and 13 intergeneric hybrids among the four species of Indian major
carps belonging to the three genera (Labeo, Catla, and Cirrhinus) (Reddy, 1999; Froese and
Pauly, 2018a). Among these, at least six intergeneric hybrids were with L. rohita (Khan and
Jhingran 1975; Tripathi 1992). Although, several crosses like L. rohita x C. catla, L.
rohita x C. mrigala, C. catla x C. mrigala, C. catla x L. calbasu, C. catla x L. fimbriatus, L.
fimbriatus x C. catla, L. calbasu x C. mrigala showed successful fertilization and some
promising traits from the aquaculture point of view. However in terms of production trait i.e.,
growth rate out of 13 intergeneric hybrid only 4 hybrids (L. rohita x C.catla, C. mrigala x C.
catla, L. rohita x C. mrigala, L. fimbriatus x C. catla) possessed this useful trait (Ibrahim,
1977; Basavaraju and Varghese, 1980)

Among cyprinids, Indian major carps e.g. rohu (L. rohita), thaila (C. catla), and
Mrigal (C. mrigala) are the most important, prestigious, commercial fish species in India,
Pakistan, and Bangladesh. These species have a prime position in aquaculture due to their
growth rate, maximum market demand, taste, and consumer acceptability as food
(Pallipuram, 2020). At present, these species (L. rohita, C. catla, and C. mrigala) forms an
integral component in three, four, five, and six species polyculture system and culture in
combination with grass carp (C. idella), silver carp (H. molitrix), bighead carp (A. nobilis)
and common carp (C. carpio) (Rahman, 2008a), In 2001, the contribution of major carps in
total freshwater fish production was 67% (ICLARM, 2001) with about 3.02 million tonnes of
total production (FAO, 2006). Indian major carps, though originally inhabitants of the
Ganges River but also widely distributed in the rivers of India, Pakistan, Bangladesh, Nepal,
and Burma. In India, carp culture alone contributes about 87% of the total freshwater
production (Bias, 2018).

Among the carp species, L. rohita (commonly known as rohu in Pakistan) is widely
distributed throughout Pakistan and also found in India, Bangladesh, Bhutan, Sri Lanka,
Nepal, Malaysia, Afghanistan, Maldives Japan, China, Philippines (FAO, 2006). It is a
eurythermal species that does not thrive at temperatures below 14 °C (FAO, 2009). It is a
fast-growing species and attains about 35-45 cm total length and 700-800 g in one year under
normal culture conditions. Generally, in polyculture, its growth rate is higher than that of
mrigal but lower than catla (Sarder et al., 2014). It is an important aquaculture freshwater

species in South Asia (FAO, 2018) and is also prized as a game fish (Dahanukar, 2011).
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Hundreds of years ago, traditionally, it was cultured in small ponds, and nowadays
commercially it is cultured in combination with other major and /or Chinese carps,
especially, C. catla and C. mrigala, C. carpio, and exotic species such as O. niloticus, H.
molitrix, C. idella in earthen ponds and reservoirs (Rahman, 2008; Ali et al., 2017). It has
been introduced beyond its native range in ponds and reservoirs for aquaculture production.
Because of the high nutritional value, taste, and fast growth, it was introduced intentionally in
other countries like Philippines, Japan, and the former USSR (Jhingran, 1982; Froese and
Pauly, 2018). Generally, in polyculture, the growth rate of L. rohitais lower than C.
catla but higher than mrigala. Pakistan and India introduced this species into almost all river
systems, and now it also occupies a vital position in the polyculture system. Commercially, it
is an ideal planktivorous component in the polyculture fish farming system and only in India,
it contributes more than 60% of total carp production (Mohanta et al., 2008)

Globally, rohu contributes about 4% of total aquaculture production of major species
and 15% to the world's freshwater aquaculture production (FAO, 2009; FAO, 2018). Among
the higher producer country of carps, India is the largest producer of the rohu, then
Bangladesh, while Myanmar and Thailand produce to a lesser extent (FAO, 2006). The
contribution of rohu in 2001 among the total Indian major carps production was about 35%
(FAO, 2001). The compatibility of rohu with other carps, like C. catla and C. mrigala made it
the best candidate for freshwater carp in polyculture systems. When cultured, it does not

breed in the lake ecosystem, so induced spawning is necessary (Achaya, 2003).

Rohu has a broader feeding niche, which extends from column to bottom, therefore it
is usually stocked at relatively higher levels than the other two species. Rohu takes food from
the middle layer of habitat (Talwar and Jhingran, 1991). During the fry stage, rohu
predominantly feeds on zooplankton, while showing negative selection for phytoplankton.
However, fingerlings and adults have a strong positive selection for phytoplankton and show
negative adaption for zooplankton (Ahmed et al., 2007). Furthermore, the food selection and
feeding relationship of rohu in polyculture system, i.e., along with C. mrigala and C.
catla indicated that in the adult stage it prefers to eat both plankton and periphyton (Saikia et
al., 2013).

The body of L. rohita is moderately elongated and bilaterally symmetrical. Its dorsal

profile is more arched than the ventral profile, and except for the head, the whole body is
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covered with cycloid scales. The mouth of L. rohita is inferior and small. Its belly and dorsal
side are silvery, and the back is somewhat bluish. The nutritive value of rohu indicated that it
is the major source of high-quality protein, and polyunsaturated fatty acids (PUFA) especially
omega -3 PUFAs (Memon et al., 2010). In comparison to other carps, it contains the highest
percentage of protein (Mukundan et al., 1986) and is a good source of vitamin A, C, and
calcium (Roos et al., 2003)

Generally, rohu relies upon its innate immunity as the first and foremost defense
mechanism to any pathogen. Furthermore, its adaptive immunity also gets activated
whenever any microbe comes in its way to cause infection or harm, etc. (Kar et al., 2015).
Ulcer, columnaris, dropsy, icthiophthriasis, argulosis, and epizootic ulcerative syndrome are
commonly known diseases of L. rohita, mostly caused by bacteria, protozoa, and crustaceans
(Farhaduzzaman et al., 2010)

C. catla, commonly known as Thaila in Pakistan is also endemic to riverine systems
in Pakistan, India, Bangladesh, Nepal, and Myanmar (Ayyappan and Jena, 2001). It is fast-
growing indigenous species of south Asia and popular in aquaculture (Khan et al., 2004;
Hussian et al., 2011; Khan et al., 2012). Its head is broad, mouth is wide and upturned, the
upper lip is thin and covered by the skin of the snout. The lower lip is moderately thick,
broad, and continuous post labial grove. Their eyes are large, and their body with
conspicuously large cycloid scales while the head is scaleless (Rahman et al., 2009). The
scales on the dorsal side are greyish while whitish on the belly side. Their body is deep and
laterally compressed. The dorsal profile is more convex than that of the abdomen. The dorsal
side of the body is bluish while silvery on the side, fins dusky (FAO, 2004).

Catla is one of the renowned and fastest-growing carps (Al Mamun and Mahmud,
2014). In carp farming, it is the second most important species after
rohu. Generally, Catla grows to 1-1.2 kg in the first year, compared to 700-800 g rohu (FAO,
2013). It reaches up to 182 cm (6.0 ft) long and 38.6 kg (85 Ib.) in weight. Its higher growth
rate, specific surface feeding habit, and compatibility with other major carps attract culturists
to farm, along with L. rohita and C. mrigala (Pillay, 1990). It is also popular in the six-
species polyculture system, i.e., with L. rohia, C. mrigala, C. carpio, C. idella, and H.
molitrix, where it shares the upper feeding niche of the pond with H. molitrix (Gjedrem and
Baranski, 2009).
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Catla is a eurythermal species that grows best at water temperatures between 25-32
°C. The minimum tolerance temperature limit is ~14 °C (Sharma et al., 2016). It attains
maturity in its second year and breeds during the summer and rainy seasons like rohu (Lone
et al., 2012). It is more difficult to breed in ponds than rohu as it requires more accurate
environmental conditions for spawning. Induced breeding perform by hormonal stimulation
often gives poor results relative to other major Indian carps (FAO, 2009). Eggs are non-
floatable, non-adhesive, and yellowish. Its fecundity generally varies from 100,000-
200,000/kg, depending on the fish's length and weight (Chattopadhyay, 2016). Their larvae
start to feed three days after hatching (Sheriff and Altaff, 2018). Catla is a surface feeder and
omnivorous fish species (Chattopadhyay, 2016). The fry is planktophagous mainly feed on
zooplanktons like cladocerans and rotifers. However, adults feed upon zooplanktons along
with algal and plant material (Rahman et al., 2009). They can also feed on both natural and

supplementary feeds (wheat bran, rice bran, etc.) (Rahman et al., 2009).

Except for growth rate, the consumer preference, market demand, nutritive value,
thermal tolerance, and immunity of Catlais less in contrast to rohu (FAO, 2009, 2013;
Ahmad et al., 2020). In Pakistan, the price of Catla ranges from Rs 180-350/kg as compared
to rohu, and generally, consumers prefer medium-sized fish of 1-2 kg because the taste
reduces as fish get larger. Catla has high moisture (77.3%) and ash (1.4%) contents but low
crude protein (16.9%) and fat as compared to rohu (Shakir et al., 2013). Similarly, vitamin A,

D, E, and K contents are also less than rohu (Paul et al., 2016).

Catla is a sensitive fish (Abhijith et al., 2016) and more susceptible to temperature
fluctuation and disease and shows a higher mortality rate generally in early developmental
stages as compared to other carps (Igbal, 2016). The commonly reported diseases
affecting Catla include lernaeasis, argulosis (parasitic disease), saprolegniasis (mold
infection) (Igbal, 2016), dropsy (bacterial infection), columnaris (bacterial infection), white
spot disease, black spot disease, and gill rot (Rahman et al., 2010).

Both species (L. rohita and C. catla) have a similar number of chromosomes, i.e., 2n
= 50. L. rohita contains 8 metacentric, 6 submetacentric, and 4 sub-telocentric, and 32
acrocentric chromosomes while C. catlahas 6 metacentricc 20 submetacentric, 22
acrocentric, 2 subtelocentric chromosomes (Bhatnagar et al., 2014). Moreover, both species

also have overlapping habitats during the spawning season, and probably do not have any
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gamete fusion hindrance or developmental block that may inhibits hybridization.
Furthermore, in captivity, these carps also spawn synchronously, indicating no major

environmental hindrance in human mediating hybridization among these species.

Because of the higher compatibility of both species (L. rohitaand C. catla) for
hybridization and variation in quantitative and qualitative traits, several workers carried out
artificial hybridization of L. rohita x C. catla. However, they studied limited traits and
reported somewhat variable results. For instance, some investigators observed that the growth
performance of the hybrids produced from L. rohita @ x C. catla & cross is better than
slower-growing parent L. rohita (Varghese and Shantharam 1979; Keshavanath et al., 1980;
Reddy and Varghese, 1980; Somalingam et al., 1990; Jana, 1993). However, Chaudhuri
(1973) observed that this hybrid grows like C. catla and declared it the best hybrid among
Indian carps, as it combined the small head of L. rohita and the fast growth of C. catla.
According to Bhowmick et al. (1981), the observed general appearances of the hybrid was
intermediate to the parent species, yet possessed more of maternal (L. rohita) traits, e.g., flesh
content of the hybrid was 54-58% as compared to L. rohita (48-52%) and C. catla (45%).

Some workers also made a reciprocal cross, i.e., C. catla @ x L. rohita & and reported
somewhat higher fertilization percentage and hatching rate and did not find any abnormality
during the early development stage (Reddy and Varghese, 1983). The literature revealed the
variable growth rate of these hybrids. For instance, some investigators reported the higher
growth rate of hybrid, even better than C. catla under monoculture and in combination
with C. catla (Alikunhi et al., 1971; Varghese et al., 1984). However, other workers reported
a slower growth rate, i.e., much slower than C. catla and slightly slower than L. rohita, e.g.
C. catla and L. rohita showed about 108.9% and 25.2% more weight respectively as
compared to a hybrid (Reddy and Varghese, 1980b).

Literature also revealed that the morphometric traits of both L. rohita @ x C.catla &
and C. catla @ x L. rohita & hybrids were intermediate to parental species. For instance,
morphometric ratios like fish length: head length, head length, snout length, head length:
mouth width, and fish length, dorsal fin length was intermediate, and for a ratio of head
length to interorbital space, the hybrids were more towards C. catla. Furthermore, the head
length to the diameter of the eye ratio indicated more resemblance of L. rohita @ x C.
catla & hybrid to C. catla and C. catla @ x L. rohitad to L. rohita (Bhowmick et al., 1981;
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Jana, 1993). Moreover, both hybrids showed similar gill rakers, and the mouthparts indicate
their same food habits (Reddy and Varghese, 1983; Jana, 1993)

In Pakistan, aquaculture is rather a new activity. Regardless of the huge marine,
brackish, and freshwater resources (inland water area, 25 220km2), aquaculture production is
low could be due to inappropriate aquaculture practices. There is immense potential for the
improvement of this sector by adaptating newer trends and technologies. In Pakistan, inland
aquaculture is mostly related to freshwater fish farming and consisted of Chinese carps, e.g.
silver carp (H. molitrix), grass carp (C. idella), bighead carp (H. nobilis), Common carp (C
carpio), and Indian major carps e.g., rohu (L. rohita), thaila (C. catla) and mrigal (C.
mrigala) (Ahmed et al., 2008; Shah et al., 2011). These carps are mostly cultured in earthen
ponds in a polyculture system by adopting extensive and semi-intensive culture practices.
Since 2001, aquaculture production showed a continuously increasing trend and increased
rapidly from 57,632 tonnes to reach over 159,083 tonnes in 2018 (FAO, 2019). Moreover,
during the past few years, Indian major carps constituted 23% of pond production and 24.6%
of total fish production in Pakistan (FRSS, 2010-2011). Despite the improvement in
aquaculture production, the contribution of the fisheries sector in agriculture production and
GDP is 3.5 % and 1% respectively, indicating a real need to advance the aquaculture sector

sustainably.

Although there is a general gap between global supply and demand for fish, however
in Pakistan, this difference is much more pronounced and only 2.0 kg/ capita/ annum is
available in contrast to America, China, and other countries where it is consumed at the rate
of 11-19.8 kg/ capita/ annum (FAQ, 2013). Aquaculture can bridge the gap between projected
supply and demand for fish. However, this would not be possible without the introduction of
a genetic improvement/enhancement program. It is a general view that anyone can boost up
carp production in Pakistan by adopting simple genetic techniques like best strain selection,
selective breeding, inbreeding, crossbreeding, and hybridization. Many scientists participated
in genetic improvement programs of different fish species by using a range of selection
methods and provided ample evidence to support the view that fish production can be
enhanced by the application of genetic tools (Gjedrem and Baranski, 2009; Nielsen et al.,
2010; Shah et al., 2011; Gjedrem and Dunham, 2011; Luo et al., 2014; Haridas et al., 2017).
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Since interspecific hybridization is gaining importance in aquaculture and appears as
a simple, inexpensive tool to improve the performance of carp, therefore, the present
comprehensive study was designed to produce F1 intergeneric hybrids of L. rohita and C.
catla through reciprocal crosses (two purebred cross-types (RR, L. rohita x L. rohita and
CC, C. catla x C. catla) and two reciprocal hybrid cross-type (RC, L. rohita @ x C. catla &
and CR, C. catla Q@ x L. rohita &) and compare the fertilization rate, hatching rate, growth
performance, immunity, disease resistance, thermal tolerance, morphometric and
phylogenetic relationship of hybrids with parental species. The available literature on a
reciprocal hybrid of C. catlaand L. rohita is limited and somewhat controversial and
addressed only the growth and morphometry of hybrids. Here, the present study
evaluated many traits of both hybrids and parent species by using both biological and

molecular markers.
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Chapter 1

Production of intergeneric hybrids of Catla catla and Labeo rohita from reciprocal

crosses and evaluation of growth performance
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Materials and Methods

The research was conducted in collaboration with Tawakkal Fish Hatchery & Farm,
Muzaffargarh Pakistan. The induced breeding of two closely and phylogenetically related
species Rohu (L. rohita) and Thaila (C. catla) was conducted and parent species as well
intergeneric hybrids were produced from reciprocal crosses. The comparative morphometric
and phylogenetic studies, growth performance, immunity, disease resistance, and
thermal tolerance experiments were executed at Fisheries and Aquaculture facility, Quaid-i-
Azam University, Islamabad Pakistan. Moreover, Part of molecular work was performed
under the supervision of Prof. Isidoro Meton, Department of Biochemistry and Physiology,
Faculty of Pharmacy and Food Science, University of Barcelona, Spain by availing IRSIP

Program of HEC, while remaining was conducted at home university.
Selection of broodfish

In February 2016, 30-35 healthy adults of each population, with no sign of infection
and deformity, body weight rangieng from 2.9-3.3 kg (L. rohita) and 3.1-3.8 kg (C. catla)
were harvested from the main reservoir and shifted to holding tanks for tagging.

Tagging

Fish were held for four days in well-aerated holding tanks for acclimation and then
starved for about 30 hrs before inserting Pit Tags with a handheld injection device for
identification of individuals. Passive Integrated Transponder is the most popular tag (BIOS.
B.03V1 HPT8 Mini Chip) used to mark fish internally. Fish were caught and anesthetized
with buffered MS222 (0.1g/L) and, before inserting a PIT Tag into the fish, the implantation
site was disinfected with KMnOs. PIT Tag was read by tag scanner (Biomark), and
identification code was recorded. Subsequently, a tag was inserted slowly and steadily by
using a PIT tag implanter into the muscle above the peritoneal cavity near the pelvic fin of
fish. After tag insertion, the site was disinfected again with KMnOa, and fish was released
back into the holding tank for recovery. During the initial time of recovery (about 40 hrs after
inserting PIT Tag), fish were starved a day and then maintained in well-aerated recovery

tanks for about seven days before shifting to well-prepared earthen ponds.
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Picture 1. (A) showing Fish tagging and (B) showing reading of identification code
Preparation of broodfish pond

Before stocking selected broodfish, earthen ponds having an area of 0.4 hectares were
prepared by following the commonly practiced method (Amir et al., 2020). Briefly, all
earthen ponds were drained, sun-dried and their dikes repaired. Afterwards, agricultural lime
(CaCOs3, 250 kg/ ha) and animal manure (3333.33 kg/ha ) was spread on the bottom of all
earthen ponds. Initially, ponds were filled with water up to a depth 0.5 m and when pond
water become fertile (live feed produced), more groundwater was added and water level was
raised to 1.5 m. Fish of both species (C. catla and L. rohita) were stocked at the rate of 1500
kg/ha. To maintain the fertility of ponds, fortnightly, 1250 kg/ ha of decomposed cow dung
(organic fertilizer) along with inorganic fertilizers, urea (31 kg/ha) and triple superphosphate
(TSP) ( 16 kg/ ha) were applied (Rahman et al., 2006). Furthermore, during rearing, daily
water level up to 1.5 m was maintained with the addition of fresh water, while ponds
productivity was checked occasionally by using a Secchi disc, the disappearance of a disk at a
depth <30 cm indicated the restriction of fertilizers.

Rearing of broodfish

Fifteen (15) pairs each of f both species (C. catla and L. rohita) were stocked in the
same earthen pond. The tagged fish at the time of stocking was about three years old. After
two days of shifting, fish were provided 32% protein, 6 mm floating pellet feed (Oryza
Organic PVT LTD at 2% body weight. Fish reared in ponds for about 3 months before the
initiation of breeding experiments. During that period, daily water quality parameters like
temperature (°C), dissolved oxygen (DO level, mg/L), and pH were checked and kept under
optimum range, while fertility of the pond was checked with a Sacchi disc and maintained by
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the addition of organic (cow-dung) and inorganic fertilizers (urea/DAP). Fresh aerated tube
well water was added daily at dawn and dusk to control the oxygen level. Initially, at the
stocking time, water temperature was 25°C which increased gradually and reached 28°C,
while pH and DO level, although fluctuated but remained within the range suitable for the
rearing of Indian major carps (pH 7-8 and DO 5-6 mg/L). Other water quality parameters like
hardness (90 mg/L), alkalinity as CaCOs (80 mg/L) and total dissolved solids (TDS)
(185mg/L) etc. were checked fortnightly and did not observe significant fluctuation and were
found within a range suitable for freshwater fish culture.

Breeding experiments

Fish breeding experiments were started in June 2016. Briefly, each of 6 ripe dams and
10-12 sires of C. catla and L. rohita broodfish were harvested and after observing sexual
maturity, transferred with care into the hatchery building. For conditioning, they were kept in
concrete water holding tanks having well-aerated water. The ripeness of both male and
female broodfish was checked by characteristics reported by Metwally et al. (2008) like soft
or distend belly with swollen genital opening and smooth pectoral fins for female, while
males showed obvious secondary sexual characteristics. Moreover, by slight pressure on the
abdomen, the male emitted white color milt.

Induced Spawning

Induced breeding of fish was conducted by following the procedure commonly used
for major carps. Briefly, after 2-3 hrs of conditioning, broodfish were weighed individually
and injected with a synthetic induced spawning agent, Ovaprim (analog of LHRH +
antagonists of dopamine, Syndel, USA) intramuscularly (dose, 0.5-0.7ml/ kg BW) to female
broodfish of both species (L. rohita and C. catla), while males of both species were injected
at lower dose i.e., 0.2 ml/kg BW (Mohapatra et al., 2018; Ahmad et al., 2020). After injecting
ovaprim, 2 female and 4 male of the same species fish were kept in a concrete circular tank
having slow-moving water. For avoiding disturbance, the tank was covered with a canvas
screen. Water quality parameters like temperature (°C) and DO (mg/L) of the tank having
ovaprim injected fish were measured frequently after injection to ovulation by using water
quality HI-9828 Multiparameter (HANNA Instruments. Inc. Woonsocket, USA), and found

within a range between 28-30°C and 5.2-6 mg/L, respectively, while ammonia was found <
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0.25 ppm. For obtaining progeny of similar age, all fish were induced bred to breed on the

same day.

Before stripping of female’s broodfish, milt of all C. catla as well as L. rohita was
collected separately in test tubes and diluted tenfold (1:9) with 0.9% NaCl. Induced
spawning of fish and performed by the method described in detail by Naeem et al. (2013).

Fig. 1. Four crosses between L. rohita (R) and C. catla (C), i.e., two purebred cross-types (Rx

R and C x C), and two reciprocal hybrid cross-types (R x C and C x R)

The first letter designates the dam while the second letter designates the sire (R=L. rohita, C=
C. catla). There are four cross-type codes: RR, RC, CR, and CC

Fertilization

The dry method of fertilization was adopted. Here, reciprocal crosses were made to
produce pure species (RR, L. rohita and CC, C. catla) as well as intergeneric hybrids (RC and

CR). Briefly, the eggs of every fish were weighed and equally divided into two groups and
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fertilized with sperms of their species and other species respectively. Subsequently, for
fertilization, sperm were gently mixed with eggs by using hen feathers for about 3-4 min.
After that, tubewell water was added to the mixture of sperm and eggs and constantly stirred
for 3-5 min. Afterwards, fertilized eggs were rinsed carefully.. Stirring and rinsing of eggs
with water were continuously performed for 2 to 3 times or until eggs became swollen and

started to float. Subsequently, the fertilized eggs were shifted to the incubation tank.

Picture 2. Weighing of stripped eggs for enumeration
Egg incubation

In incubation circular tank, water flow rate of 5.0 L/ min was maintained and

incubation of fertilized eggs was conducted at ambient temperature.

Percentage fertilization

Fertilization (%) was estimated immediately after transferring fertilized eggs to a
circular tank. Briefly, water with eggs was collected at random three times from the centre of
the incubation tank in a 500 ml beaker. The eggs in a beaker were calculated and carefully
observed. The opaqgue eggs were considered as fertilized while the transparent as unfertilized

eggs respectively. The following formula was used to calculate the fertilization rate.

Fertilization (%) = __ No. of fertilized eqgs x 100

Total No. of eggs in a beaker
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Percentage hatchability

The number of eggs hatched from a hundred fertilized eggs is known as percentage
hatchability. The time required from the initiation of the incubation process to complete the
incubation of eggs was the hatching time. In the incubation tank hatching of eggs was
completed in 72 hrs at 29°C. After complete hatching, the total hatchlings were weighed, and
a subsample was taken to count the number of hatchlings in the weighed subsample. To
determine the total number of hatchlings, the counted hatchlings in the weighed sample were
multiplied by the total weight of hatchlings. For calculating the hatching percentage, the

following formula was used.

Hatchings (%) = No. of hatchlings x100

Total numbers of fertilized eggs

Nursing of fry

For 2-3 days after hatching or until the absorption of yolk sac, the yolk-sac larvae
were maintained in the incubation tank. Afterward, postlarvae of each cross-type were
transferred into separate rectangular tanks and initially fed with prepared live feed (rotifer)
and juice of 40% protein powdered feed (lbrar et al., 2017). Some of these postlarvae were
used for evaluating early growth performance while the rest of the stock of each cross-type

was stocked separately in nursery ponds.

Experimental design

Early growth performance under controlled conditions

For evaluating growth performance under controlled culture conditions, the
experiment was conducted in a replicate of three in fibreglass troughs (capacity; 150 L), well
equipped with water heaters for maintaining temperature (27°C) and air stones connected to
air pump for DO level (5.6 mg/L). About 600 swim-up fry of each cross, parent species (CC
and RR), and hybrids (RC and CR), were randomly selected and equally distributed in their
respective 3 tanks (200 fry per tank or 600 fry/ population). To avoid water deterioration, the
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once every second days fecal matter/unconsumed feed was removed, and 20% of the water

was replaced with fresh water.

Feeding strategy

Fry feed with 40 percent CP level in powder form was purchased from Oryza Organic
(Private Ltd.) and provided by adopting the same strategy as reported by Amir et al. (2018)
for early rearing of the same species. Briefly, the feeding ratio, frequency, particle size, and
CP level were changed with the change in weight and size of the fry. To adjust the feeding

rate, every month sampling was done and health status was also observed.

Water Quality

During the rearing period, water temperature (°C), pH and dissolved oxygen (DO,
mg/L), were noted twice a day (09:00 hrs and 16:00 hrs) by using water quality HI-9828
Multiparameter (HANNA Instruments, USA), while weekly total ammonia of each tank was
checked by using test kit of ammonia for freshwater (HI3824, ROMANIA). Throughout the
rearing period, water temperature, DO levels, and pH of all tanks showed minor fluctuations
(x0.2°C), while ammonia remained less than 0.035ppm.

Growth performance

After 3-month rearing, fingerlings were starved a day before sampling. On the day of
sampling, fish of each population of tank were collected separately, weighed, and counted.
For calculating the average body weight (BW) of each fish per population, all counted
fingerlings of each tank were divided by the total weight of fingerlings per tank, the value of
three tanks/population were pooled and their mean value was calculated for representing
average body weight of individual per population. For evaluating growth performance and

survival (%), the following standard formulae were adopted.
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Wt gain (g) = FBW (fingerlings) — IBW (fry)

Wt gain (%) = FBW (fingerlings) — IBW (fry) x 100
IBW (fry)

SGR (%)= __In(FBW)—1In (IBW) x 100
Rearing period (days)

Average daily weight gain (ADG) = FBW —IBW/ rearing period (days)
Survival rate (%) = Ni — Nf/ Ni x 100

Where

Wt = Weight

IBW= Initial body weight

FBW = Final body weight

In= Natural log

SGR = Specific growth rate

Nf = Number of fingerlings at the end of the rearing period
Ni = Number of postlarvae at the time stocking

Heterosis

Hybrid vigor or the improved growth of both F1 hybrids (CR and RC) over the

average of the parents were calculated by following standard formulas

Low parent heterosis (LPH) = F1- Pjow

Plow
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Mid parent heterosis (MPH)= F1 — MP
MP

High parent heterosis (HPH) = F1 - HP
HP

Where F1 = hybrid
P= parent
Early growth performance under semi-intensive culture system

For evaluating the growth performance of postlarvae in earthen nursery ponds under a
semi-intensive culture system, an experiment was conducted in a replicate of three for 3

months (mid-June to mid-August)
Nursery pond preparation

All nursery ponds (size; 120 m? each) were earthen and rectangular having an
average depth of 1.3 m. They were supplied with groundwater from a tube-well. Before
initiation of the experiment, all ponds were sun-dried and aquatic vegetation on the bed was
removed and their dikes were repaired. All nursery ponds were fertilized and live feed was
produced by the method mentioned above. Initially, nursery ponds were half-filled with water
and when water became fertile, i.e., about one week later, with the addition of water, filled
the pond up to 1-1.2 m. During the experiment, the water level was maintained by adding
fresh water at dawn and dusk and pond productivity by the application of organic and
inorganic fertilizers. Occasionally, ponds productivity was checked with the help of Sachi

disc, reading at a depth <30 cm indicated the restriction of fertilizers.
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Stocking

Early rearing of each cross-type was conducted in a replicate of three (3 tanks per
hybrid cross) by adopting a commonly used method for early rearing of Indian major carps.
Briefly, 60,000 postlarvae (after yolk sac absorption) of each cross-type were taken from the
incubation tank, by using the volumetric method and stocked separately in nursery ponds,
having an area of 0.10 hectares. The stocking density of the larvae was 2500 /decimal (Shah
etal., 2011)

Feeding strategy

Fry were provided 40 percent protein feed in powder form as a supplementary diet.
Feed was purchased from a local feed mill (Oryza Organic, PVT, Ltd), and fed daily in 2
feeding regimes. The feeding ration and CP level were changed with the change in fish
weight and size. Initially, during the first week, 40% CP feed was given at the rate of 50
percent of the biomass and then gradually decreased to 25 percent of biomass and end with a
35% CP diet at the rate of 7 percent of the biomass. Sampling was done every month and

adjusted the feeding rate.

Water Quality

During rearing, water temperature (°C), pH and dissolved oxygen (DO, mg/L) were
noted twice a day (09:00hrs and 16:00 hrs) and total ammonia weekly by using the above-
mentioned water quality Multiparameter and test kit of ammonia for freshwater. At the time
of stocking, the water temperature of the entire nursery pond was 27.5°C. It slowly and
gradually increased during the rearing period and reached 29°C while the DO level fluctuated
somewhat but remained between 5 and 6 mg/L. The total ammonia of all tanks remained at <
0.035 ppm. All the nursery ponds were adjacent to each other and had similar aeration and
water supply system, therefore the water quality parameters of different ponds were almost

similar and within the range suitable for the rearing of Indian major carps.
Growth performance
After 90 days rearing in earthen ponds, fingerlings were starved a day and on the day

of sampling, ponds were drained, and fingerlings of each pond were collected, weighed and
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the total number of fingerlings per tank was noted for estimating mean survival (%) and other
growth performance indices of each cross-type by adopting standard formulae indicated

above

Growth performance of fingerlings in solitary

After observing growth performance, Fingerlings of each cross-type from nursery
ponds were shifted to eight already prepared earthen rearing ponds (two/cross-type) at a
stocking density of 5000 fish/ ha (Gjerde et al., 2019). Each pond was 0.04 ha and adjacent to

each other.

Feeding strategy

Pakistan has a continental type of climate with seasonal temperature variation. The
water temperature in most of the areas of Punjab starts to decline in September and reach the
minimum value in January and then gradually rises and shows peak values during June-July.
Therefore, during the rearing period, extreme weather conditions i.e., thunderstorm,
rainy/cloudy season and extreme daily variation in water temperature were observed and we
adjusted the feeding rate accordingly. Feeding was restricted during the rainy or cloudy
condition and at low temperature, the limited feed was provided because, in this condition,
most of the fish do not feed on floating pellets and depends on naturally occurring feeds in

the pond waters (Ramakrishna, 2013). The same feeding strategy was adapted for all cross-

types
Water Quality

The water quality parameters of each pond were checked by adopting the same
strategy as mentioned above. At the time of stocking, water temperature and DO level was
25.5°C and 5.9 mg/L respectively. During rearing, water temperature and DO level showed
fluctuation and ranged between 25.5- 17°C, DO, 5.7-6.3 mg/L, while pH ranged between 7.6-
7.8. Lastly, the ammonia level (<0.025 mg/L) did not show any noticeable changes during the

study period.
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Growth performance

During the rearing period, water temperature reached the minimum value and showed
great variation, therefore, we did not further disturb the fish and reared for about eight
months. After that, fingerlings were starved a day and on the day of sampling, about 150-200
fingerlings /pond was harvested for estimating growth performance indices by adopting

standard formulas reported above.

Growth performance of Fingerlings in communal ponds

Fin clipping for stock identification

Fingerlings of RC and CR hybrids with bodyweight range 23-26g were harvested
from their respective ponds and shifted to holding tanks. Each stock was kept in a separate
tank. For clear and quick identification, the right pectoral fin of RC hybrids and left pectoral
fin of CR hybrids were clipped and KMNO4 was applied on the clipped site. Fingerlings were
remained in holding tanks under well-aerated water for about 7 days before shifting to

earthen ponds. Moreover, during that period, they were closely observed for any infection.

To evaluate the comparative growth performance of fingerlings, two sets of
experiments were conducted one under control conditions in rectangular fiberglass tanks (500

gallons) and the other in earthen ponds by adopting a semi-intensive culture system.
Rearing in a communal tank under controlled conditions

Communal rearing of all cross-types in controlled conditions was conducted in
fiberglass tanks, from May to July. For this experiment,75 fingerlings of each cross-type,
parental species (RR, CC) and hybrids i.e., RC hybrid (right pectoral fin-clipped ) and CR
hybrid (left pectoral fin-clipped) having no sign of infection or disease symptoms were
randomly stocked in 3 fiberglass tanks (100 fingerlings/ tank, 25/cross-type) at a stocking
density of about 2.0 g/L. Tanks were supplied with the aerators and water heaters to maintain
the dissolved oxygen level (6.0mg/L) and temperature (27°C). After shifting, fingerlings were
starved a day and then feeding started.
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Feeding strategy

Fingerlings were fed with 35% protein commercial 2 mm pellet feed (Oryza Organic
Pvt, Ltd), at the rate of 5 percent body weight daily in two feeding regimes. The feeding rate
and size of the pellet were changed with the change of fish weight and size and it was ended
with a 3% body. The feeding rate was modified fortnightly by observing the weight of

random samples.

Water Quality

Water quality parameters during rearing were monitored by the same strategy as
mentioned above. Rearing of fish was conducted in controlled conditions, therefore water
quality parameters showed very small fluctuations. Furthermore, after every day, fecal
matters were removed through manual siphoning and about 10-20% water of each tank was
exchanged with freshwater. This practice was adapted to avoid water deterioration and to

maintain the quality of water.

Growth performance

After 3 months of rearing under controlled conditions, feeding was restricted for 24
hrs before sampling. On the day of sampling, fish of each cross-type were collected and
weighed. For evaluating growth performance, the standard formulas mentioned above were

adopted.

Rearing in a communal pond under a semi-intensive culture system

For evaluating their growth performance in semi-intensive culture system (a common
practice in Pakistan), all cross-types fingerlings were stocked in the same earthen pond
(communal pond). Rearing experiment was conducted in triplicate, i.e., in 3 communal
ponds. Before stocking, three rectangular earthen ponds (size 0.04ha), adjacent to each other
were prepared by the method mentioned and 300 fingerlings of each population (parent
species and their intergeneric hybrids) were evenly stocked in three earthen ponds at the rate

of 75 fingerlings/cross-type/pond. During rearing, the water level of each pond was
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maintained with the addition of water while pond productivity was checked with sacchi disk

and maintained by using cow-dung and inorganic fertilizer (DAP or Urea).

Feeding strategy

Fingerlings were fed with 32% CP pellet feed of 2mm size purchased from Oryza
Organic (Pvt. Ltd). Daily, they were provided at the rate of 3% body weight in two feeding
regimes i.e., about two-thirds of the feed was given in the morning (8:00 hr), while the rest in
the afternoon (16:00 hrs). The feeding ratio and CP were changed with the change of fish
weight and size. Initially, the pellet size was 2mm with 32% protein but ended with a 4mm
pellet having 25% CP. Fortnightly, random sampling was done and the feeding rate was

adjusted according to the weight of fish.

Water Quality

During rearing, water quality parameters were checked routinely by adopting the
same strategy as mentioned before. Water temperature at the time of stocking was 26.5°C
while the DO level was 5.9 mg/L. During rearing, water temperature, DO level and pH
showed fluctuation and ranged between 26.0- 30°C, 5.1-6.3 mg/L and 7.6-8.7 respectively,

while ammonia remained <0.035 mg/L.
Growth performance

After 3 months of rearing, fish were starved a day and on the day of sampling, fish of
all cross-types were harvested. Fish of each cross-type/tank were weighed and their number
was counted for the evaluation of survival rate and growth performance. All fish except 3
[cross-type/pond was released back in the pond. For evaluating growth performance, above

mentioned standard formulas were adopted.

Gene Expression of MyoD and Myogenin

For evaluating the expression of genes related to the growth of skeletal muscle
(MyoD and Myogenin and IGF-1), the separated 3 fish of each cross-type per tank (9 fish

[cross-type) were dissected and approximately 50 mg each of muscle and liver per fish, were
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taken aseptically in RNAlater (50 mg/ml). Samples were stored at -20°C until they were used

for RNA extraction.

RNA Isolation

Tissue samples were taken out from RNAlater and thawed on ice for 10-15 min.
Subsequently, a 50 mg sample was homogenized in microcentrifuge tubes with the aid of
pellet pestles and added 500uL of ice-cold TRIzol® Reagent. The resultant homogenate was
incubated at ambient temperature for 5 min. Subsequently, with the addition of 100 uL, the
homogenate was agitated vigorously for about 15sec and again incubated at ambient
temperature for 5 min followed by centrifugation at 12,000 rpm at 4°C for 15 min. After
centrifugation, the upper aqueous layer was transferred to a fresh microcentrifuge tube by
using a wide bore micro-tip. Subsequently, with the addition of chilled isopropyl alcohol
(absolute) vortex briefly and then the sample was incubated for 10 min at ambient
temperature. Afterwards, the sample was centrifuged at 12,000 rpm at 4°C for 10 min and
then the liquid phase was discarded and saved in the pellet. The pellet was washed twice with
75% ethanol (500uL) prepared in DEPC treated water. After air drying, the pellet was
dissolved in 50 pL of nuclease-free water (Hi-media, India). The isolated RNA was stored at

low temperature (-80°C) till further analysis.
RNA Quantification

The quality i.e., purity of isolated RNA and quantity (concentration) of RNA in the
sample were accessed by using NanoDrop™ (ND-1000, UV-visible spectrophotometer,
Thermo Scientific, USA). For quantification, NanoDrop was set at A 260 nm and sample
absorbance was noted, while for checking the purity of the samples two readings one at A 260
and other at A 280 were taken and then the ratio of OD at both wavelengths (260nm and 280
nm) was calculated for observing the quality of RNA in the sample with expected values
between 1.9 and 2.0.
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c¢DNA Synthesis

Amir et al. (2019) method was adopted and isolated RNA of each sample was reverse
transcribed to cDNA. Briefly, 20 pL reaction mixture was prepared by mixing 8uL RNA,
4uL buffer, 1ml each of dNTPs, 1uL of MMLV-RT, 2.5 yL Random primers,0.5 uL
(RNasin® Ribonuclease Inhibitor) and 3uL DEPC water. Subsequently, the reaction
mixture was kept in a water bath set at 37°C and incubated for an hr followed by 5 min
incubation at 55°C in PCR Machine (BIO-RAD T100™ thermal cycler). The concentration
of synthesized cDNA in each sample was assessed by using Nanodrop ND-1000 (Thermo
Scientific, USA). The samples were stored at —20 °C

Designing of Primers

The primers used for the study were self-designed by using Oligo Primer Analysis
Software version 1.1.2 based on the mRNA sequence of the respective genes of L. rohita
obtained from gene bank NCBI (www.ncbi.nlm.nih.gov). The designed primers were
manufactured from Humanizing Genomics Macrogen. The specificity of each primer was
checked by running a simple PCR reaction and performing gel electrophoresis, while the
quality of cDNA and its compatibility with primers were checked by performing PCR of each
sample in duplicate in at least two independent runs. A list of primers used for evaluating the

expression of growth-related genes Myogenin, MyoD and IGF-1 are given in Table 2.

For amplification reaction, 15uL reaction mixture was prepared by mixing 0.5uL
cDNA, 0.3 pL each of reverse and forward primers, 0.3 uL dNTPs, 0.09uLTaq polymerase
1.5 of 10X PCR buffer and 12uL PCR water (Sure Bio-Diagnostic and Pharmaceutical). The
PCR reaction was conducted by using gradient thermal cycler PCR (BIO-RAD T100™
thermal cycler). The PCR process consisted of initial denaturation at 94°C for 5 min followed
by 35 cycles of denaturation at 94°C for 30 sec, then annealing at lower temperature i.e., at
55°C for 30 sec followed by extension at 72°C for 2 min. The final step consisted of
elongation at 72 °C for 5 min followed by a hold at 4°C. To make sure that the PCR reaction
yield adequate amplicon sizes, electrophoresis of PCR products was performed and

visualized on 1 % agarose gel containing ethidium bromide.
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RT - qPCR

For evaluation of the relative expression of growth-related genes Myogenin, MyoD
and IGF-1 in the liver and muscle of all cross-types, quantitative real-time PCR was
conducted. Initially, PCR conditions and cycle number were optimized for every studied
gene. Each RT-qPCR reaction was run in the standard of 20 ul reaction mixture having 1.6
ul of diluted cDNA, 0.4 ul of forward and reverse primer, 10 pl of SYBER green and 7.6 pl
of H20.

RT - gPCR reaction condition included an initial denaturation at 95°C for 10 min
followed by 40 cycles at 95°C for 15 sec and subsequently, 62°C for 15 sec. The efficiency of
PCR reaction for each gene was checked by plotting, standard curves with serial dilutions
(1/10, 1/100 and 1/1000) of cDNA samples. The mRNA levels of MyoD, Myogenin, and
IGF-1 were normalized to the expression of L. rohita and C. catlal8-s Housekeeping genes,
primers are shown in Table 2. The PCR was run in duplicate while each sample was run in
triplicate in each PCR. The relative variation in gene expression was calculated by the
standard AACT method (Pfaffl, 2001)
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Table 1. Reaction mixture for simple polymerase chain reaction

Reagents Volume (uL)
cDNA 0.5
Forward primer 0.3
Reverse primer 0.3
10x buffer 15
dNTPs 0.3
Taq polymerase 0.09
PCR water 12.01
Total reaction volume 15
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Table 2. Primers of housekeeping gene 18s and three growth related genes Myogenin,

MyoD and IGF-1 with their optimum temperature, amplicon size and accession number

Target Amplicon
Primer TEM. Accession No
Genes Size
Myogenin F<AGGCGGCGATAACTTCTTCC 66.4
228 KR:560074.1
R<TCCGTTTGACAGCAACCTTC 65.2
MyoD F<GCTTTCGAGACCCTCAAGAG 63.0
211 KC:344537.1
R<AATCCATCATGCCATCAGAG 62.5
F<GTGCACCCGTAAAGCCCG 68.8
IGF-1 158 Kx455870.1
R<TCTGCCCCCTGTGTTTCCTC 68.7
F<CGGACACGGAAAGGATTGAC 66.6
18s 84 KC:915025.1
R<CGCTCCACCAACTAAGAACG 64.6
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Fig. 2. Confirmation and verification of amplicon size of cDNA

RR=R? x R3, CC=CQ x C&, CR=C? x R and RC=R? x C &

Chapter 1
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Fig. 3. Efficiency of primers of respective genes (A) housekeeping gene 18s (B) Myogenin
(C) MyoD, (D) IGF-1
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Statistical analysis

All data were represented as Mean (x SE). Statistical analysis was conducted using
computerized SPSS data analysis software version 20 (Chicago, USA) and Statistic version
8.1. By using statistical software, One-way analysis of variance (ANOVA) was performed to
determine any potential significant difference among the means of growth, immunity, disease
resistance indices, thermal tolerance, etc. indices of different cross-types, while Two-way
ANOVA was used to find out spatial and temporal significant difference among means of
MRNA levels of growth-related genes of different cross-types. For all pairwise comparisons
between the means of indices of all cross-type, after ANOVA, a post hoc least significant
difference (LSD) test was applied. Moreover, before running any statistical analysis, Bartlett
and Shapiro-Wilk’s tests were used to assess data for variance homogeneity and normality
distribution. The mRNA levels of growth-related genes were determined by adopting a
relative quantification method (Pfaffl 2001). For statistical evaluation of all results, a
significance level (o) 0.05 (5%) was set. For a graphical representation of results, GraphPad
Prism 5 software was used, and data were plotted as mean values along with their standard

error.
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Results

Fertilization rate (%)

Statistical analysis revealed a significant difference in the fertilization rate among
cross-types (n=9, ANOVA, Fz3= 30.53, P<0.001, Table 3). The post hoc all pairwise
comparisons showed significantly higher and statistically comparable fertilization rate of both
purebred cross-types (RR and CC) as compared to hybrid cross-types (CR and RC).

Furthermore, both hybrid cross-types also showed statistically similar fertilization rate
Hatching rate (%)

Like fertilization rate, statistical analysis revealed a significant difference in the %
hatching rate (n=9, ANOVA, F33= 19.87, P<0.001, Table 3) among all cross-types. All
pairwise comparison showed statistically comparable and significantly higher % hatching rate
of both parent species cross-types (RR and CC) as compared to both hybrids cross-types (CR
and RC). Furthermore, both hybrid cross-types also showed a statistically similar % hatching

rate

Growth performance

Early growth performance under controlled conditions

Early growth performance of all cross-types under controlled condition is presented in
(Table 4). Statistical analysis revealed significant difference in final weight (n=3, ANOVA,
Fss= 60, P<0.001), weight gain (n=3, F3g= 61.5, P<0.001), weight gain % (n=3, F3s= 32.2,
P<0.001), SGR% (n=3, F3s=28.1, P<0.001) and gain in biomass (n=3, Fsg=11.2, P = 0.003)
among cross-types. The post hoc all pairwise comparison indicated the highest final weight,
weight gain % and SGR% of CC followed by CR hybrid while RR showed the lowest values.
The pairwise comparison among hybrids indicated considerably (p<0.05) higher weight gain
and SGR% of CR hybrid (Table 4). For growth performance parameters, both F1 hybrids
showed low parent heterosis, while only CR hybrid had shown favorable mid parent heterosis
(Fig. 8). Furthermore, a significant effect of the dam on growth performance indices of

hybrids was observed.
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Early growth performance in semi-intensive culture system

The postlarvae of all cross-types showed significantly different growth performance
in semi-intensive culture system (Table 5). Statistical analysis indicated a significant
difference in final weight (n=3, ANOVA, Fzg =127, P<0.001), weight gain (n=3, ANOVA ,
F3g =30.8, P<0.001), weight gain % (n=3, ANOVA, Fzg =9.53, P=0.005) and SGR (n=3,
ANOVA, F3g=9.55, P=0.005) among postlarvae of all cross-types after 90days rearing. The
post hoc range test indicated a similar trend as observed under controlled conditions, i.e., CC
followed by CR hybrids showed significantly higher values of growth indices (final body
weight, weight gain % and SGR %) as compared to others (RR and RC hybrid). The pairwise
comparison among hybrids also showed improved growth performance of CR hybrid in
contrast to RC hybrid.

The growth performance of both hybrids in comparison to parents was intermediate.
However, CR hybrids showed relatively higher low parent heterosis as compared to RC
hybrid (Fig 8). Moreover, weight gain and SGR% of CR hybrids showed favorable heterosis
(MPH= 8 and >2% respectively) while RC hybrid demonstrated unfavorable heterosis for
weight gain (MPH=-2.81%).

Growth performance of fingerling in solitary

Fingerlings of all cross-types showed significant variation in the growth performance
indices (Table 6). Statistical analysis revealed considerable difference in final weight (n=3,
ANOVA, Fzg =22.11, P<0.001), weight gain (n=3, F3s = 30.76, P<0.001),weight gain %
(n=3, F38=9.53, P<0.005) and SGR% (n=3, F3g =9.55, P<0.005) among fingerlings of all
cross-types. The post hoc LSD pairwise comparison indicated the highest final weight,
weight gain % and SGR % of CC followed by CR hybrid while RR showed the lowest
values. The pairwise comparison among hybrids indicated significantly (p<0.05) higher
weight gain and SGR % of CR hybrid (Table 4). The growth performance of both hybrids in
comparison to parents again was intermediate. However, CR hybrids showed relatively
higher LHP and positive MPH as compared to RC hybrid. Both F1 hybrids had shown low

parent heterosis for growth related parameters (Fig 9)
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Growth performance of fingerling in communal tank in controlled conditions

At the end of 90 days of rearing in controlled conditions, F1 fingerlings of all cross-
types showed significantly different growth performance. Statistical analysis revealed
significant difference in the final body weight (n=3, Fsg=90.53 P<0.001), weight gain (n=3,
ANOVA, Fzg =24.29, P<0.001), weight gain % (n=3, Fsg = 0.629, P<0.616) and SGR%
(n=3, ANOVA, F38 = 0.691, P<0.583) among fingerlings of all cross-types. The Post hoc
LSD test indicated significantly higher weight gain % and SGR% of CC followed CR
hybrids, while RR and RC hybrid showed significantly (p<0.05) lower but statistically similar
(P>0.05) values of growth indices as compared to CC and CR hybrids (Table 7). Again, the
growth performance indices of both F1 hybrids in comparison to parents were intermediate
and a significant effect of the dam was observed. Furthermore, CR hybrid showed many-fold
higher LPH and positive MPH as compared to RC hybrid (Fig 10).

Growth performance of fingerlings in communal pond under intensive culture system

Fingerlings of all cross-types after 90 days rearing in communal pond in a semi-
intensive culture system showed significant difference in the final weight (n=3, F3g = 674.28,
P<0.001) weight gain (n=3, F38=663.78, P<0.001) SGR% (n=3, ANOVA, Fsg =39.21,
P<0.001), weight gain % (n=3, ,F3g =33.85, P<0.001) and gain in biomass (n=3, F3g = 664,
P<0.001). The Post hoc LSD test revealed considerably higher values of growth related
indices of CC followed by CR hybrids, while RR showed significantly (p<0.05) the lowest
values. Moreover, the CR hybrid had shown significantly (p<0.05) higher values of growth
performance indices as compared to RC hybrids (Table 8). Both F1 hybrids had shown
heterosis for growth performance parameters (weight gain and SGR). However, CR hybrid
demonstrated a higher value of heterosis for body weight (LPH= 66.92% and MPH=14.8%)
as compared to RC hybrid (LPH = 44% and MPH=-0.97%).

Relative Myogenin gene expression

After 90 days of rearing in the communal pond under a semi-intensive culture system,
fingerlings of all cross-types revealed a significant difference in the mRNA levels of growth-
related gene Myogenin in the liver (n=9, Two-way ANOVA, F37,=62.98, P<0.001) and

muscle (n=9, F172=331.02, P<0.001). Furthermore, a significant interaction between cross-
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typesx tissue (n=9, F37,=49.20, P<0.001) indicated the manner how the gene showed tissue
specific expression. The Post hoc all pairwise comparisons showed significantly higher
(P<0.001) Myogenin gene expression in the CC followed by F1 CR hybrid while the lowest
expression was observed in RR. Furthermore, in the fingerlings of all cross-types, Myogenin
expression was significantly (P<0.001) low in the liver in contrast to the muscle. (Fig 5).
Both hybrids demonstrated a higher level of favorable LPH and unfavorable MHP for the
expression of Myogenin in both tissues. However, CR hybrids showed higher level LPH
(liver, 180.52%; muscle, 259.43 %) as compared to RC hybrid (liver, 79.50%; muscle, 94.77
%) (Fig 5).

Relative MyoD gene expression

Relative expression of MyoD in the liver and muscle of fingerlings of all cross-types
is shown in (Fig. 6). Statistical analysis also indicated a significant difference in the
expression of growth-related gene MyoD in the liver and muscle (n=9, Two-way ANOVA,
F172=196.71, P<0.001) of all cross-types (n=9, Two-way ANOVA F37,=50.90, P<0.001).
Furthermore, a significant interaction between cross-typex tissues (n=9, Fs72=21.68,
P<0.001) indicated the manner how the gene showed tissue specific expression in the
fingerlings of all cross-types. The Post hoc all pairwise comparison test revealed significantly
(P<0.001) higher MyoD gene expression in the CC followed by F1 CR hybrid while the
lowest expression was observed in RR. Furthermore, in all cross-types, MyoD gene
expression was significantly lower (P<0.001) in the liver compared to the muscle. Both
hybrids demonstrated favorable LPH for the expression of Myogenin gene in both tissues.
However, CR hybrids showed a higher level of LPH (liver, 164.67%; muscle, 280.52 %) as
compared to RC hybrid (liver, 56.05%; muscle, 106.55 %). The estimate of MPH for the
expression of MyoD ranged from -13.94 in the liver to 10.56% in the muscle of CR hybrid

(Fig 6)
Relative IGF-1 gene expression

Like other growth elated genes, the relative expression of the IGF-1 gene was also
significantly different in the liver and muscle (n=9, F1,7.=73.55, P<0.001) of all cross-types
(n=9, F372=100.86, P<0.001). Furthermore, strong interaction between cross-types x tissues
(n=9, F372=12.14, P<0.001) demonstrated the way how both variables influenced the
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expression of the IGF-1 gene. The Post hoc all pairwise comparison test showed significantly
higher (P<0.001) IGF-1gene expression in the CC followed by CR hybrid while the lowest
expression was observed in RR. Moreover, the pairwise comparison among tissues indicated
significantly higher expression in the liver of all cross-types in contrast to muscle. (Fig 7).
Both hybrids demonstrated favorable LPH for the expression IGF-1 gene in both tissues.
However, CR hybrids showed a higher level of LPH (liver, >274 %; muscle, >167 %) as
compared to RC hybrid (liver, 107.96%; muscle, 76.65 %). The CR hybrid also showed
positive MPH for the expression of the IGF-1 gene in the liver (>23%) and muscle (>21%) as
compared to the RC hybrid which showed unfavorable MPH (liver, -31.38%; muscle -
19.90%) (Fig 7).
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Table 3. Fertilization rate (%) and hatching rate (%) of all cross-types

Cross-types
Purebred Hybrids

Parameters RR CC CR RC

Fertilization rate (%)  93+0.80° 91.22+1.43*  82.67+0.53°  84.56+0.58"
Hatchings rate (%) 87.22+0.89* 86.44+1.53"  78.78+0.83"  79.99+0.70°

Data presented as Mean (x SE). Sample size (n) =9 for each cross-type. All means values
having different lowercase superscript within a row are significantly different (P<0.05). RR=
R? xR, CC=CY xCJE,CR=CY xRJ and RC=RQ xC 4.
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Fig. 4. Mean (x SE) fertilization rate and hatching rate of all cross-types. Sample size (n) =9
for each cross-type. All means having different lowercase superscripts on the bar are
significantly different (P< 0.05). RR=R?Q x R4, CC=CQ x C4, CR=CQ x R4 and RC=
RQ xC 4.
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Table 4. Early growth performance of postlarvae of all cross-types after 90 days rearing

in the indoor facility under control conditions

Cross-types

Purebred Hybrids

RR CC CR RC
IBW () 0.27+0.06° 0.30+0.09? 0.28+0.01% 0.28+0.02%°
FBW () 3.18+0.25¢ 5.26+0.24% 4.83+0.40° 3.75+0.27°
Wt. gain (g) 2.91+0.14¢ 4.96+0.08? 4.55+0.08° 3.48+0.16°
Wt. gain % () 1106.13+52.80° 1678.15+£63.17° 1626.19+31.49° 1288.95+39.06"
SGR (%BW /day) 2.64+0.02° 3.01+0.042 2.96+0.02 2.78+0.03°
ADG () 0.02+0.012 0.03+0.012 0.03+0.012 0.02+0.012
IBM () 52.67+0.67° 59.33+2.40° 55.33+0.67% 54.00+1.15°
FBM (g) 393.6+42.13 477.07+23.2° 664.93+45.522 440.29+28.23
GBM (g) 340.93+41.59°  417.72+20.87°  609.69+45.57%  386.37+27.16°
Survival % 68.66+3.53? 45.33+2.03¢ 58.33+2.91° 61.67+4.41°

Data presented as Mean (x SE). Sample size (n) = 9 for each cross-type. All means having no

lowercase superscript in common within a row are significantly different (P< 0.05). RR=R%

xR4,CC=CY xCJ,CR=CP xRJ and RC=RQ x C 4.
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Table 5. Early growth performance of postlarvae of all cross-types, in nursery pond

under semi-intensive culture system

Cross-types

Purebred Hybrids

RR CC CR RC
IBW (g) 0.26+0.06° 0.29+0.09? 0.28+0.01%® 0.28+0.02"
FBW (g) 8.61+0.30¢ 12.87+0.29° 11.57+0.42° 10.44+0.22°
Wt. gain (g) 8.3420.57° 12.52+0.122 10.53+0.49° 10.93+0.35"
Wt. gain% () 3166.1+10.53° 4253.57+181.88% 3965.52+84.54®° 3830.7587.43"
SGR %BW/ day 3.63+0.004° 3.90%0.05? 3.87+0.04%® 3.79+0.005°
ADG () 0.09+0.0° 0.14+0.0? 0.12+0.1° 0.12+0.0°

Data presented as Mean (+ SE). Sample size (n) = 3 for each cross-type. All means having
different lowercase superscripts within a row are significantly different (P< 0.05). RR=R?

x R4, CC=CY xCJ,CR=CP xRJ and RC=RQ x C 4.
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Table 6. Growth performance indices of the fingerlings of all cross-types, after rearing

in the earthen pond under semi-intensive culture system

Cross-Types

Purebred Hybrid
Parameters RR CC CR RC
IBW (g) 8.61+0.311 12.88+0.30° 11.57+0.55° 10.45+0.28°
FBW (g) 24.08+0.94°  30.61+0.63? 28.38+0.52° 26.96+0.62°
Wt. gain (g) 15.4740.65°  17.73+0.79? 16.81+0.38% 16.51+0.39%
Wt. gain% () 154.73+10.67° 159.45+13.63° 154.35+16.29°  148.87+12.11%
SGR %BW/day 2.28+0.03? 2.82+0.05° 2.3620.04 2.33+0.02?
ADG (9) 0.17+0.01° 0.20+0.01° 0.19+0.01% 0.18+0.01%°

Data presented as Mean (x SE). Sample size (n) =3 for each cross-type. All means followed

by similar lowercase superscript within a row are not significantly different (P > 0.05). RR=

R? xRJ4,CC=CYxCJ,CR=CY xRJd and RC=R{ xC J.
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Table 7. Growth performance indices of the fingerlings of all cross-types, after 90 days

rearing in the indoor facility under control conditions

Cross-types

Purebred Hybrids

RR CC CR RC
IBW () 25.19+1.36° 30.89+1.19° 28.2+1.53%® 27.29+1.89%
FBW (g) 66.95+0.45¢ 88.14+0.88° 78.66+0.56° 72.76+0.76°
Wt. gain (g) 42.88+1.74° 55.83+1.25° 49.60+0.56° 45.01%0.76°
Wt. gain % (g) 165.89+2.87° 186.22+1.532 175.06+2.78" 167.68+2.12°
SGR %BW/ day 1.08+0.052 1.14+0.03° 1.14£0.02? 1.09+0.03?
ADG (g) 0.47+0.02° 0.61+0.012 0.56+0.01° 0.49+0.01°
IBM (g) 1889.50+16.49%  2309.78+10.06° 2145.00+22.18°  2046.75+24.17°
FBM (g) 4016.80+35.81¢  4848.10+108.04% 4431.80+94.93°  4171.84%34.56°
GBM (g) 2127.31+44.51°  2538.33+117.45% 2286.85+72.77° 2124.96+10.41°
Survival % 92.30+0.58? 84.61+1.15° 87.77+1.92 89.23+0.88°

Data presented as Mean (x SE). Sample size (n) =3 for each cross-type. All means followed

by similar lowercase superscript within a row are not significantly different (P > 0.05). RR=

RQ x RJ, CC=CQ x C&, CR=CQ x R and RC=RQ x C J.

ADG = Average daily gain, IBM = Initial biomass, FBM = Final biomass, GBM = Gain in

biomass
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Table 8. Growth performance indices of all cross-types fingerlings after 90 days rearing

in earthen ponds under semi-intensive culture system

Cross-types

Purebred Hybrids

RR CC CR RC
IBW (g) 25.73+0.33¢ 31.46+0.082 28.1+0.13% 26.71+0.19%
FBW (g) 222.64+3.44°  407.45 +2.97° 356.79 +1.62°  310.38 +3.46°
Wt. gain (g) 194+3.44¢ 379.39+2.90° 330+1.98° 282+3.40°
Wt. gain % () 786.01+£34.27° 1195.64+25.78%  1172.59+45.09° 1063.60+26.34°
SGR %BW/ day  2.40+ 0.04° 2.85+ 0.02 2.82+0.03% 2.73+0.03°
ADG (g) 2.19+0.02¢ 4.18+0.04° 3.65+0.03° 3.15+0.03°
IBM () 1929.5+69.97°  2359.78+29.78%  2107.5+67.48°  2003.5+66.14°
FBM (g) 16698+258.12¢ 30558.9+222.81% 26759.3+148.71° 23278.5+259.5°
GBM (g) 14768.5+240.1¢ 28199.2+251.9  24651.8+191.43° 21275+198.19°

Data presented as Mean (+ SE). Sample size (n) =3 for each cross-type. All means followed

by similar lowercase superscript within a row are not significantly different (P > 0.05). RR=
R? xRJ, CC=CQY xCJ, CR=CQ xRJ and RC=R?Q x C J. ADG = Average daily gain,
IBM = Initial biomass, FBM = Final biomass, GBM = Gain in biomass
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Table 9. Fortnightly variations in the water quality parameters during the rearing of L. rohita, C. catla and their intergeneric

hybrids in a semi-intensive culture system

Parameters 15 days 30 days 45days 60days 75 days 90 days

DO (mg/L) 5.10+0.15 5.77+0.20 6.16+0.32 5.44+0.39 6.27+0.12 5.58+0.09
pH 7.66+0.14 8.17+0.15 8.12+0.09 8.14+0.13 7.58+0.05 8.67+0.012
Temperature (°C) 26.00+0.35 27.71+0.26 28.53+0.39 29.67+0.26 29.00+0.23 28.73+0.27
TDS (mg/L) 174.36+1.81 196.73+5.31 180.00+3.31 207.57+1.56 186.57+1.86 198.79+2.23
Alkalinity (ppm) 92 167 170 173 147 140
Transparency (cm) 22 25 20 15 17 18
Ammonia (mg/L) 0.016 0.038 0.035 0.025 0.015 0.025
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Table 10. Fortnightly variations in the water quality parameters during the rearing of L. rohita, C. catla and their intergeneric

hybrids in solitary in a semi-intensive culture system

Parameters 30 days 60 days 90days 120days 150 days 180 days 230 days
Temperature (°C) 25.00+0.35 22.71+0.26 21.53+0.39 17.67+0.26 18.00+0.23 20.73+0.27 23.73+0.27
pH 7.60+0.14 7.8+0.15 7.72+0.09 7.74+0.13 7.78+0.05 7.60+0.012 7.81+0.012
DO (mg/L) 5.70+0.15 5.77+0.20 6.16+0.32 5.94+0.39 6.30+0.12 6.23+0.09 5.58+0.09
Ammonia (mg/L) 0.016 0.038 0.035 0.025 0.015 0.025 0.025
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Fig. 5. Myogenin mRNA levels in muscle and liver of fingerlings of all cross-types. (A) Spatial mMRNA levels among cross-types. All means
having different lowercase superscripts on the bar are significantly different (P< 0.05). (B) Spatial mRNA levels within cross-type. Mean values
were compared with two tail T-test. *** =P < 0.001. RR=R? xRJ4,CC=CY xCJ,CR=CQY xR and RC=R{ xC J.
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Fig. 6. MyoD mRNA levels in muscle and liver of fingerlings of all cross-types. (A) Spatial MRNA levels among cross-types. All means having
different lowercase superscripts on the bar are significantly different (P< 0.05). (B) Spatial mRNA levels within cross-type. Mean values were
compared with two tail T-test. *** =P <0.001. RR=R? xRZ,CC=CY xCJ, CR=CQ xRJ and RC=RQ x C J.
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Fig. 7. IGF-1 mRNA levels in muscle and liver of fingerlings of all cross-types. (A) Spatial mMRNA levels among cross-types. All means having
different lowercase superscripts on the bar are significantly different (P< 0.05). (B) Spatial mRNA levels within cross-type. Mean values were
compared with two tail T-test. * =P < 0.05; ** =P < 0.01;*** =P <0.001. RR=R? xRJ&,CC=CY2 xCd, CR=C? xRJ4 and RC=RQ xC
3.
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Fig. 8. Heterosis in growth related trait of CR and RC hybrids after 90 days rearing of
postlarvae in controlled conditions (A) weight gain, (B) SGR%, and in semi-intensive culture
system (C) weight gain, (D) SGR%

CR = CQ x Rd and RC= R? x C &. HPH = high parent heterosis. LPH= low parent
heterosis. MPH= mid parent heterosis.
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Fig. 9. Heterosis in growth related trait of CR and RC hybrids after 230 days rearing of
fingerlings in the earthen pond under semi intensive culture system (E) weight gain, (F)
SGR%.

CR = CQ x R4 and RC= RQ x C4. HPH = high parent heterosis. LPH= low parent

heterosis. MPH= mid parent heterosis.
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Fig. 10. Heterosis in growth related trait after 90 days rearing of fingerling in controlled
conditions (G) weight gain and, (H) SGR% and the earthen ponds under semi-intensive
culture system (1) weight gain and, (J) SGR %.

CR = CQ x R4 and RC= R? x CJ4. HPH = high parent heterosis. LPH= low parent
heterosis. MPH= mid parent heterosis.
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Fig. 11. Heterosis in mRNA levels of growth-related genes in CR and RC hybrids.
Myogenin mRNA level in liver (K), and muscle (L), MyoD mRNA level in liver (M), and
muscle (N), IGF-1 mRNA level in liver (O), and muscle (P). CR = CQ x Rd and RC=RQ x
C &. HPH = high parent heterosis. LPH= low parent heterosis. MPH= mid parent heterosis.

65



Chapter 2

Chapter 2
Meristic characteristics and phylogenetic relationship of L. rohita, C. catla

and their intergeneric hybrid produce from reciprocal crosses
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Materials and Methods

For the identification of all cross-types, morphometric and meristic characteristics of
fingerlings were used while molecular approach, i.e., DNA barcoding by using cytochrome ¢
oxidase subunit I (COI) gene was used to determine the phylogenetic relationship among all

cross-type.
Identification of all cross-types

The identification of the fingerlings of all cross-types was conducted by

morphometric and meristic characteristics

Morphometric approach

For the morphometric study, Kamboj & Kamboj (2019) approach was adopted and
Total and Standard length (cm), Head length and depth (cm), Snout length, Forked length
(cm), Eye diameter (cm), Pre- and post dorsal length (cm), Pre- and post pectoral length (cm),
Pre- and post pelvic length (cm), Pre- and post anal fin length (cm), Body girth and depth
(cm) of the fingerlings of all cross-types were recorded and some selected ratios were also

calculated.

Meristic approach

For meristic traits analysis, fin rays of pectoral (P), dorsal (D), caudal (C), ventral

(V), anal (A) fins, transverse scale and scales on the lateral line were counted.

Statistical Analysis

All morphometric and meristic traits are presented as Mean (x SE). By using
statistical software (Statistic version 8.1 and SPSS, version 20), One-way analysis of variance
(ANOVA) and LDS tests were performed to determine any potential significant difference

among the means of morphometric and meristic traits of all cross-types.
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Phylogenetic relationship
Sample collection and preservation

Fingerlings of all cross-types (Parent species (RR and CC as well as their reciprocal
hybrids, CR and RC) were collected, anaesthetized with buffered MS222 and the pectoral fin
of each fish was clipped. These fins of each cross-type were washed thoroughly in 75%
alcohol and suspended in ethanol absolute (95 %) and stored at low temperature (-20° C) until

further processing.
DNA extraction and amplification

A modified salt extraction method was used to extract the DNA. Amplification of the
670bp barcode region of the mitochondrial DNA was performed using already reported
primers (Ward et al., 2005). Primers were synthesized from MACROGEN Inc., Seoul, Korea.

Table 11. Primer of COI

Primer Primer sequence (5'- 3)
Fish F1 TCAACCAACCACAAAGACATTGGCAC
Fish R1 TAGACTTCTGGGTGGCCAAAGAATCA

PCR reaction was carried out by gradient thermal cycler PCR (BIO-RAD T100™ thermal
cycler) by using 30pL mixture (the composition mentioned in Table 12) and conducting PCR
under conditions mentioned in Table. The final product was stored at 4°C. To make sure that
the PCR reaction yield adequate amplicon sizes, gel electrophoresis of PCR products was
performed and visualized the bands on 1.5 % agarose gel containing ethidium bromide.
Samples showing the good quality of bands were selected and sent for sequencing to

MACROGEN, (Korea) using forward and reverse primers.
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Table 12. Reaction mixture for Polymerase chain reaction

Reagents Volume (ul)
DNA 3 pg/ul
Forward primer 1

Reverse primer 1

PCR Master mix 14

PCR water 11

Total reaction mixture 30
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Table 13. PCR reaction conditions

Chapter 2

Steps Temperature °C Time Cycle
Initial denaturation 94 4mint 1
Denaturation 94 60sec

Annealing 54 45sec 35
Extension 72 60 sec

Final Extension 72 1
Final storage -4 Infinity
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Bioinformatics Analysis

The obtained sequence was edited and aligned by using Bio edit software and
ClustalW respectively (Thompson et al., 1997). The range of difference in sequence among
different cross-types was determined by the K2P model (Kimura 2-parameter) (Kumar et al.,
2018). For phylogenetic analysis, the neighbour-joining and Maximum likelihood cladogram
was constructed by using Molecular Evolutionary Genetics Analysis version 7 (MEGA Inc.,
Englewood, NJ)
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Results

Phenotypic traits

Phenotypic traits like head shape and size, eye diameter, fin color, lateral line, scale
shape, body shape and colour of the fish of all cross-types are shown in (Table 14). The
external morphological features indicated that both hybrids (RC and CR hybrids) were
intermediate in most of the traits, while some traits resemble their mother species. For
instance, L. rohita had a terminal mouth with fringed lips whereas C. catla showed upturned
month with infringed lips. However, the mouth gap and lateral line of both hybrids were
similar to the mother.

Purebred species

RR cross-type

RR cross-type, i.e., L. rohita, the body shape was fusiform. The mouth was sub-
terminal with square or somewhat circular mouth gap/opening. Position of eyes was dorso-
lateral. Lower lip was folded and fringed while upper lip extending and covered the lower lip.
Pelvic fins were red while the lateral line was slightly curved. Except forthe head and fins,
the whole body was covered with cycloid scale. The exposed portion of the scale was a
diamond shape. Dorsal side of the body was blackish while silvery at the sides and below.

CC cross-type

CC cross-type, i.e., C. catla body was deep and short, fairly laterally compressed with
a conspicuously broad and large head. Larger cycloid scales cover the whole body except
head. The mouth was wide, upturned with circular large opening/gap and protruding lower
jaw. The eyes were large while lower part of the eyeball had red spot, that visible from the
underside of the head. The upper lip was thin while the lower lip was infringed and
thick/folded. All fins were darkish in color. The lateral line was curved. The dorsal side of the

body was greyish while the ventral region was silvery white.
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Hybrids

CR cross-type

In morphometric features, CR hybrid resembled C. catla in body appearance and L.
rohita in mouth profile. The body was relatively deep, dorsal profile far more convex as
compared to ventral profile. The mouth was terminal, moderately wide with circular opening
and a slightly fringed lower lip. The body was slightly greenish on the dorsal side. Like C.

catla , pectoral, ventral and anal fins were black.
RC cross-type

The body depth of RC is wider than RR but not like CC. The head size was somewhat
larger than RR but smaller than CC. The mouth was terminal with an intermediate size
circular opening. The upper lip was extended and covered the lower lip while the lower lip
was folded and not fringed. Pelvic fins are red-colored while other fins are darkish in color.
Lateral line curved as in C. catla. Like RR, the exposed portion of scales was diamond
shape. Moreover, like CC dorsal region color was greyish while like RR , ventral region was

white
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(a) Rohu (b) Catla (¢) CR hybrid (d) RC hybrid
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Morphometric measurements and morphometric ratio

Morphometric measurements like standard and total length (SL and TL respectively),
fork length (FL), head length (HL), snout length (SnL), predorsal length (PreDL), post dorsal
length (PDL), post pectoral length (PPL), post pelvic length (PPL), body depth and body
girth of the fish of all cross-types are presented in (Table 14), while certain morphometric
ratios are given in (Table 15). Statistical analysis of variance followed by post hoc LSD test
indicated that total length ratio with SL, FL, HL, SnL, PreDL, PDL, PPL, PPD, BD and BG
among all cross-type were statistically similar (P<0.05), while TL ratio with HD, ED, PrePL
and PreAL were significantly different (P>0.05) among cross-type. The CC cross-type (C.
catla) showed higher values of TL ratio with HD, ED and PAL and lower values with PrePL

and PreAL as compared to other cross-types.
Meristic characters

Eighteen countable characters, i.e., meristic characters of all cross-types were counted
including scales below and above lateral line, numbers of dorsal fin rays, and numbers of
caudal fin rays, numbers of anal fin rays, numbers of pectoral fin rays and numbers of pelvic
fin rays of the fish of all cross-types. We did not find any substantial difference (P<0.05)
among fish of all cross-types to the scale on lateral line, number of un-branched dorsal fin
rays, the total number of pelvic fin rays, branched pelvic-fin rays, the total number of caudal
fin rays, anal fin rays, branched and unbranched anal-fin rays. However, the scale below and
above lateral line, numbers of dorsal fin rays, pectoral fin rays, branched pectoral-fin rays,
unbranched pectoral-fin rays, unbranched pelvic fin rays, branched caudal-fin rays, and
number of unbranched caudal fin ray showed a significant difference (P<0.05) among fish of

all cross-types (Table 17)
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Table 14. Phenotypic traits of all cross-types (RR, CC, CR, RC)
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Cross-types

Purebred Hybrid
RR CC CR RC
Head size Arched Large broad Smaller than C. smaller than C.
Smaller head catla but catla but
somewhat larger somewhat larger
than L. rohita. than L. rohita.
Body shape Fusiform Short, deep, relatively deep, Body depth is
somewhat compressed with wider than rohu
laterally the dorsal but not so as
compressed profile far more Catla
convex as
compared to
ventral profile
Mouth Sub-terminal Upturned Terminal Terminal
Mouth gap Square Circular Circular Circular
Lower lip Fringed and Thick/folded Lower lip Folded and not
folded and infringed slightly fringed  fringed
Eye No red spot on On the lower No red spot on No red spot on
the lower part of part of eye ball lower part of lower part of
eyeball red spot eyeball eyeball
Pelvic fins Red in color Darkish in color Red colored Red colored
Black
Lateral line. Slightly curved  curved curved Slightly curved
Scale Cycloid, Larger cycloid Cycloid scale. Cycloid scale.
exposed portion scales intermediate size intermediate size

diamond shape

Diamond shaped

RR=RY x Rd, CC=C{ x Cd, CR=CQ x R and RC=R% x C 4.
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Table 15. The average values of various morphometric parameters of all cross-types

Cross-types

Purebred species Hybrids

RR CC CR RC
Total Length (TL) 12.3+0.66 13.54+1.47 10.84+0.47 9.88+0.50
Standard Length (SL) 9.72+0.58 11.04+1.25 8.54+0.37 7.82+0.43
Fork Length (FL) 10.56+£0.64  11.98+1.36 9.42+0.37 8.62+0.45
Head Length (HL) 2.1+0.10 2.44+0.26 2.06+0.05 1.8+0.05
Head Depth (HD) 1.5+0.10 1.74+0.17 1.5+0.07 1.08+0.04
Snout Length (SnL) 1.34+0.08 1.66+0.17 1.3840.16 1.12+0.06
Eye Diameter (ED) 0.7£0.01 0.76+0.04 0.66+0.07 0.44+0.04
Pre Dorsal Length (PDL) 4.48+0.21 5.88+0.16 3.92+0.15 4+0.19
Post Dorsal Length (PDD)  7.86+0.47 7.62+0.72 6.88+0.32 6.04+0.43
Pre Pelvic Length (PPL) 2.44+0.17 3.1+1.33 3.52+1.15 2.2+0.19
Post Pelvic Depth (PPD) 9.84+0.55  10.38+1.10 7.34+1.32 7.84+0.43
Pre Pelvic Length (PPL) 4.96+0.24 5.075+0.62 4.34+0.14 4.3+0.27
Post Pelvic Length (PPD) 7.34+0.42 8.02+0.85 6.4+0.34 5.72+0.36
Pre Anal Length (PAL) 7.52+0.40 8.18+0.91 6.24+0.24 7.4+0.18
Post Anal Depth (PAD) 4.78+0.26 5.33+0.18 4.12+0.24 2.64+0.04
Body Depth (BD) 2.54+0.16 3.95+0.52 3.08+0.14 2.3+0.23
Body Girth (BG) 5.46+0.33 8.92+0.57 5.84+0.18 5.38+0.47

RR=R% x RJ, CC=CQ x CJ, CR=CQ x R4 and RC=RQ x C 4.
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Table 16. Body proportions of taxonomic characteristic of all cross-types
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Cross-types

Purebred species Hybrids
RR CcC CR RC P-value

Standard Length ~ TL/SL 1.27+0.01*  1.23+0.03*  1.27+0.01*  1.2620.01° 0.18
Fork Length TL/FL 1.17£0.01*  1.144#0.02®  1.15+0.01*  1.15x0.012 0.53
Head Length TL/HL 5.85+0.11*  55440.12®  5.29+0.35%  5.48+0.12 1.36
Head Depth TL/HD 8.25+0.31°  7.77+0.21°°  7.27+0.35°  9.13+0.18? 0.00
Snout Length TL/SnL 9.21+0.24*  8.13+0.08*  8.41+1.28%  8.83+0.09? 0.68
Eye Diameter TL/ED 17.5740.94° 17.66+1.33° 16.57+1.19° 22.77+1.07*  0.01

HL/Snl 1.57+0.02*  1.47+0.04*  1.56+0.16° 1.61+0.04 0.69

Snl/ED 1.91+0.12°  2.1740.14°>  2.07+0.17% 2.58+0.14% 0.03

HL/ED 3.00£0.14°  3.19+0.25°  3.13+0.06° 4.17+0.222 0.00
Pre-dorsal length TL/PreDL  2.74+0.03%°  2.49+0.22%  2.77+0.07*  2.47+0.01* 0.18
Post-dorsal TL/PDL  157#0.028 1.81+0.23°  1.58+0.02*°  1.64+0.03? 0.44
Length
Pre-pectoral TL/PrePPL 5.08+0.23*  4.38+0.11°  3.97+0.72°  4.54+0.15 0.28
length
Post-pectoral TL /PPL 1.25+0.01*  1.30+0.01*  1.89+0.61* 1.26+0.01% 0.40
length
Pre-pelvic length  TL/PrePL  2.48+0.02®  2.48+0.04°  2.50+0.04*  2.30+0.03° 0.00
Post-pelvic TL/PPL  1.68+0.01*  1.69+0.02*8  1.70+0.02%  1.73+0.03? 0.30
length
Pre-anal length  TL/PreAL  1.64+0.01*  1.66x0.02°  1.79+0.19*  1.33+0.03° 0.00
Post-Anal length TL/PAL  257+0.01° 2.57+0.07°  2.50+0.09°  3.99+0.38?
Body depth TL/BD 4.86+0.04°  3.64+0.15°  4.60+0.28%  4.38+0.23? 0.95
Body Girth TL/BG 2.26+0.08°  1.58+0.06°  1.86+0.11%°  1.86+0.07? 0.70

Data presented as Mean (x SE). All means having no lowercase superscript in common

within a row are significantly different from each other (P< 0.05). RR=R® x RJ, CC=CQ x
Cd,CR=CQY2xRJand RC=RQY xC J.
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Table 17. Meristic characters of all cross-types
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Cross-type
Purebred species Hybrids
RR CC CR RC P value
Scales on lateral line 41.2+0.37% 42.2+0.37* 42.6£0.23* 41.6+0.60*° 0.13
Scale above lateral line 8.4+0.24°  8.6+0.24°  9.4+0.23*  10.00+0.45* 0.01
Scales below lateral line 6.6£0.24" 6.8+0.37°  10.6+0.22% 9.4+0.68%  0.00
Total No of dorsal fin rays 15.2+0.37° 17.4+0.24% 16.6£0.24% 16.2+0.37®® 0.00
No of branched dorsal fin rays 12.6+0.24°> 14.5+0.22° 13.6+0.24® 14.2+0.37°  0.00
Nor of un-branched dorsal fin rays 2.4+0.24% 25+0.22*  2.840.58*  2.00+0.0% 0.19
Total No of pectoral fin rays 14.2+0.37° 15.840.49° 18.4+0.24% 17.2+0.37®® 0.00
No of branched pectoral fin rays 12.4+0.24° 14.3+0.23* 15.0+0.45% 14.6+0.40°  0.00
No. of un-branched pectoral finrays ~ 1.4+0.24°  1.4+0.24°  3.40+0.68° 2.6+0.24®  0.01
Total No. of pelvic fin rays 9.0+£0.00*  8.8+0.24*  9.4+0.24*  9.4+0.242 0.12
No. of branched pelvic fin rays 7.5£0.22%  7.7x0.24*  7.440.22%  7.6+0.23% 0.70
No. of un-branched pelvic fin rays 1.4+0.24%  1.0+0.00°  2.00£0.00* 1.6+0.20®  0.00
Total No. of caudal fin rays 18.4+0.24* 19.0+0.00* 18.8+0.37% 19.4+0.24* 0.08
No. of branched caudal fin rays 14.2+0.24° 17.0+0.00° 15.6+0.24° 14.8+0.37®° 0.00
No. of un-branched caudal fin rays 5.0+0.58% 2.0+0.00°  3.6+0.24%® 3.2+0.37°°  0.00
Total No. of anal fin rays 7.4+0.24* 8.0£0.45*  8.00+0.00* 7.6+0.242 0.37
No. of branched anal fin rays 6.0+0.00* 6.0£0.00®°  5.6+£0.24*  5.6+0.242 0.19
No. of un-branched anal fin rays 1.4+0.24* 2.0£0.45*  2.4+0.24*  2.00+0.45* 0.31

Data presented as Mean (£ SE). All means having no lowercase superscript in common

within a row are significantly different from each other (P< 0.05). RR=R® x RJ, CC=CQ x
Cd,CR=CY?xRJand RC=RY xC J.
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Phylogenetic Relationship

In the present study, a molecular approach i.e., DNA barcoding by using
mitochondrial COX 1 gene was undertaken to differentiate the fish of all cross-types (RR,
CC, RC, and CR). The constructed Neighbour Joining (NJ) tree (K2P) based on barcode
sequencing with a region of approximately 680bp for fish of four cross-types i.e., (RR, CC,
CR and RC hybrids), is shown in (Fig 14). NJ tree revealed two clades, which indicated the
two separate species. The analyses of the histogram of genetic and ranked distances revealed
a clear gap between conspecific and congeneric species. Each hybrid was closely related to
its female parent and showed an identical phylogenetic relationship with the mother species.
For instance, CR hybrids showed the minimum distance with C. catla and RC hybrid showed
the minimum distance with L. rohita. Based on K2P model, the interspecific divergence
between parent species and hybrid range from 0.003-0.014 (Table 19). The maximum genetic
distance was noticed between C. catla and RC hybrid and the lowest distance was observed
between L. rohita and RC hybrid.

Organization and composition of mitochondrial Cox-1 region

COI gene sequence analyses of RR cross-type

CO1 sequence analysis of 14 individuals of RR cross-type (L. rohita) indicated the
length of the average nucleotide of 670bp excluding sites with alignment gaps or missing
data. Among these, 656 sites (97.9%) were invariable (monomorphic), while 14 sites (2.1%)
were variable (polymorphic). Among polymorphic sites, 9 at 17, 64, 106, 130, 148, 149, 234,
318, and 577 positions were singleton while 5 at 268, 338, 415, 490, and 628 site positions
were parsimony informative. In RR cross-type, a total number of 4 haplotypes with a
diversity 0f0.455 haplotype (HD) and nucleotide diversity (Pi), 0.029 were observed. The
mean inter-specific K2P genetic distance was 0.003. Sequence analysis revealed the
composition of nucleotide of CO1 gene in Labeo rohita as G, 17.9%;A, 26.8%; C, 27%;T,
28.3%; with integrated composition as, A+T= 55.1%, G+C= 44.9%.Furthermore, the
estimated Transition/transversion bias (R) value was 0.25, while the rate of transitional and
transversional substitution was 10.11% and 4.98% respectively. Tajima D, Fu and Li, D and
F tests were also applied and found negative values (Tajima D: -1.49161; Fu and Li’s D test:
-1.16700; Fu and Li’s F test: -1.29477).
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COI gene sequence analyses of CC cross-type

CO1 sequence analysis of 17 individuals of CC cross-type (C. catla) indicated the
mean nucleotide length of 672bp excluding the sites with alignment gaps or missing data.
Among these, 655 sites (97.5%) were invariable (monomorphic), while 17 sites (2.5%) were
variable (polymorphic). Among polymorphic sites, 11 at 116, 393, 416, 491, 502, 522, 577,
579, 597, 633 and 663 positions were singleton while 6 sites at 65, 218 235, 314, 431 and 623
were parsimony informative. A total number of 5 haplotypes, with haplotype diversity (Hd)
0.476 and nucleotide diversity (Pi), 0.024 were observed in CC cross-type. The mean
intraspecific K2P genetic distance was 0.002. Sequence analysis revealed the nucleotide
composition of CO1 gene in C. catla as T, 28.2%; C, 27.1%; A, 26.7%; G, 18% with
integrated composition as, A+T= 54.9%, G+C= 45.1%. Furthermore, the estimated
Transition/transversion bias (R) value was 0.95, while the rate of transitional and
transversional substitution was 12.53% and 6.23% respectively. Tajima D, Fu and Li, D and
F tests were also applied and found negative values (Tajima D: -1.7591; Fu and Li’s D test: -
1.475; Fu and Li’s F test: -1.785).

COI sequence analysis of CR cross-type

CO1 sequence analysis of 16 individuals of CR cross-type (hybrid) indicated an
average read length of 644 bp excluding the sites with alignment gaps or missing data. The
644bp consisted of 633 (98.2%) invariable (monomorphic) and 11 (1.71%) variable
polymorphic sites. The variable sites at 6 positions, i.e., 108, 112, 119, 212, 593 and 602
were singleton, while at other 5 site positions, 590, 592, 608, 641 and 642 were parsimony
informative. In CR cross-type, a total number of 6 haplotypes, with Hd = 0.844 and Pi =
0.005 were observed. The mean intraspecific K2P genetic distance was 0.005. The nucleotide
composition of CO1 region in CR hybrid was T, 29.2%; C, 24.1%; A, 26.9%; G, 19.8% with
56.1% A+T and 43.9% G+C contents. Furthermore, the estimated Transition/transversion
bias (R) value was 1.20, while the rate of transitional and transversional substitution was
13.64% and 5.68% respectively. Tajima D, Fu and Li, D and F tests were also conducted and
found all negative values (Tajima D: -0.79269; Fu and Li’s D test: -0.57230; Fu and Li’s F
test: -0.70523).
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COI sequence analysis of RC cross-type

CO1 sequence analysis of 13 individuals of RC cross-type (hybrid) indicated the
mean nucleotide length of 659 bp excluding the sites with alignment gaps or missing data.
Among these, 650 sites (98.64%) were invariable (monomorphic), while only 9 sites (1.37%)
were variable (polymorphic). The variable sites at 203, 228, 512, 576, 626, 655 and 658
position were singleton, while only at 2 positions, i.e., at 220, 254 sites were parsimony
informative. In RC hybrid, a total number of 4 haplotypes with Hd = 0.583 and Pi= 0.0042
were observed. The mean intraspecific K2P genetic distance was found to be 0.003. The
nucleotide composition of CO1 region in RC hybrid was T= 28.3%; C=24.9%; A = 26.1%j;
G= 20.7% with 54.4% A+T and 45.6% G+C contents. The estimated Transition/transversion
bias R-value was 1.05. The rate of transitional substitution was 11.32%, while transversional
substitution was 4.72%. To detect sequence variability Tajima D, Fu and Li, D and F tests
were conducted and found all values <0 (Tajima D test = -1.55, Fu and Li’s D test = -1.02
and Li’s F test: -1.08)

Similarities and variations in sequence

Comparison of the sequence of Cox1l of mitogenomes among the female parents
species and their hybrids revealed sequence similarities above 97 percent in all cases.C. catla
and L. rohit has 0.011evalutionary divergence, while the divergence between both hybrids,
CR cross-type and RC cross-type was 0.009, but the divergence between L. rohita and CR
hybrid was 0.006. Similarly, the divergence between C. catla and CR Hybrid found 0.006, a
divergence between L. rohita and RC Hybrid was 0.003, while C. catla and RC Hybrid was
0.014,
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Fig. 12. Agarose gel DNA bands of L. rohita C. catla and their intergeneric hybrid produced
from reciprocal crosses. RR=RQ x R4, CC=CQ xCJ4, CR=CQ x R4 and RC=RQ x C
3.
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Fig.13. Gel electrophoresis image of amplified PCR product of CO | gene of all cross-types.
RR=R? xRJ,CC=CYxCJE,CR=CQ xRJand RC=RQ xC J.

84



Table 18. CO1 gene sequence accession number of all cross-types
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Cross-types

Purebred Hybrid
RR CC CR RC
1 MN964134 MN964128 MT954411 MN964131
2 MN964135 MN964129 MT954412 MN964132
3 MN964136 MN964130 MT954413 MN964133

RR=R? xR3; CC=CQ xCJ; CR=C? x R4 and RC= R} x C &.
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Fig. 14. NJ-Phylogenetic tree (K2P) tree showing relationship among four cross-types
RR=RQ? xRJ;CC=CY xCH;CR=CY2 xR and RC=RQY xC J.
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Table 19. Estimate evolutionary divergence over sequence pairs among all cross-types

(RR, CC, CR, RC)

Cross-types

Purebred Hybrid
CC CR RC RR
CC
CR 0.005
RC 0.014 0.009
RR 0.011 0.006 0.003

RR= L. rohita®xL. rohitad CC= C. catla?x C. catlad, CR = C. catla?xL. rohitad RC=
L. rohita@ xC. catlad
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\Species/Abbry

4. Catla catla-001
5. Catla catla-002
6. Catla catla-003
7. Hybrid CR-001
8. Hybrid CR-002
9. Hybrid CR-003
10. Hybrid RC-001
11. Hybrid RC-002
12. Hybrid RC-003

1. Labeo rohita-001
2. Labeo rohita-002
|3. Labeo rohita-003

W] w] w5 ] w5 %] s %] %] %] & % %] s & % %] %] =% & ®s ] xs] % % s & = |+
Group Name

Fig. 15. Mutational analysis of four cross-types

RR=R? xRJ;CC=CY xCJ;CR=CQ xR and RC=RQ x C J.
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Table 20. Nucleotide variation among all cross-types
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Cross-types

Nucleotide Hybrid

(%) RR CC CR RC
T 28.3 28.2 29.2 28.3
C 27 27.1 24.1 24.9
A 26.8 26.7 26.9 26.1
G 17.9 18 19.8 20.7
A+T 55.1 54.9 56.1 54.4
G+C 449 45.1 43.9 45.6

RR=R? xR3; CC=CQ xCJ; CR=C? x R4 and RC= R} x C &.
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Fig. 16. Haplotypes along with variation sites of L. rohita C. catla and their intergeneric
hybrid produced from reciprocal crosses (a) RR=R?Q x RJ (b) CC=CQ xCJ; (c) CR= C?
x R4 (d)RC=RQ xC 4.
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Chapter 3

Comparative disease resistance and immune response of Catla catla, Labeo rohita and

intergeneric hybrids after exposure to Aeromonas hydrophila
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Materials and Methods

The research was conducted in collaboration with Tawakkal Fish Hatchery & Farm,
Muzaffargarh. The induce breeding of two closely and phylogenetically related species Rohu
(L. rohita) and Thaila (C. catla) was conducted and parental species as well intergeneric
hybrid were produced at Tawakkal hatchery while comparative immunity and disease
resistance tests were performed at Fisheries and Aquaculture facility, Quaid-i-Azam

University.
Fish breeding and production of hybrids

Progeny of L. rohita and C. catla (Tawakal hatchery strains) which were induced bred
on the same day with induced spawning agent ovaprim (0.2 and 0.5 ml/kg of male and female
respectively) was used for this study. Before stripping of female broodfish, milt of all C.
catlaas well as L. rohita was collected separately in test tubes and diluted with 0.9% NaCl.
For producing parental species and reciprocal intergeneric hybrids, the pooled milt samples

were used to fertilize the eggs by making the following crosses.
Catla@x Catlad CcC

Rohu@x Rohud RR

Catla® x Rohud Hybrid CR

Rohu@x Catlad Hybrid RC

Postlarvae of both hybrids and parental species were stocked in separate prepared earthen
nursery ponds and after thinning reared up to the juvenile stage, average weight 25-30 g. At
this stage, 300 seed of each cross-type (CC, RR, CR and RC) were transferred to Fisheries
and Aquaculture Station, QAU, in plastic bags by adopting live hauling technique and after

tempering, stocked separately in fiberglass tanks for acclimatization.
Experimental design
For comparative evaluation of disease resistance, innate immunity, temporal and

spatial expression of immune related genes after injection of pathogenic bacteria, an
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experiment was conducted in a replicate of two for each population. After about two-week
acclimation 200 fish from each population were distributed evenly in their respective 8 tanks
at a stocking density of 2g/L (25 fingerlings/tank). First two tanks of each cross-type were
marked as a control without exposure to pathogen while the other six tanks were exposed to
the pathogen. Among pathogen exposed tanks, 2 each were used for evaluation of cumulative
mortality (%) during 20 days exposure, the other 2 for the evaluation of immunological
indices and the last two for the temporal and spatial expression of immune related genes.
Each fiberglass tank was well equipped with a proper aeration system for maintaining DO
level and a water heater to maintain temperature. After one week of acclimatization in their
respective tanks, all fingerlings except in two tanks of each cross-type were exposed to
Aromonas hydrophila, a fresh culture of pathogenic bacteria. The suspension of bacteria was
injected with 2ml syring (22 G needle) in the intraperitoneal cavity of the fish at the
concentration of 2.24x10” CFU/g (Das et al., 2011). The bacteria strain was isolated from
infected L. rohita by the Department of Microbiology, QAU, Islamabad. The control fish was
injected 100pL sterile PBS. The experiment was conducted under control conditions
(temperature, 27°C, DO 6.0+0.5 mg/L, photoperiod, 14L and 10D). During the exposure
period, all fish were fed once at 9:00 AM and to avoid water deterioration, fecal matter and

un-consumed feed were removed daily through siphoning.

For evaluating disease resistance, the experiment was conducted for 20 days and in
this duration, fish were keenly observed for symptoms of diseases and survival was noted. To
verify that the mortality was due to the introduction of the pathogenic bacteria, the process of
the autopsy was carried out and the A. hydrophila bacteria was isolated again from the kidney
and skin of infected fish. The post challenge percent mortality and relative percent survival

were calculated using formulas mentioned earlier (Amir et al., 2019).

For hematological indices, at random 18 fingerlings of each cross-type were collected
from their respective control group (9 fingerlings/tank), and anaesthetized with buffered
MS222 (0.19g/100mL) by immersing in the solution for 2 to 3-min. Following the cessation of
opercula movement, the caudal vein was used for drawing blood from each fish by using 2 mi
disposable syringes that were properly heparinized to avoid clotting and collected in K2
EDTA tube (BD Vacutainer®). The gauge size of the needle was 24. For taking enough

volume, blood taken from one cross-type was placed in the same tube.
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Evaluation of immunological indices was carried out 24 hrs post infection, blood of
18 fingerlings (9/tank), each from control and pathogen exposed groups of each cross-type
(CR hybrid, RC hybrid, CC and RR) were collected by adopting the same procedure. Here
also, the blood of two fish of the same group of the same cross-type was pooled and it was let
to cool at room temperature. After about 60 min, the blood was centrifuged for 10 min at
2000 rpm and serum was separated and was collected in a tube and saved at a temperature of
4°C till the analysis of immunological parameters. Fresh blood was used for the analysis of
the respiratory burst and phagocytic activity.

For the gene expression, 6 fingerlings from the last two tanks of each population (3
fish/tank) were captured after 0, 6, 12, 24, 48 and 168 hrs post challenge, anaesthetized,
dissected and their liver and muscle samples were collected and kept separately in autoclaved
Eppendorfs containing RNA Later™ and stored at -80°C till isolation of RNA.

Immunity parameters

The collected serum was used for the analysis of total serum proteins,
immunoglobulin (IgM) and lysozyme activity through the respective standard methods used
earlier (Ullah et al., 2018). The phagocytic and respiratory burst activity was measured from
the fresh heparinized blood ( Devi et al., 2019).

Hematological parameters

The blood parameters, counts of RBC (Red Blood Cell), Hb (Hemoglobin levels),
MCV (Mean corpuscular volume), MCH (Mean cell hemoglobin), MCHC(mean corpuscular
hemoglobin concentration), Hct percentage, Lymphocytes, Platelets (PL), Packed Cell
Volume (PCV) were analyzed by using automated hematological analyzer (Model: Sysmex
KX-21, Japan).

Lysozyme activity

For the analysis of blood serum lysozyme activity, Anderson and Siwicki (1995)
method were used. To follow the given procedure, 0.9 ml of a 0.75 mg mLMicrococcus
lysodeikticus (Sigma-Aldrich, St Louis, MO, USA) suspension in phosphate buffered saline
(pH 6.2) was mixed with 0.1 ml serum. The solution was thoroughly mixed and then the
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absorbance change rate was observed at a wavelength of 450 nm and was noted after 1 min
intervals for ten minutes by using a spectrophotometer (Model Micro-spectroAgilant 8453).

The standard taken for the lysozyme activity was hen egg-white lysozyme (Sigma-Aldrich).

Total protein

For the analysis of total protein, Lowry et al. (1951) method was adopted for the
assessment of total protein content in blood serum. For this purpose, 1 mg bovine serum
albumin (BSA) in 1mL distilled water (1mg/1mL) was dissolved to prepare a stock solution.
The various concentration of BSA (0.05 to 1 mg/ ml) was prepared by diluting the stock
solution with distilled water. Subsequently, 200uL of each concentration was mixed with 2
ml of alkaline copper sulfate reagent and incubation was further carried for 10 min at ambient
temperature. Then 0.2 ml of Folin’s phenol reagent solution was added to each tube and
incubation was done again for 30 min. Finally, optical density at a wavelength of 660 nm was
calculated and plotted against the concentration of protein so that a standard calibration curve
is obtained. A standard curve was used to know the protein concentration in unknown

samples.
IgM level

To determine the serum level of immunoglobulin, the method of Anderson and
Siwicki (1995) was followed. To execute the process, separation of immunoglobulin from the
serum by the precipitation using polyethylene glycol (12%) was carried out, i.e., thorough
mixing of 0.1 ml serum with 100 pl polyethylene glycol. Subsequently, the solution was
incubated using an incubator shaker (Eppendorf Innova® 43/43R) under thorough shaking at
room temperature for 120 min. After this, centrifugation at 7000 x g for 10 min was carried
out. Supernatant from the centrifuged solution was then collected in a tube and its absorbance
was noted at 660 nm wavelength. The protein content of the supernatant was subtracted from

the total protein content in serum to calculate the IgM level.
Respiratory burst activity

The blood level of oxygen radicals production from the phagocytes was calculated
through the application of a dye, nitroblue tetrazolium (NBT) as reported by Anderson and

Siwicki (1995). To carry out the process, Blood (0.1 ml) was obtained and placed in an
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Eppendorf tube (2 ml). Subsequently, the addition of 100 ul of 0.2% NBT was done.
Incubation was carried out at ambient temperature for 30 min. Then, the removal of 0.05 ml
of NBT-blood cell suspension was carried out and it was then added to a tube having 1 ml of
N, N dimethylformamide. Centrifugation of the mixture at 3000x g for 5 min was done and
the supernatant was obtained and placed in a glass cuvette and its OD was measured at a
wavelength of 540 nm. Same items and procedures were followed but blood was only

replaced with distilled water.
Phagocytic assays

Anderson and Siwicki (1995) method using Staphylococcus aureus for the detection
of phagocytic activity(Sigma, St Louis, MO, USA) was carried out. To carry out the
procedure, Heparinized blood (0.1 mL) was taken and placed on a microtiter plate well and
0.1 mL of killed Staphylococcus aureus 1 x 107 cells were added to it. The solution was
suspended in phosphate buffered saline (0.1 ml) (pH 7.2). To mix bacteria with leucocytes
thoroughly, the solution was properly mixed using a pipette. Incubation of the blood bacteria
solution was carried out for 30 min at ambient temperature. After that, a smear was prepared
by placing 5uL of the prepared solution on a clean glass slide. Subsequently, the glass slide
was let to air dry and fixed using 95% ethanol for 5 min and air-dried once again. Giemsa
stain (7%) dye was used to stain the smear for 10 min. A total of two smears were prepared
from each fish. Observation under the light microscope was carried out and a total of 100
phagocytic cells including monocytes and neutrophils from each smear was observed. The
number of phagocytic cells and phagocytosed bacteria were also observed and noted. 100
phagocytes of each slide were counted using a microscope for the determination of
Phagocytic activation (PA) and phagocytic index (Pl). The mean of each slide was calculated
as below;

No. of phagocytic cells having engulfed bacteria
A= phagocy ks X 100

no. of phagocytes
(PA, % of cells having engulfed bacteria)

_ No. of engulfed bacteria

phagocytic cells

96



Chapter 3

(P1, No. of engulfed cell/bacteria).

Isolation of RNA and cDNA synthesis

Muscles and liver tissues were used for the isolation of total RNA using a
reagentTrizol using the given protocol and then subsequently stored at -20°C. NanoDrop (ND
1000) spectrophotometer (Thermo Fischer, USA) was used for the quantification of the
purity, quality and concentration of the isolated RNA. Subsequently, total RNA from each
sample was retro transcript to complementary DNA (cDNA). The total reaction volume was
20pL, contained 4pL of RNA, 2.5 4uL of Random primer, 14pL of MMLV-RT, 0.5 4puL of
R Nasin, 3 4uL of H20O, 4pL of Buffer and 1 pL of dNTPs. The reaction mixture was kept in
the water bath at a temperature of 37°C for one hr and subsequently for 5 min at 55°C.
Concentration and quality of cDNA were also assessed by using NanoDrop and subsequently

preserved till use at -20°C.
Designing and validation of Primers

Self-designing of the primers to be utilized during the study was carried out through
Oligo Primer Analysis Software version 1.1.2. Designing was done based on the sequences
of MRNA ofL.rohitaavailable on gene bank. Table. 1 shows the sequence and annealing
temperature. Expression of the required genes was done by quantitative real-time RT-PCR
(gPCR). Validations of designed oligonucleotides were addressed by checking the efficiency
of the PCR reaction through the generation of standard curves by the serial dilution of control
samples of cDNA. The efficiencies were close to 100 %. Housekeeping gene 18-s was used

both for the amount normalization and also as a positive control of mMRNA in each sample.

RT-PCR (qPCR)

All amplification reaction consists of starting denaturation for 10 min at 95°C. The
denaturation is followed by multiple cycles (40) for 15 sec at a temperature of 95°C followed
by 62°C for 15 s. For gPCR reaction, a total 40 pL mixture consisted of a cDNA(3.2 uL),
primer each of 1.6 pL, SYBER green master mix (20 puL) and 13.6 pL of H,O was used. All
gPCR assays were performed at a minimum of two runs in duplicate. In the negative control,
water was added instead of cDNA. The mean threshold (Ct) value of each sample was used

for analysis.
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Fig.17. Linearity of housekeeping gene (A) 18s, (B) Lysozyme C, (C) Lysozyme G, and (D)
TNF-a
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Statistical analysis

The expression of each gene level was calculated using a relative quantification
method (Pfaffl, 2001). Results are expressed as Mean + SE. By using Statistic version 8.1,
Statistical analysis tests (One way ANOVA followed by Duncan’s multiple range) was
applied for comparative assessment of pre and post-challenge immunological indices and
relative temporal and spatial expression of immune related genes: Lysozyme C, Lysozyme G
and TNF-a in the muscle and liver of all cross types (RR, CC, CR and RC). The level of
significance was kept at 5%. Moreover, GraphPad Prism 5 software was used for plotting

mean values along with their SE.
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Results
Hematological parameters

Blood parameters values of the fingerlings of each cross-type recorded during this
study are presented in (Table 21).0One way ANOVA indicated significant effect of cross-type
on the hematological indices, i.e., RBC (n=9, ANOVA, Fz3,=,16.6 p<0.001), WBC (n=9,
ANOVA, F3 3= 744, p<0.001), Hb (n=9, ANOVA, F33,=16.1, p<0.001), Hct (n=9, ANOVA,
F332=10.8, p<0.001), MCV (n=9, ANOVA, Fz3= 29.7, p<0.001), MCH (n=9, ANOVA,
F3.32= 79, p<0.001) and MCHC (n=9, ANOVA, F33,= 146, p<0.0001) of fingerlings. Stastical
analysis test (Post hoc LSD)showed that F1 fingerlings of RC followed by CR had the
highest value of RBCs, WBC MCH, MCHC, HB and Hct% as compared to fingerlings of
other cross-type while platelets and MCV levels showed low values in RC fingerlings as

compared to other cross type.
Survival rates after A. hydrophila infection

During the 20 days after pathogen challenge, no mortality was observed in the
fingerlings of control groups of all cross-types (RR, CC, RC, and CR), while A. hydrophila
injected groups of all cross-type showed significant mortality. The survival rate analysis
indicated a considerable difference (p<0.001) of survival (%) in the fingerlings of all cross-
type. The pairwise comparison indicated the highest survival % of the fingerlings of RC
(66.67 %) followed by CR cross-type (60 %) while CC cross-type fingerlings showed the
highest survival rate (53.33 %) (Fig 18). Overall F1fingerlings of both RC and CR cross-type
showed higher survival (resistance to the pathogen) as compared to fingerlings of purebred

CC and RC cross-type
Immunological indices

Two way ANOVA test showed that there is a considerable difference in the
immunological indices in the fingerlings of various cross-type (n=9, plasma protein,
F372=90.765, p<0.001; immunoglobins, Fz37>= 33.906, p<0.001; serum lysozyme activity,
Fs72= 53.948, phagocytic activity, Fz 7= 24.32, p<0.001; phagocytic index, Fs7= 22.95,
p<0.001, and respiratory burst activity, Fs7= 23.35, p<0.001) before and after challenge to
Aeromonas hydrophilia (n=9, plasma protein , F172= 316.225 p<0.001), immunoglobins,
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F172= 78.632, p<0.001), serum lysozyme activity, F17,= 379.308, p<0.001; phagocytic
activity, F1 7= 13.23, p<0.001; phagocytic index , F1,72= 61.97, p<0.001 and activity of the
respiratory burst, Fi72= 52.86, p<0.001) (Table 22). A statistical test (Post hoc LSD)
showed the highest values of all studied immunity parameters: total protein (serum), IgM,
lysozyme activity, respiratory burst activity, phagocytic activity and phagocytic index among
the fingerlings of RC followed by CR while CC showed the lowest values. Moreover,
fingerlings of all crosses had significantly higher values of all innate immunity parameters in
the pathogen injected as compared to a control group. Overall, both hybrids showed higher
immunity and showed heterosis (LPH, MPH and HPH) in all studied innate immunity
parameters before and after challenged to A. hydrophila ( Fig 19 and 20). Based on
immunity, F1 fingerlings of all cross-type followed the following rank RC > CR >RR>CC
before and after challenge to the pathogen, while based on heterosis, RC hybrid follow the
CR hybrid.

Immune related genes expression

mRNA level of Lysozyme C

The lysozyme C periodic expression of the gene in the muscle and liver of the
fingerlings of all cross-type (RR, CC, RC, and CR) after pathogen injection is shown in (Fig
22). Three ways ANOVA indicated that after challenging to A. hydrophila, the relative
expression of Lysozyme C was significantly different over time (Fs28=39.2, P< 0.001) in
different tissues (F1, 288=677.657, P< 0.001) among fingerlings of different cross-type (n=9,
F3288=34, P< 0.001). The considerable interaction between time and cross-type (Fis288=
2.58, P< 0.001), cross-type and tissue (Fs2ss = 6.08, P< 0.001), tissues and time ((Fs 283 =
18.26, P< 0.001) and cross-type, tissue and time (Fis288 =1.60, P= 0.074) indicated the
manner, the temporal and spatial response of fingerlings of all cross-type varied. ANOVA
followed by pairwise comparison of spatial mMRNA level indicated increased lysozyme C
expression in the liver compared to the muscle of all cross-type fingerlings, both before and
after bacterial challenge. The comparative temporal expression in the liver indicated
significantly higher expression at 6 -12 hr post-challenge followed by gradual down-
regulation. However, muscles lysozyme C, mRNA level increased at 6hr after bacterial
inoculation and remained higher for a longer period, i.e., up to 48 hr. The pairwise statistical

analysis showed a significantly higher lysozyme C mRNA level in RC hybrid followed by
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RR and CR while fingerlings of CC cross-type showed comparatively lower expression. This
trend was found at all sampling periods. Both hybrids showed LPH in the basal (RC = >69%,
CR=>26%) and post-challenge peak expression of lysozyme C in the liver (RC = >52%,
CR=>13%), while only RC hybrid showed MPH (basal >44%, peak >83%, and HPH (basal =
25%, peak >30%). In muscle, again heterosis was observed in the expression of Lys C before
and after challenge test, however, F1 RC hybrid showed relatively higher LHP, MPH and
HPH as compared to F1 CR hybrid (Fig 25)

mRNA level of Lysozyme G

The spatial and temporal Lysozyme G gene expression in the fingerlings of all cross-
type (RR, CC, RC, and CR) after injection of A. hydrophila is shown in (Fig23). Like Lys C,
the Lys G also showed significantly different temporal (Fs28s=238.6, P< 0.001) and spatial
expression (F1, 288=1.365, P< 0.001) among fingerlings of different cross-type (F3, 288=506.97,
P< 0.001). The considerable interaction between time and cross-type(Fis, 288=23.74, P<
0.001), cross-type and tissue (Fs3, 288=42.66, P< 0.001), tissues and time (Fs, 288=70.18, P<
0.001) and cross-typex tissue x time (Fis, 268= 11.56, P< 0.001) indicated the manner, the
temporal and spatial expression of Lysozyme G varied among the fingerlings of all cross-
type. ANOVA followed by pairwise comparison of spatial mRNA level indicated higher
expression of lysozyme G in the muscle as compared to the liver of all cross-type fingerlings,
both before and after bacterial challenge. The comparative temporal expression in liver and
muscle indicated significantly higher expression at 6 -12 hr post-challenge followed by
gradual down-regulation. The pairwise comparison among cross-types indicated a
significantly higher lysozyme G mRNA level in RC hybrid followed by CR and RR while
fingerlings of CC cross-type showed comparatively lower expression. This trend was found
at all sampling periods. Moreover, in the liver of RC hybrid, Lysozyme G attained peak
expression earlier, i.e., at 6 hr as compared to 12 hrs, observed in the fingerlings of other
cross-type, while in muscle all cross-type showed peak expression at 12 hrs post-challenge.
Both hybrids showed LPH, MPH and HPH heterosis in the expression of Lys G in the liver
and muscle. However, RC hybrids showed relatively higher levels of heterosis as compared
to CR hybrid (Fig 25)
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mRNA level of TNF-a

Temporal and spatial expression of TNF-a in the fingerlings of all cross-type after the
infestation of a pathogen is shown in (Fig24). Three ways ANOVA indicated that the relative
post-challenge expression of TNF-a varied significantly over time (Fs288=622.31, P< 0.001)
in different tissues (F1, 26=92.731, P< 0.001) among fingerlings of different cross-type (n=9,
Fs3, 288=200.71, P< 0.001). The considerable interaction between time and cross-type (Fis, 288=
30.51, P< 0.001), cross-type and tissue ((Fs, 288= 24.77, P< 0.001), tissues and time((Fs, 285=
87.02, P< 0.001) and cross-typex tissue x time (Fis 28s= 8.67, P< 0.001) indicated the
manner, the temporal and spatial expression of TNF-a varied among the fingerlings of all
cross-type. ANOVA followed by pairwise spatial expression of TNF-a indicated, increased
expression in the muscle tissue compared to the liver of all cross-type fingerlings, both before
and after bacterial challenge. The comparative temporal expression of TNF-a in the liver and
muscle indicated a significantly higher expression at 6 -12 hr post-challenge followed by
gradual down-regulation. The pairwise statistical analysis among cross-type showed a
considerably higher TNF-a expression in the fingerlings of RC hybrid followed by CR and
RR cross-type while fingerlings of CC cross-type showed comparatively lower expression.
This trend was found at all sampling periods. Both hybrids showed LPH, MPH and HPH
heterosis in the expression of TNF-a in the liver and muscle before and after challenged to
A.hydrophila. However, RC hybrids showed relatively higher levels of heterosis as
compared to CR hybrid (Fig 25)
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Table 21. Hematological parameters of the fingerlings of all cross-types

Cross-types

Purebred species Hybrids
Hematological indices RR CC CR RC
WBCs(10° p/L) 222.6+1.60°  197+0.92¢ 250+1.53P 281.6+1.13?
PLT(10° w/L) 20+0.91° 38+1.07° 46+1.68 22+1.75°
RBCs(10° p/L) 1.88+0.07°  1.56%0.14° 2.26+0.10° 2.51+0.07°
MCH (pg) 41.3+0.70°  39.9+0.90° 56.2+1.64° 57.4+1.75°
MCHC (g d/L) 26.56+0.46°  25.29+0.24°  32.6+0.41° 35.6+0.45°
MCYV (fL) 10/L!5 159.3+1.64°  174.92+1.60° 157.81+1.29° 157.14+1.68°
HB (g d/L) 8.5+0.44° 8.1+0.44° 10.9+0.71° 14.33+0.94
Het (%) 33.50+0.99*  30.80+0.78°  35.60+0.77°  39.30+1.65%

Hematological indices values presented as Mean (£ SE). Sample size (n) = 9 for each cross-
type. All means having different lowercase superscripts within a row are significantly
different (P<0.05). RR=RQ xRJ; CC=CQ xCJd; CR=CQ xRJZ and RC=R?Q x C J.
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Fig. 18. Cumulative mortality (%) of fingerlings of all cross-types after the infestation of A.
hydrophila. RR=R? x RZ,CC=C? x C4,CR=C?Q x R and RC=R? xC J.
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Table 22. Immunological parameters of the fingerlings of all cross-types before and

after challenge to pathogen

Immunological Cross-types
indices Purebred species Hybrids

RR CC CR RC
Total Protein (mg /mL)
Control 15.55+0.42° 12.47+0.82¢ 17.01+0.39° 23.75+0.80%
Challenged 23.13+0.67¢""  21.08+0.58°" 25.99+0.488™ 29.03+0.514™
Lysozyme (ug m/L)
Control 2.91+0.25" 1.72+0.29° 3.50+0.19% 4.05+0.43°
Challenged 6.05+0.3¢"" 4.98+0.32¢™ 7.79+0.21™ 9.93+0.304
IgM(mg m/L)
Control 8.93+0.44° 5.93+0.44° 9.99+0.88% 10.50+0.68°
Challenged 12.04+0.518""  8.58+0.51¢™ 14.98+0.78~" 16.48+0.8%""
Phagocytic Activity %
Control 51.03+1.32®  39.61+3.15" 55.44+2.48% 61.35+3.29°
Challenged 52.57+1.748" 42.65+1.76%" 55.66+2.66"" 62.71+7.45%"
Phagocytic index
Control 1.97+0.20? 1.03+£0.12° 2.09+0.03? 2.38+0.39?
Challenged 3.92+0.178"" 2.78+0.19™ 4.51+0.30°™ 5.22+0.36%""
Respiratory Burst activity
Control 0.43+0.07¢ 0.33+0.05° 0.63+0.12° 0.81+0.05%
Challenged 0.75+0.09%" 0.65+0.05°™" 0.95+0.58" 1.13+0.5%"

Innate immunity parameters of all cross-types before and after challenge to pathogen (A)
Lysozyme (B) Serum protein (C) IgM (D) Respiratory burst activity (E) Phagocytic activity
(F) Phagocytic index. Data bars show the values as Mean (£ SE). Sample size (n) =9 for each
cross-type. ANOVA followed by LSD shows a comparison in the immunity parameters
values among fingerlings of all cross-types before challenge (lowercase superscripts) and
after challenge (uppercase superscripts) to a pathogen. T-test compares the values within the
cross-type before and after infestation. * = P < 0.05; ** = P < 0.01;*** = P < 0.001. RR=
R? xRJ,CC=CY xCE,CR=CY xRJ and RC=RQ x C 4.
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Fig. 19. Comparison of immunity parameters before and after challenge to pathogen (A)
Lysozyme, (B) plasma protein, (C) IgM (D) respiratory burst activity, (E) phagocytic activity,
(F) phagocytic index. The data in the bars show the values as Mean £ SE (n=9). ANOVA
followed by LSD shows a comparison in the immunity parameters values between fingerlings
of all cross-types before challenge (lowercase superscripts) and after challenge (uppercase
superscripts) to a pathogen. T-test compares the values within the cross-type before and after
infestation. (*** = P < 0.001;** = P < 0.01; * = P < 0.05; ns = non-significant. RR= L.
rohita® L. rohitad, CC= C. catla®xC. catlad, CR = C. catla® xL. rohitad, RC= C. catlad
xL. rohita?.
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Fig. 20. Heterosis (%) in immunity parameters of the reciprocal hybrids of C. catla and L.
rohita (A) serum protein, (B) IgM, (C) lysozyme, (D) phagocytic activity, (E) phagocytic
index, (F) respiratory burst activity. CR = CQ x RZ and RC= RQ x C. LPH= low parent
heterosis, MPH= mid parent heterosis, HPH = high parent heterosis
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Fig. 21. Heterosis (%) in immunity parameters of the reciprocal hybrids of C. catla and L.
rohita after infestation. (A) serum protein, (B) IgM, (C) lysozyme, (D) phagocytic activity,
(E) phagocytic index, (F) respiratory burst activity. CR = CQ x R4 and RC= R® x C 4.
HPH = high parent heterosis. LPH= low parent heterosis. MPH= mid parent heterosis
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Fig. 22. Spatial and temporal variations in the mMRNA levels of Lysozyme C gene among cross-types (A & B) and within cross-type (C & D)
after the infestation of A. hydrophila. Liver (A & C), muscle (B & D). Data bars show the values as Mean (x SE). Sample size (n) = 6. All
means having different lowercase superscripts on the bar are significantly different (P< 0.05). Different lowercase superscripts on bars are

showing a significant difference (P < 0.05) within cross-type and between cross-types. RR= R x RZ, CC=CQ x C4, CR=C?Q x Rd and
RC=RQ xC J&.
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Fig. 23. Spatial and temporal variations in lysozyme G gene expression among cross-types (A & B) and within cross-type (C & D) after the
infestation of A. hydrophila. Liver (A & C), muscle (B & D). Data bars show the values as Mean (+ SE). Sample size (n) = 6. All means having
different lowercase superscripts on the bar are significantly different (P< 0.05). Different lowercase superscripts on bars are showing a
significant difference (P < 0.05) within cross-type and between cross-types. RR=RQ x RZ, CC=CQ x CJ,CR=CQ x Rg and RC=RQ x C
3.
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Fig. 24. Spatial and temporal variations in the expression of TNF-a gene, (A & B) among cross-types and (C & D) within cross-type after
infestation of A. hydrophila. Liver (A & C), muscle (B & D). Data bars show the values as Mean (x SE). Sample size (n) = 6. All means having
different lowercase superscripts on the bar are significantly different (P< 0.05). Different lowercase superscripts on bars are showing a
significant difference (P < 0.05) within cross-type and between cross-types. RR=RQ x R4, CC=C? xC4,CR=C? xRZ and RC=RQ x C
3.
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Fig. 25. Heterosis (%) in immunity genes parameters of the reciprocal hybrids of C. catla and
L. rohita in liver. (A) Lysozyme C, (B) Lysozyme G, (C) TNF-a and muscle, (D) lysozyme
C, (E) lysozyme G, (F) TNF-a. CR = CQ x R4 and RC=R® x C &. HPH = high parent
heterosis. LPH= low parent heterosis. MPH= mid parent heterosis.
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Chapter 4

Comparative Nutritive Values of Labeo rohita, Catla catla and their intergeneric hybrids
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Materials and Method

Sampling

Healthy fish of each cross-type, with no visible sign of infection, body weight range
310-350g, were collected to evaluate the proximate composition, fatty acid, and amino acid
profile of muscle. These fish were reared in earthen communal ponds in a semi-intensive
culture condition on a 32% crude protein diet. After harvesting, fish were cleaned, degutted

at a spot and kept in an icebox.

Proximate Analysis of muscle

To estimate the proximate composition of muscle, randomly 27 fish of all cross-types
were collected from each pond (n= 9 per cross-type). To get enough sample, the carcass of
the same cross-type fish was pooled (3 sample /cross-type) and analyzed by using NIR

Analyzer (Foss Swiss)
Amino acid analysis

A high-performance liquid chromatography (HPLC) based amino acid analyzer
(CBM-20A, Shimadzu, Japan), available at Medicinal botanical centre of Pakistan council for
scientific research (PCSIR) Laboratory, Complex, Peshawar, was used for the amino acid

profile.
Extraction of amino acid

For the analysis of amino acids, 10 fish of each cross-type from each tank (30
fish/cross-type) were collected. Fish were degutted, and the muscle of each fish was
aseptically separated. For obtaining a sufficient sample, muscles of 10 fish from the same

tank were pool (3samples/cross-type) and stored at -20 °C until further use.

For the extraction of amino acids, muscle tissue samples were thawed and 50 g
muscle of each sample was dried to a constant weight in a vacuum oven. Dried muscle tissues
were ground using a glass pestle motor and transferred to a dried glass tube. Subsequently, 5

ml HCI (0.1 %) was added and the test tube was shaken vigorously for 2-3 min and
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centrifuged at 3500 rpm for 15 min. The supernatant was collected and filtered through a

membrane filter (0.45um) and used for amino acids profile.

Preparation of reaction solutions

To prepare the borate buffer, 40.7g of Na2COz and 13.57g of H3BOs was dissolved in
600 ml of sterilized double-distilled water. The solution was mixed thoroughly to make a

clear solution.

Solution A

The solution was prepared by mixing 0.2 ml of Sodium Hypochlorite solution (7-10%
NaClO) with 500 ml of prepared buffer. The solution was filtered by passing through a

membrane filter (pore size, 0.45um).

Solution B

This solution was prepared by dissolving 0.4 g Ortho-Phthalaldehyde (OPA) in 7 ml
ethanol and mixed with 450 ml of the prepared borate buffer solution. In this mixture 0.5 g,
N. Acetyl Cysteine was added and shaken vigorously to make a homogeneous solution. To
remove impurities resultant solution was filtered through a membrane filter (pore size,
0.45um).

Preparation of mobile phase ‘A’

Citrate tribasic (19.6 g) was dissolved in 600 ml of deionized water and then mixed
with 70 ml of ethanol and 7.8 mL per-chloric acid. After mixing, the volume was raised to 1
L by adding double deionized water, and the pH of the mobile phase was adjusted (pH 3.2)
by adding the perchloric acid.

Preparation of mobile phase ‘B’

Citrate Tribasic (58.8 g) and boric acid (12.4 g) was dissolved in 800 ml of double-
distilled water. After this 25 ml of NaOH (4 N) was added and volume was raised to 1L. The
pH of the solution was adjusted (pH 10) by using NaOH and filtered.
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Preparation of mobile phase ‘C’

Sodium hydroxide (0.2 N) solution was prepared by dissolving 8 g of Sodium
hydroxide in double-distilled water (1L) and filtered. Afterwards, 20 pl samples, was injected
into HPLC based amino acid analyzer (Shimadzu, Japan). The column used for the amino
acid profile was sodium-based with a fluorescent detector. Fluorescence was detected at
excitation and emission wavelength of 350nm and 450nm respectively. Amino acids were
separated by using mobile phase A and B. After separation, they were spelt out from the
column where reaction solution (solution A and B) was combined with mobile phase
(containing amino acids) and initiated the post-column derivatization. After derivatization,
the complex was passed to the cuvette for the detection of different amino acids.

Fatty acid analysis

Fatty acids were analyzed from muscle tissue using Gas chromatography-mass
spectrometry (GC-MS) at the medicinal botanical centre of Pakistan council for scientific
research (PCSIR) Laboratory, complex Peshawar. For the analysis of fatty acids, 10 fish
from each tank (30 fish/cross-type) were collected and the muscle of each fish was aseptically
separated. For obtaining enough samples, muscles of 10 fish from the same pond were
collected in the same tube (3 samples/treatment). Muscles were immediately frozen in liquid

nitrogen and stored at -20 °C until further use.

Extraction of total lipid

The extraction of total lipid, preparation of fatty acids methyl esters (FAMES), and
composition of FAMEs were analyzed by adopting the procedure reported earlier (Afridi et
al., 2018).

Extraction of oil from fish muscle

The desired amount of oil for fatty acid analysis through GC-MS was extracted from
fish muscle tissues by using Soxhlet’s apparatus. Briefly, 20g muscle tissues were dried in a
Vacuum drying oven (Lab Tech Korea) for three days at 50°C. Then the dried sample was
used for the extraction of lipid. The dried sample was crushed and 5 g was transferred in a

conical flask of Soxhlet apparatus. Subsequently, n-hexane (Fisher Scientific, UK) was added
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and the flask was heated for about 7 hrs. Then extracted oil was condensed by using a rotary
vacuum evaporator and shifted to glass vials. The Extra hexane was evaporated by adopting

Poitevin (2016) method, i.e., to keep vials overnight at ambient temperature

Sample preparation for fame’s analysis on GC- MS

Fatty acids methyl esters (FAMESs) were prepared and composition was analyzed by
adopting the procedure reported earlier (Afridi et al., 2018). Briefly, FAMEs solution was
prepared and after passing through membrane filter paper (Whatman pore size, 0.45um), 1uL
solution was injected into Gas chromatograph-mass spectrometer (GC-MS-2010 Shimadzu
Japan) having CP Sil 88 capillary column (length, 100 m (film thickness, 0.20 um; i.d, 0.25
pum, Chrompack, Middleburg, Netherlands) and a flame ionization detector. The program for
the lipid profile consisted of initial column temperature 80°C, after I min increased at the rate
of 2 °C/min until reached 215 °C, then maintained this temperature for 30 min. The Inlet and
detector temperatures were set at 220°C and 230°C respectively, while a split mode of
injection (100:1) was used. The Ha carrier gas was flow at the rate of 1 mL/min. For the
identification and quantification of fatty acids, either a pure FAME standard or quantitative
mixture (Mix SUPELCO, CRM47885, Bellefonte, USA) containing 37 components was
used. For the analysis of fatty acids, the chem station software and a data processor was used.
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Results

Proximate analysis

Proximate muscle composition of fish of all cross-type is presented in (Table 23). One
way ANOVA showed significant difference in moisture content (n=3, F3g=149, p<0.001),
crude protein (n=3, F3g=126, p<0.001), fat content (n=3, ANOVA, F3s=34.7, p<0.001) and
ash content (n=3, F38=22.3, p<0.001) among the fish of all cross-type. The post hoc pairwise
comparison indicated a significantly higher percentage of crude protein and fat in the muscle
composition L. rohita followed by both hybrids, while C. catla showed a significantly higher

concentration of moisture and Ash contents

Muscle amino acid (AA) composition:

The muscle amino acid profile of all cross-type is shown in (Table 24). One way
ANOVA showed a significant effect of cross-type on the fish muscle amino acids
composition, i.e., essential amino acids (n=3, F38=838.02, p<0.001) and nonessential amino
acids (n=3, F38=526.80, p<0.001) concentrations. The post hoc pairwise comparison
indicated the highest amounts of non-essential amino acids (>92%) in the muscle of C. catla
followed CR hybrid (>89%), while RC hybrid showed the lowest value. However, muscle of
RC hybrid contained a significantly the highest concentration of essential amino acids (EAA)
(= 38%) especially alanine (=21%) followed by L. rohita (>15%), while C. catla showed the
lowest amount (7%).

Muscle Fatty acid composition

Muscle fatty acid profile of all cross-type is shown in (Table 25). One way ANOVA
showed significant differences in muscle fatty acid composition, i.e., D saturated fatty
acid(n=3,Fszg= 88.41, p<0.001), > Monounsaturated fatty acids (n=3, F3g=72.17, p<0.001),
> Polyunsaturated fatty acids (n=3, F38=691.65, p<0.001) and ®3 to w6 ratio (n=3, F35=31.4,
p<0.001) among cross-type. The post hoc LSD test indicated the highest concentration of
MSFA (27.45%) and PUFA (>33%) in L. rohita (RR cross-type) followed by both hybrids
while C. catla muscle composition showed the lowest values of MSFA and PUFA. The
comparison among hybrids muscle fatty acid composition showed a statistically similar
concentration of MUFA (p>0.05) and a significantly higher value of PUFA (p<0.05) in the
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CR hybrid. Moreover, both hybrids (RC and CR) showed a relatively lower ratio of ®3 to w6

PUFA as compared to purebred species (L. rohita and C. catla).
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Table 23. Proximate muscle composition of L. rohita C. catla and their intergeneric

hybrid produced from reciprocal crosses

Cross-types

Purebred species Hybrids
Composition (%) RR CC CR RC
Moisture 72.31£0.29° 79.05+0.23% 76 .50+0.20% 75.15+0.58°
Crude protein 19.13+0.20% 14.50+0.21¢ 15.37+0.15° 16.50+0.15°
Fat 4.21+0.06 2.67+0.20¢ 3.27+0.06° 3.71+0.12
Ash 1.3040.1° 2.0£0.01° 1.8+0.01% 1.6+0.01°
NFE 2.90+0.242 1.76+0.06° 2.14+0.10° 2.78+0.052

Proximate composition data are shown as Mean (£ SEQ. Sample size (n) =9 for each cross-

type. All mean values sharing different lowercase superscript within a row are significantly
different (P < 0.05). RR=RQ x RZ; CC=CQ x CJ4; CR=CQ x R4 and RC=R? x C 4.

NFE= nitrogen-free extract
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Table 24. Muscle amino acid composition of all cross-types

Cross-types

Purebred species Hybrids
RR CcC CR RC

Thr 4.77+0.07° 4.93+0.59" 5.83+0.01% 6.64+0.522
Gly 9.07+0.87" 9.65+0.33" 13.08+0.64% 9.39+0.59P
Val 3.72+0.17¢ 9.30+£0.91° 6.67+0.17° 11.03+0.182
Met 2.54+0.02¢ 9.47+0.60° 3.94+0.02° 8.01+0.02°
Lie 2.43+0.03¢ 8.62+0.55? 3.75+0.03" 3.06+0.04"
Leu 2.57+0.02° 2.70+0.02° 5.76+0.122 3.06+0.04°
Tyr 0.37+0.02° 2.29+0.02° 2.40+0.61° 4.82+0.612
Phe 6.65+0.30° 7.60+0.50° 3.73+0.04° 12.31+0.612
His 7.33+0.60° 3.58+0.02° 1.10+0.03¢ 5.83+0.03"
Lys 27.08+1.42? 23.34+1.04 10.26+0.53¢ 12.51+0.62°
NH3 7.97+0.24% 7.75+0.59? 2.50+0.04° 7.82+0.60?
Arg 7.49+0.552 4.14+0.02° 1.56+0.03¢ 5.78+0.04°
YAA 81.35+0.48° 92.65+0.46° 60.55+0.50¢ 89.20+0.55°
Non-essential amino acids (NEAA)

Ala 4.54+0.33" 3.87+0.02° 21.36+1.072 4.07+0.07°
Asp 1.05+0.02° 1.22+0.10° 3.91+0.512 1.64+0.31°
Ser 9.31+0.57° 1.93+0.33¢ 12.27+0.812 4.67+0.42°
YNEAA 15.38+0.56" 7.0£0.12¢ 38.10+1.16° 10.73+0.34°

Muscle protein amino acids are shown as Mean (£ SE). Sample size (n) =9 for each cross-
type.. All mean values sharing different lowercase superscripts within a row are significantly
different (P < 0.05). RR=RQ x RJ; CC=CQ x Cd; CR=CQ x R4 and RC=R?Q x C 4.
Thr: threonine, Met: methionine; Gly: glycine, Val: valine Lie: isoleucine, Leu: leucine, Tyr:
tyrosine, Glu: glutamic acid Phe: phenylalanine, Lys: lysine, His: histidine, Arg: Arginine,

Ala: alanine, Asp: aspartic acid, Ser: serine
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Cross-types

Purebred species Hybrids

Fatty Acids No. of RR CC CR RC

carbon

atom
Myristic acid 14:00 2.21+0.15°  3.35+0.29°  1.69+0.12°  1.84+0.03°
Pentadecanoic acid 15:00 1.7740.14°  4.54%0.20° 2.56+0.23°  1.33+0.02°
Palmitic acid 16:00 22.37+0.40° 30.65+0.59* 27.66+0.61° 24.57+0.42°
Margaric acid 17:00 2.56+0.20°  1.83+0.09®  1.40+0.12°  2.12+0.01°
Stearic acid 18:00 6.40£0.48°  10.16+0.31% 7.19+0.61°  8.47+0.34"
Docosanoic acids 22:00 0.23+0.01°  0.36+0.01*  0.28+0.01°  0.20+0.01°
Y Saturated 37.34+3.66° 51.22+.91®  40.68+0.23" 38.52+0.73"
Heptadecenioc acid 17:01 7.56+0.20° 6.27+#0.01°  6.99+0.20°  8.43+0.222
Oleic acid 18:1(n-9) 19.24+0.37% 12.24+0.29Y 16.20+0.27° 13.94+0.31°
Eicosenoic acid 20:01 0.61+0.01° 0.66+0.01° 0.51+0.01¢  0.79+0.01%
Y Monounsaturated 27.41+0.48%° 19.17+0.28° 23.70+0.45° 23.16+0.51°
Linoleic acid (w6) 18:2(n-6) 7.23+0.01°  6.26+0.102¢ 8.82+0.32°  9.58+0.13?
g-linolenic acid (06) 18:3(n-6) 0.27+0.02®  0.16+0.01b° 0.14+0.01°  0.19+0.01°
Linolenic acid (®3) 18:3(n-3) 3.41+0.14*  1.54+0.20° 1.15%0.06° 2.41+0.18"
Eicosatrienoic acid (®3) 20:3(n-3) 0.9240.01*  0.56+0.01° 0.61+0.01° ND
D-G-linolenic acid (06) 20:3(n-6) 3.35+0.01* ND 0.63+0.01¢  2.88+0.14°
Arachidonic acid (w6) 20:4(n-6) 5.03+0.04%  3.94+0.01° 4.12+0.02°  3.38+0.10°
Eicosapentaenoic acid (EPA) (03) 20:5(n-3) 3.81+0.09°  4.54+0.19% 2.19+0.06°  3.15+0.09¢
Docosahexaenoic acid (DHA) 22:6(n-3) 9.50+0.29°  5.39+0.03° 9.03+0.02°  10.25+0.15?
(@3)
> Polyunsaturated 33.53+0.60% 22.40+0.27¢ 26.69+0.80° 31.83+0.41°

Data are shown as Mean (x SE). Sample size (n) =9 for each cross-type. All mean values

sharing different lowercase superscripts within a row are significantly different (P < 0.05).
RR=RQ? xRJ; CC=CY xCJH;CR=CY2 xR and RC=RQY xC J.
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Cross-types

Purebred species Hybrids

Fatty acids RR CC CR RC

Total FA(SFA+USFA) 98.68+3.0% 92.80+10.9% 91.07+5.23*  93.51+4.45%
> SFA 37.34+0.88°¢ 51.22+0.91° 40.68+0.23°  38.52+0.73"
> MUFA 27.41+0.48° 19.17+0.28° 23.70+0.45"  23.16+0.51°
> PUFA 33.53+0.60% 22.04+0.27¢ 26.69+0.80°  31.83+0.41°
Y 3 17.65+0.10? 12.03+0.13¢ 12.98+0.08°  15.80+2.50°
> w6 15.88+0.09° 10.37+0.10¢ 13.71+0.01°  16.03+0.15%
Ratio ), SFA/ Y UFA 0.62+0.02¢ 1.23+0.03% 0.81+0.01° 0.70+0.02°
Ratio Y, MUFA/Y PUFA 0.82+0.02° 0.86+0.01% 0.89+0.02% 0.73+0.02°
Ratio (03/ ®6) 1.11+0.01% 1.16+0.022 0.95+0.01° 0.99+0.03°

Data are shown as Mean (+ SE). Sample size (n) =9 for each cross-type. ANOVA followed

by LSD test. All means sharing different lowercase superscripts within a row are significantly
different (P < 0.05). RR=RQ x R3; CC=CQ xCJ3; CR=CQ xRJ and RC=RQ x C 4.
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Discussion

Intergeneric hybridization is one of the potential genetic tools in genetic enhancement programs
to generate genetic variation and improve productivity through hybrid vigor (Mallet, 2007;
Litsios and Salamin, 2014). This technique involves combining the attractive traits of two
different species through the exchange of genome, which leads to phenotypic and genotypic
variation (Stelkens et al., 2009; Al-Harbi, 2016). The acquisition of transgressive inheritance or
heterosis is the main purpose of hybridization in aquaculture. Many authors used this technique
for monosex production (all female male or all male) of different fish species (EI-Zaeem and
Salam, 2013), while others focused on improving the reproductive performances, survival,
growth, disease resistance, immunity, thermal tolerance, etc. of finfish and shellfish (Hassen et
al. 2011; Reddy, 2000; Sarder et al., 2014; Um-E-Kalsoom et al., 2009; Wang et al., 2019;
Ahmad et al., 2020). In the present study, hybridization between two commonly cultured
cyprinid species of Pakistan, i.e., L. rohita and C. catla was performed to obtain heterosis in
certain traits like growth, body shape, immunity, and thermal tolerance. It is well documented
that C. catla is fast growing compared to L. rohita but carcass value, nutritive value, and
immunity of L. rohita are better than C. catla (Shakir et al., 2013). Natural hybridization is
quite common between C. catla and L. rohita and among many inter-specific and inter-generic
hybrids from natural ecosystems have been reported by many investigators (Padhi and Mandal,
1997). The successful production of these hybrids at different hatcheries and their survival,
growth, and the morphological difference is also well documented (Alikunhi et al., 1971; Reddy
and Varghese, 1980; Bhowmick et al., 1981; Al-Manun and Mahmad, 2014; Sarder et al., 2014),
however, limited literature revealed the comparative performance of reciprocal hybrids.

The results of interspecific hybridization depend on the genetic structure of broodstock
(Bartley et al., 2001), therefore we selected the best strains of L. rohita and C. catla from
Tawakkal Fish Hatchery and Farm, Muzaffargarh, and reared under the best management
practices in a semi-intensive culture system. For minimizing the individual effect, milt of all C.
catla and L. rohita males were pooled separately in vials and diluted with 0.9% NaCl solution
and all fish were bred and reciprocal crosses were made on the same day, i.e., under similar

environmental conditions. Although, higher fertilization rate (>85%) was achieved with all
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cross-type, homologous crosses, i.e., both parental cross-types (CC @ x CC & and RR 2 XxRR &
) showed statistically similar and considerably higher (P< 0.05) fertilization rate than
heterologous cross-types (CC @ x RR & and RR @ x CC &) (Fig 4). Our results of statistically
similar and >90% fertilization rate of both parent species (L. rohitaand C. catla) were in
agreement with many investigators (Chakrabarti et al., 2017; Mohapatra et al., 2018). The
hatching rate also followed a similar trend and recorded significantly lower in the hybrids (Fig
4). The similar variation between fertilization and hatching rates in pure parental crosses and
hybrids were also reported by various investigators in different finfish (Alikunhi and Chaudhuri,
1959; Chaudhuri, 1961; Tarnchalanukit, 1985; Morni, 2003; Raj et al., 2005; Adebayo, 2006;
Moses et al., 2005; LUO et al., 2010; Akinwande et al., 2012; Tilahun et al., 2016) and shellfish
(Lyu and Allen 1999; Rahman et al., 2000, 2001, 2004 & 2005; LUO et al., 2010). The higher
fertilization and hatching rates of homologous crosses may be related to easily attachment of
sperm to conspecific ova than to heterospecific ones (Leighton and Lewis 1982; Shah et al.,
2008). Previous investigations reported the role of membrane proteins in gamete recognition or
sperm-egg interactions and suggested that the low fertilization rate of heterologous crosses could
be attributed to the surface glycoprotein of the eggs, which might be different in two distinct
species (Palumbi, 1994; Biermann, 1998). Besides genetic factors, many non-genetic factors like
water temperature, pH, alkalinity, salinity, and hardness also contribute significantly to the
success of hybridization (Gao et al., 2011; Rahman et al., 2012). However, in this study, all the

breeding experiments were conducted on the same day in similar environmental conditions.

Here, we also observed statistically similar but slightly better fertilization rate and
hatching rate in the hybrids of L. rohita eggs (R ¢ x C &) compared to its reciprocal hybrids
i.e., C.catlaeggs (C @ x R &). This may be related to the quality of eggs, as in comparison to
C. mrigal and C. catla, the egg size and diameter of the micropyle canal of L. rohita egg is
somewhat larger than the size of the sperm head (Gopalakrishnan et al., 2002; Khan et al., 2005).
Several investigators reported variation in the size, structure, and development of micropyle in
various teleost and related this to fertilization rate (Riehl, 1980; Guraya, 1986; Yamamoto and
Kobayashi, 1992, Chen et al., 1999). Somewhat higher fertilization rate of rohu in contrast to C.
catla has already been reported by many authors (Singh et al., 2006; Sahoo et al., 2017
Mohapatra et al., 2018). Like our observation, Tilahun et al. (2016) also observed a slight
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difference in fertilization and hatching rate in the cross of batrachus eggs with gariepinus sperm
(batrachus @ x gariepinus &) in contrast to its reciprocal hybrids (Gariepinus @
x batrachus ). However, Legendere et al. (1992) observed significant differences in hatching
rates of Clarias gariepinus and Heterobranchus longifilis and their reciprocal hybrids and
suggested that hatching rates are mostly determined by egg quality or species. Furthermore, Li et
al. (2019), did not observe any significant difference in the fertilization rate and hatching rate of
parent species and hybrid of female Bleeker’s yellowtail and male topmouth culter, while
Shivaramu et al. (2019), reported significantly higher fertilization and hatching rates in Siberian
sturgeon () x Russian sturgeon (&) hybrid group than parental species. This variation in results

may be related to species differences or environmental conditions.

In aquaculture, reproductive performance is the complementary indicator, while growth
rate, disease resistance, survival (%), nutritive value are probably the most driving and desirable
indicators (Bartley et al. 2001). Here we also evaluated the growth performance of both hybrids
in contrast to parental species. For true ranking and evaluation of genetic vigor, we conducted
experiments on different development stages of fish in both control and semi-intensive culture
system. In early developmental stages, numerous environmental factors like age, maternal
effects, mortality, temperature, stocking density and water quality can affect the phenotype of an
individual and need to be controlled or corrected (Dunham, 2011). Here, for avoiding or
minimizing environmental influence, we used the best strain (fast growing diseases resistant) of
similar age and size broodstock of each species, which were reared for 3 months in similar
environmental conditions and on the same feed and feeding strategy. Moreover, we selected the
post-larvae (after yolk sac absorption, i.e., 4 days old spawn) of all cross-types and reared them
separately both in earthen nursery ponds (in semi-intensive culture system) and fiberglass
troughs in controlled conditions. Further, the environmental effect was minimized by the rearing
of each cross-type in a replicate of three in similar size of ponds /trough, for 3 months (mid-June
to mid-August) at the same stocking density in almost similar environmental conditions (DO,
temperature, pH, alkalinity, hardness, etc.) while age effect which could mask the genetic effects
(Dunham, 2011) was controlled by conducting a breeding experiment on the same day and using

post-larvae of all cross-types which were hatched on the same day.
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During early development, survival % generally depends on environmental factors
including quality of eggs (maternal effect), feed, presence of predators, and water quality
(Hepher, 1988; Zak et al., 2007). Here, all cross-types were also reared in triplicate in similar
environmental conditions, both in control and semi-intensive culture system. In nursery ponds,
pond fertility and water quality were maintained by daily addition of fresh water at dawn and
dusk and fortnightly checking the fertility of pond by Secchi disk and addition and restriction of
fertilizer accordingly. All ponds were in the same vicinity, therefore did not show any significant
difference in water quality parameters. Moreover, maternal effect (environmental) was
minimizing by rearing broodstock of both species in a communal pond on the same feed and
feeding strategy. Here, the observed significant difference in survival % among postlarvae and
fingerlings of all cross-types after 90 days of rearing under control condition may indicate the
involvement of genetic factor. The results indicated the lowest survival rate of CC (C. catla)
and the highest survival of RR (L. rohita) during both life stages and it is in accord with
literature which showed a low survival rate of C. catla as compared to L. rohita, Cirrhinus
mrigala, and Cirrhinus cirrhosus (FAO, 2009; 2014).

Literature indicated considerable variation in the survival rate of C. catlaandL.
rohita within species and between species and revealed the influence of many factors like life
stage, size, stocking density, stocking ratio and culture system (monoculture or polyculture),
culture management (controlled or semi-intensive), species, feeding regimen, and duration of
grow-out on the survival % of both species. For instance, 91% survival of C. catla was observed
by Basavaraju et al. (1995) after 156 days of rearing of fry (BW, 1.57 g) in a concrete tank.
However, a lower survival rate (44-47%) of fingerlings (BW, = 40g) of the same species in
contrast to L. rohita (64-85%) fingerlings (BW, ~ 21g) was reported by Sarder et al. (2014) after
rearing C. catla along with L. rohita and C. mrigala and their hybrids in an earthen pond
under a polyculture system over two years. Al-Mamun and Mahmud, (2014) also reported the
lower survival rate of C. catla (43.75%) in contrast to rohu (63.89%) after rearing C.
catla (BW, ~291g) and L. rohu (BW, =230g) along with C. mrigala and their hybrids at
different stocking ratios for about nine months in an earthen pond under semi-intensive culture
system. Similarly, Azim et al. (2014) also reported a lower survival rate of C. catla (45.56 -

86.85%) in contrast to L. rohita (66.37% to 95.45%) while rearing fingerlings of these species
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in various combinations in earthen ponds for about 70 days. Our results also indicated significant
variation in the survival rate % within species and between species at different life stages of fish,
i.e., the higher mortality rate (C. catla, > 50%; L. rohita, <25%) during early rearing as
compared to the rearing of fingerlings of both species (L. rohita < 8%, C. catla >20%). The
observed > 60% survival rate of L. rohita during early rearing in control conditions was in
accordance with results reported by other investigators (lbrar et al., 2017; Amir et al., 2018).
Similarly, the lower mortality rate of L. rohita about 10% during the rearing of the fingerlings

(BW, = 20g) in a semi-intensive culture system was also reported by Amir et al. (2018).

The observed survival % of both F1 hybrids under both rearing conditions and at
different life stages in the present study was intermediate as compared to parental species, may
be due to disease resistance, stress tolerance and immune response being greater than C.
catla and lower than L. rohita (Table 4). Like our results, Sarder et al. (2014) also reported the
intermediate survival rate of L. rohita x C. catla hybrid (BW, 15¢g ) while rearing this hybrid in
earthen ponds for 2 years with fingerlings of parental species (L. rohitaand C. catla), C.
mrigala, and hybrids of C. mrigala x C. catla and L. rohita x C. mrigala Moreover, Al
Mamun and Mahmud also reported an intermediate survival rate of L. rohita x C. catla as
compared to parental species after conducting series of rearing experiments by using different
stocking ratios of C. catla, L. rohita, C. mrigala, and their hybrids in an earthen pond under
semi-intensive culture system for 9 months. Here we also observed a significant difference
(P<0.05) in the survival rate of both hybrids, i.e., RC hybrids showed a better survival rate as
compared to CR hybrids. No literature is available to compare the results of survival % of
reciprocal hybrids of C. catla and L. rohita. However, like our results reciprocal hybrids of C.
gariepinus and H. bidorsalis showed a significant difference in survival rate, i.e., 78% for H.
bidorsalis @ x C. gariepinus & in contrast to 61 % for C. gariepinus®x H. bidorsalis &
during early rearing of fry for 14 days (Owodeinde et al., 2013). Moreover, unlike over results
reciprocal interspecific hybrids of C. gariepinus x C. anguillaris showed an almost similar
survival rate during early rearing. Furthermore, our results of significantly decreased in the
mortality rate of all cross-types (purebred species and reciprocal hybrids) with an increase in
body weight were also in accord to literature that reveals an increase in the survival rate of fish

with an increase in body length and body weight of fish (Pepin, 2016; Stige et al., 2019).
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In aquaculture, survival and growth are the most desirable traits of any culturable species.
These traits are directly related to net production per unit area (Al-Mamum and Mahmud, 2014)
and affected by many factors including, water quality parameters, soil quality, species, genetic
make-up and developmental stage of species, stocking density, infectious diseases, etc. In this
study, for true genetic ranking of all cross-types based on growth performance, we conducted
growth evaluating experiments of all-cross-types at different life stages, both in controlled and
semi-intensive culture system (Tables 4,5,6,7,8). Results of this study except under suboptimum
culture condition (during winter) indicated a similar growth pattern of all cross-types, i.e., a
faster growth rate of CC (C. catla) cross-type followed by hybrids (CR and RC), while RR (L.
rohita) showed the lowest growth rate. Under controlled conditions, two sets of experiments,
each for 90 days, one for early rearing of swim-up fry in fiberglass trough (capacity, 150 L) and
the other for the rearing of fingerling (BW:- range 25-31g) in communal fiberglass tank were
conducted. During rearing, optimum water temperature (27°C) and DO level (5.5- 6mg/L) were
maintained by using water heaters and aeration system while other parameters like pH, total
ammonia, hardness and, alkalinity were also found in range optimum range for the rearing of
Indian major carps. Moreover, the water quality of each trough/tank was maintained by
removing uneaten feed and fecal matter through siphoning and exchanged 20% of tank water

with fresh water daily or the once every two days.

For evaluating growth performance of all cross-types in the semi-intensive culture
system, efforts were made to culture all groups of fish under similar rearing environment by
selecting nursery ponds, grow-out ponds, and communal pond which were in the same vicinity
and adjacent to each other and rearing of all groups was conducted in triplicate. All ponds were
fertilized at the same rate with the same organic and inorganic fertilizers and also provided
supplementary feed at the same ratio. During rearing, although, water quality parameters showed
variation but did not show any noticeable change between ponds. Moreover, water temperature
during the early rearing and rearing of fingerlings in communal ponds showed increasing trends

but it remained within a range suitable for the rearing of Indian major carp.

Pakistan has a continental type of climate, i.e., annual variation in temperature. Water

temperature in most of the areas of Punjab starts to decline in September and reaches a minimum
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value in January and then gradually rises and showed peak values during June-July. Therefore,
during September, fingerlings of all cross-types were shifted from nursery ponds to grow-out
ponds at a stocking density of 5000 fingerlings/ ha as suggested by Gjerde et al., (2019) and
reared there for about 250 days. During the rearing period, extreme weather conditions, i.e.,
thunderstorms, rainy/cloudy season, and extreme daily variation in water temperature were
observed and we adjusted the feeding rate accordingly. It is well documented that fish feeding
activity is reduced during the colder season or when the temperature is < 20°C (NAERLS, 2002).
Therefore, feeding was restricted during rainy or cloudy weather and limited the feeding rate at
low temperature because, in this condition, most of the fish do not feed on floating pellets and
depend on naturally occurring feeds in the pond waters (Ramakrishna, 2013). The same feeding
strategy was adapted for all cross-types. After this rearing period, we observed a very different
trend in the growth of all cross-types i.e., rohu showed the highest %WG followed by RC hybrid,
while C. catla showed the lowest %WG. It may be due to rearing temperature. During the
rearing period, water temperature remained below the optimum temperature required for the
growth of Indian major carps. It is well documented that thermal tolerance is species-specific and
C. catla (surface feeder fish) is the least temperature tolerant species than L. rohita, which feeds
at the column or middle layer of the pond due to which they have more tendency to adapt to
adverse conditions (Das et al., 2004). It seems that during this rearing period, C. catla used most

of the energy for tolerating thermal stress instead of growth.

In this study, all cross-types were reared almost in similar environmental conditions;
therefore the observed difference in growth rate may be related to their genetic make-up. Among
Indian major carps, C. catlais the fastest-growing species (FAO, 2013; Al Mamun and
Mahmud, 2014) and we also observed this trend both in the controlled and semi-intensive culture
system. Postlarvae and fingerlings of CC-cross-type showed significantly higher %WG and daily
weight (ADG) in comparison to L. rohita. Although, during the early rearing in the controlled
condition the ADG values of both species did not show any significant difference, the difference
was obvious in nursery ponds and during the rearing of fingerlings. Our results of higher weight
gain and SGR of C. catla as compared to L. rohita during the early rearing of these species
were in accordance with Nandeesha et al. (2001). Moreover, other investigators reported a

significantly higher weight gain (>34%), and SGR of C. catla as compared to L. rohita after six
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months (Al-Mamun and Mahmud, 2014) and two years (Sarder et al., 2014) of rearing of

fingerlings in polyculture system.

In the present study both hybrids (CR and RC) showed intermediate growth performance,
i.e., higher %WG compared to L. rohita but less than C. catla. The literature revealed
comparatively similar growth of hybrids and parental species in the initial developmental stage
compared to the grow-out stage (FAO, 2012). However, we observed a significant difference in
FBW, WG, %WG and SGR% of both hybrids with parental species after 90 days of rearing of
post-larvae in both controlled and semi-intensive culture systems. Both hybrids showed
significantly higher values of growth indices than RR cross-type but comparatively fewer values
compared to CC cross-type. This discrepancy in results may be related to the rearing period; we
observed results after 90 days of rearing of post-larvae, whereas most investigators reported early
growth rate after 15-30 days of rearing. Additionally, during the early life stage, both hybrids
showed low parent heterosis, and only the CR hybrid had shown favorable mid-parent heterosis
for body weight and SGR.

Literature revealed the variable growth rate of both hybrids in the grow-out stage. For
instance, some investigators reported that the growth performance of the hybrids produced
from L. rohita @ x C. catla & cross is better than slower-growing parent L. rohita (Varghese
and Shantharam, 1979; Keshavanath et al., 1980; Konda Reddy and Varghese, 1980;
Maheshwari et al., 1990; Jana, 1993), while others reported no significant difference in the
growth rate of this hybrid (RC) and C. catla (Chaudhuri, 1973). Konda Reddy and Varghese
(1980Db) reared both hybrids (RC and CR) along with the parent species and reported that RC
hybrid grows slightly faster than rohu (RR) but very much slower than catla (CC). However, like
our study, Keshavanath et al. (1980) also assessed the growth performance of both hybrids (RC
and CR) along with their parental species (RR and CC) under solitary (independent) and
communal rearing conditions but unlike our results reported insignificant difference in the
growth of CR and RC hybrids. Although, both RC and CR hybrids did not show the most
pronounced difference in growth-related indices ( WG, %WG, SGR, and ADG) while rearing in
solitary at a suboptimum temperature under a semi-intensive culture system the difference was

obvious in communal rearing conditions (both controlled and semi-intensive) and CR hybrid
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showed better growth performance compared to RC hybrid. Our results of better growth
performance of both hybrids compared to L. rohita and inferior to C.catla while reared in
solitary are in accord to Keshavanath et al. (1980) but in communal rearing, results are variable,
we observed a similar trend, i.e., growth performance of hybrids better than L. rohita and lower
to C. catla but Keshavanath et al. (1980) did not observe any significant difference in growth-

related indices of L. rohita and hybrids.

Some other scientists also determined the growth of CR and RC hybrids in the grow-out
stage of different water bodies. For instance, Maheshwari et al. (1990) stocked RC hybrid in 3
different water bodies (large and small reservoirs, ponds) and reported inferior growth of hybrid
(< 10-20%) compared to the male parent (C. catla) while 30-125% better compared to the female
parent (L. rohita) in the pond culture system. In a small reservoir, although in the first year, they
did not observe any significant difference among the growth of catla and hybrid, nevertheless in
the second and third year the difference became obvious and hybrids showed 20% and 32%
respectively less weight compared to C. catla. During three years rearing period hybrids showed
53-128% higher growth over rohu. However, over 2 years of rearing in a polyculture system
consisting of Catla, rohu, and mrigal and their hybrids, Sarder et al. (2014) reported 8-24%
higher weight of hybrids compared to rohu while 12-36% less weight compared to
Catla. Moreover, over 9 months of rearing of rohu, catla, mrigal, and their hybrids, Al-Mamun
and Mahmud (2014), reported a higher % weight gain of CR hybrid compared to both parents
i.e., 17.6% higher than catla and about 77% higher than rohu.

Overall results of this study concerning growth traits indicated the intermediate growth of
both hybrids in comparison to both parents species. Although both F1 CR and RC hybrids had
shown low parent heterosis for growth-related parameters (Fig 8,9,10 ), yet F1 CR hybrids
showed relatively higher LHP and positive MPH than F1 RC hybrid. It seems a faster-growing
parent (C. catla) transmitting this trait (growth potential) to hybrid. Like our results, Kumolu-
Johnson et al. (2011) also reported the more weight gain and higher specific growth rates of the
reciprocal hybrid of female C. gariepinus (CG)x male H. bidorsalis (HB) than the hybrid HB
x CG and suggested the maternal influence on the growth-related indices of fish. Based on

growth performance, the genetic raking of all-cross-type (CC> CR>RC >RR) also confirmed the
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stronger effect of females in crosses as compared to males. Many investigators reported similar

maternal effect in a wide variety of species (Ibanez-Escriche et al., 2014; Liu et al., 2016).

For the validation of results of growth performance of all cross-types, we further extend
our study and determine the mRNA levels of growth-related genes, MyoD, Myogenin, and IGF-1
in liver and muscle of all cross-types after 90 days of communal rearing of fingerlings in a semi-
intensive culture system. Data collected from adult and juvenile fish indicated that the rate of
growth in teleost is a species-specific phenomenon and can be affected by external factors like
temperature, nutrient availability, water quality parameters, culture conditions, etc. (Steinbacher
et al., 2007). Generally, growth in teleost involves the hypertrophy and recruitment of muscle
fibers (Johnston, 1999). Many investigators indicated the persistence of both hyperplasia and
hypertrophy in fast-growing fish (Steinbacher et al., 2006 ), while the limited rate of hyperplasia
and the dominance of hypertrophy in slow-growing fish (Weatherley et al., 1988; Veggetti et al.,
1993).

Literature reveals that recruitment of new muscle fibers in fish occurs throughout their
life (Rowlerson and Veggetti, 2001; Sengupta et al., 2014) and the process is under the control of
myogenic regulatory factors (MRFs). In teleost, these factors comprise MyoD, Myf5, myogenin,
and MRF4 can convert a variety of non-muscle cells into myotubes and myoblasts (Emerson,
1990; Weintraub, 1993). The present study indicated a significant difference in the expression of
MyoD and myogenin among cross-types. The mRNA levels of both MyoD and Myogenin
followed the same pattern as observed in growth, i.e., higher expression in CC followed by CR
and RC cross-type while lowest in RR cross-type. Both genes showed tissue-specific expression
i.e., higher expression in muscle as compared to liver. These results are in accord with literature
that showed the higher expression of these genes in muscle and indicated their role in

myogenesis (Rescan, et al., 194; Kim, et al., 2004)

Insulin-like growth factor-1 (IGF-1) is an important hormone, mostly secreted by the liver
and transported to other tissues. It plays an important role in the somatic growth of teleost via
growth hormone action (Moriyama et al., 2000). Growth hormone and IGF-I are the two most
important genes affecting the growth of fish (Triantaphyllopoulos et al., 2019). Many

134


https://anatomypubs.onlinelibrary.wiley.com/doi/full/10.1002/dvdy.21103#bib33
https://anatomypubs.onlinelibrary.wiley.com/doi/full/10.1002/dvdy.21103#bib31

Discussion

investigators reported the role of IGF-I in the growth of channel catfish (Silverstein et al., 2000;
Peterson et al., 2004). Besides affecting somatic growth, IGF-1 also plays role in tissue repair,
osmoregulation and metabolism of proteins, carbohydrates, and lipids and affect the immune
system by enhancing cell proliferation, lymphopoiesis, cell survival, and granulopoiesis (Clark et
al., 1993: Kooijman et al., 1996; McCormick, 1996). Many scientists reported the tissue-specific
expression, i.e., highest in the liver compared to other tissues (Power et al., 2000; Ayson et al.,
2007; Dar et al., 2018). Here we also observed higher expression of this gene in the muscle of all
cross-types compared to the liver. Moreover, the IGF-1 mRNA level showed a similar pattern
among all cross-types as shown by MyoD and Myogenin genes, i.e., CC cross-type showed the
highest expression followed by CR cross-type while RR cross-type showed the lowest

expression.

In aquaculture, accurate identification of species including their hybrids is important for a
better understanding of biodiversity issues, assessment of production, and sustainable
development of aquaculture. Before 1960, morphological study was in practice for the
identification of species. Nowadays, still it is frequently used for the evaluation of genetic
diversity, identification and classification of aquatic animals, and population differentiation.
Worldwide, it is in practice for segregating fish species (Betancur et al., 2017; Guan et al., 2017;
Ukenye et al., 2019), Morphometry generally based on body shape, number, size, color, and
pattern of scales, fins number and position, fin rays number and form, as well as measurements
of several body parts (Telechea, 2009). Usually, individuals would be considered hybrids when
their meristic and morphometric measurements values were intermediate to values of two
parental species (Hubbs and Kuronuma, 1942; Campton, 1987; Teletchea, 2009). However,
hybrids can express differently among traits, leading to violation of the intermediate assumption.
Many factors like environmental factors (Binning and Chapman, 2010), diets, developmental
stages (Biswas and, Shah 2009; Dwivedi and Dubey, 2013), and the genetic origin of populations
(Janhunen et al., 2009; Biswas and Shah, 2009) affect the morphological characteristics. To
avoid environmental influence, fingerlings from communal ponds were selected for the

morphological identification of all cross-types.
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Our results indicated a difference in body shape, size, color, scales shape and size, mouth
gap, eyes position, and head size of C. catla and L. rohita. The body shape of L. rohita was
fusiform with blackish color at the dorsal side and silvery below and the sides compared to C.
catla which had a short, deep, and somewhat laterally compressed body that was greyish at the
dorsal side and silvery-white at the ventral region. The mouth of L. rohita was sub-terminal
with square or somewhat circular mouth gap/opening compared to C. catla, which had a broader
head, wide, upturned mouth with circular large opening/gap with protruding lower jaw. The
position of eyes in L. rohita was dorsolateral, not noticeable from outside of the head while
catla had larger eyes with a red spot on the lower part of the eyeball. The lower lip of L.
rohita was folded and fringed while the upper lip extending and covered the lower lip while in
catla the upper lip was thin while the lower lip was infringed and thick/folded. Pelvic fins of L.
rohita were red in contrast to catla that was darkish in color. Although both species had
cycloid scales, yet L. rohita scales were diamond shape while C. catla scales were larger in
shape. Our results are in accord with most of the investigators (Desai and Rao, 1970; Chaudhuri,
1974; Natarejan and Mishra, 1976; Reddy and Varghese, 1980; Bhowmick et al., 1981; Sarder et
al., 2011).

The external morphological features indicated that both hybrids (RC and CR hybrids)
were intermediate in most of the traits, while some traits resemble their mother species and both
hybrids showed more resemblance towards the female. For instance, like catla, the mouth of the
CR hybrid was terminal with a circular opening, curved lateral line, and black color pectoral,
ventral and anal fins. However, other features were intermediate, e.g., head smaller than the CC
cross-type but larger than RR cross-type and had moderately wide mouth opening and
intermediate size cycloid scales, etc. Similarly, rohu RC hybrids had folded lower lip, eyes
without red spot, curved lateral line, and red color pelvic fins. However, their head size was
intermediate (larger than RR cross-type but smaller than CC cross-type) and their body color at
dorsal region was greyish like CC and at ventral region was white like RR. Many investigators
who worked on morphometric and meristic characters of Indian major carps (catla, rohu, and
mrigala) also observed similar features of hybrids (Desai and Rao, 1970; Chaudhuri, 1974;
Natarejan and Mishra, 1976; Reddy and Varghese, 1980; Bhowmick et al., 1981) and conclude
that most taxonomic characters were intermediate between the parent species. Like our
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observation, Desai and Rao, (1970) reported feebly fringed lower lip and terminal mouth of CR
hybrid, while Tripathi et al. (1974) reported extensively thick mouth with striated lips. Similarly,
Natarajan et al. (1976) reported a terminal mouth without barbels of CR hybrid. However, except
for some minor characteristics, Reddy and Varghese, (1980) did not observe any difference
between CR and RC.

For accurate identification of hybrids and parental species, we further calculated some
morphometric ratios, and counted the fin rays of all cross-types. In morphometric ratio, the
significant difference (P>0.05) among cross-types was found only in TL ratio with HD, ED,
PrePL and, PreAL. Similarly, out of 18 meristic counts, only 9 counts showed significant
differences (P<0.05 among cross types. Both CR and RC hybrids showed a significantly higher
number of scales above and below the lateral line and a total number of pectoral-fin rays while
intermediate numbers of branched and un-branched caudal-fin rays. Moreover, some ratios
showed maternal influence like the total number of dorsal fin rays. Overall results indicated that
most morphometric characters of both hybrids are in accord with literature and although both
hybrids were intermediate in appearance but showed more maternal resemblance (Bhowmick et
al., 1981; Al-Mamun and Mahmud, 2014).

Many scientists reported the maternal inheritance of meristic trait however, our results
showed variable results and did not follow intermediacy or maternal influence. The observed
variation may be explained by their genetic potential or environmental influence (Al Mamun and
Mahmud, 2014). The impact of rearing environment or environmental fluctuations on the
morphometric traits of fish is well documented (Allendorf and Phelps, 1988; Swain et al., 1991,
Wimberger, 1992). According to them, fish are more flexible and adopted the changing
environment by essential morphometric changes both within and between populations. Like our
results, Simkova et al. (2015) also observed variable results. They reported maternal inheritance
of some morphometric characters into the hybrid of common carp x gibel carp into carp, while
the paternal inheritance of some meristic traits and suggested that body morphology of hybrids
could be inherited from paternal or maternal species in an equal or unequal manner. Conversely,
some investigators reported maternal or paternal predominance. For instance, Park et al. (2006)

reported the maternal inheritance of some morphometric traits in the hybrid of mud loach
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(Misgurnus mizolepis) and cyprinid loach (Misgurnus anguillicaudatus), while Dunham et

al.(1982) reported more resemblance of blue and white channel catfish hybrid to paternal species

The morphological identification of fish species based on morphometry and the meristic
count is sometimes misleading (Zhu et al., 2013). To avoid ambiguity and identified the hybrids
and parental species more accurately, a molecular approach, i.e., DNA barcoding by
mitochondrial COX 1 gene was undertaken. It is well known that transcription of mtDNA
encoded genes varies in the population, thus these genes can be used to illustrate variances
among populations or species and to examine deep divergence (Suneetha et al., 2000;
Apostolidis et al., 2008; Wu et al., 2010; He et al., 2011; Mandal et al., 2012). Nowadays, the
CO1 gene along with other mitochondrial genes is used to identify interspecific and intraspecific
hybrids and to determine their phylogenetic relationship with parental species (Akhtar and Ali,
2016; Qu et al., 2018). Moreover, the CO1 gene estimated the nucleotide base difference among
species, genera, and families and accurate discrimination of unidentified species (Dawany et al.,
2007).

Here amplified barcode region of the mitochondrial DNA of all cross-types was
sequenced and a complete barcode fragment of 670bp (RR cross-type), 672bp (CC cross-type),
644bp (CR cross-type), and 659bp (RC cross-type) was obtained. The result indicated higher
levels of transitional substitution than transversional substitution, which is in accord with results
reported by Ayesha et al. (2019). In RR cross-type, out of 670bp nucleotide length (excluding
sites with alignment gaps), 97.9% (656) sites were monomorphic while 2.1% (14) sites were
polymorphic. Out of 14 variables, 9 were singleton and 5 were parsimony informative. However,
Ayesha et al. (2019) reported somewhat different results of CO1 analysis sequence analysis of
rohu, i.e., 89% in variable or constant characters and about 11% variable polymorphic characters
with 28 singletons and 65 parsimony informative sites. Here, the observed total number of
haplotypes (4) and haplotypes diversity (Hd, 0.455) were comparatively less than 10 and 0.933
respectively reported by Ayesha et al. (2019). However, the sequence analysis of the nucleotide
composition of the CO1 gene was in accord with the literature. The observed small intraspecific
distance (0.003) compared to 0.026 reported by Ayesha et al. (2019) indicated small intraspecific

variation which may be due to sampling size.
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CO1 sequence analysis of CC cross-type (C. catla) indicated the mean nucleotide length
of 672bp excluding the sites with alignment gaps or missing data. Out of 672 sites, 655 sites
(97.5%) were found to be constant (monomorphic), while 17 sites (2.5%) were variable
(polymorphic) with 11 singletons and 6 parsimony informative sites. The total number of
haplotypes, haplotypes diversity and nucleotide diversity were somewhat higher than the RR
cross-type but less than reported for C. catla (Ayesha et al., 2019). The observed nucleotide
composition of CO1 gene sequence in CC cross-type was similar to RR cross-type but slightly
variable compared to values reported in the literature. The intraspecific distance was less than the

RR cross-type indicating the least intraspecific variation in the samples of CC cross-type.

CO1 sequence analysis of CR cross-type (hybrid) indicated an average nucleotide length
of 644 bp excluding the sites with gaps or missing data. The 644bp consisted of a higher number
of invariable or monomorphic sites (633 or 98.2%) and less number of variable polymorphic
sites (11 or 1.71%) compared to RR and CC cross-types. Moreover, CR cross-type also showed
less number of singletons sites in CR hybrids compared to RR and CC cross-types while
parsimony informative sites were similar to RR cross-type and less than CC cross-type. The total
number of haplotypes in CR-cross-type was 6 compared to 4 and 5 observed in RR and CC
cross-types. CR cross-type also showed higher haplotypes diversity while lower nucleotide
diversity compared to parental species. The observed nucleotide composition of COI gene
sequence in CR cross-type also showed variation compared to parental species e.g. lower
contents of cytosine and somewhat higher contents of Guanine with comparatively higher A+T

and lower G+C contents

Like COI sequence of CR cross-type, COI sequence of RC hybrid also showed variation
compared to parental species. The mean nucleotide length of 659 bp excluding the gaps
consisted of 650 (98.64%) invariable (monomorphic), and only 9 (1.37%) variable
(polymorphic) sites. Here the %age variable sites including parsimony informative sites were
less than observed in other cross-types. Like RR cross-type, the number of haplotypes was 4 but
haplotype diversity was greater than RR and CC cross types, and less than CR cross-type. The
observed nucleotide composition of CO1 gene sequence in RC cross-type also showed variation

compared to other cross-types (parental species and CR cross-type). Although like CR hybrid the
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nitrogenous bases in nucleotide composition followed the same raking, i.e., T>A>C>G but the %
contents were variable, i.e., %content of G and % G+ C was highest in RC hybrids compared to
all cross-types while % T and % A were slightly less than CR hybrid. No literature is available
on the COI sequence analysis of rohu-catla hybrids (RC and CR) for comparison of our results.

The present study also indicated that all cross-types showed an obvious anti-G bias, more
prominent in parent species (RR and CC cross-types) compared to hybrids (CR and RC). This is
in accord with literature indicating the more common appearance of anti-G bias in a teleost (Zhu
et al.,, 2013; Akhtar et al., 2017). For instance, many investigators reported such G-deficient
nucleotide patterns in different fish species like rohu and catla (Ayesha et al,
2019), Carassioides acuminatus (Zhu et al., 2017). Moreover, all cross-types showed a high

rate of transitional substitution (10-13.6%) compared to transversional substitution (4.72-6.23%)

Furthermore, the constructed Neighbour Joining (NJ) tree (K2P) based on barcode sequencing
with a region of approximately 680bp for all samples of four cross-types, i.e., (RR, CC, CR, and
RC hybrids) indicated two clades, i.e., representing two separate species. The analyses of the
histogram of genetic and ranked distances revealed a clear gap between conspecific and
congeneric species. Each hybrid is closely related to its female parent and showed an identical
phylogenetic relationship with the mother species. For instance, CR hybrids showed the
minimum distance with C. catla while RC hybrid showed the minimum distance with L. rohita.
Based on the K2P model, the interspecific divergence between parent species and hybrid ranges
from 0.003-0.014 (Table 19). The maximum genetic distance was noticed between C. catla and
RC hybrid and the lowest distance was observed between L. rohita and RC hybrid. It appears
that, although all the mitogenomes of the hybrids were consistent with maternal inheritance, yet a
certain level of variation was detected in the mitogenomes. The number of variable sites was

found to be related to the phylogenetic relationship of the parents.

Besides affecting the growth and general morphology of fish, hybridization can bring out
changes in the physiology, blood chemistry, disease resistance and immunity of fish. Many
investigators studied the hematological parameters of hybrids to parental species for the

evaluation of genetic flexibility of fish against pathogens (Diyaware et al., 2013; Simkova et al.,
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2015; Zhang, 2019). and confirmed the impact of hybridization on the hematological parameters
of fish. Hematological parameters reflect the health status and general physiology of fish (Fazio,
2019; Ahmed et al., 2020) and are affected by many endogenous (sex, species, age, etc.) and
exogenous factors (stress, nutrition, husbandry practices, pollutants, feeding habits, etc.).
According to many investigators, hematological studies could be helpful in the selection of fish
or other animals that are genetically tolerant to stress and certain diseases (Mmereole, 2008;
Isaac, 2013; Ahmad et al., 2020).

Here we also studied the hematological indices of all cross-types for the assessment of
their health status and potential to cope with stress and disease and found a significant difference.
To avoid the environmental influence, the hematological profile of C. catla, L. rohita and
their reciprocal hybrids (CR and RC hybrids) were investigated under the same environmental
condition, i.e., fish of all cross-types of the same age were first reared in the communal pond for
90 days and then acclimatized for 2 weeks under laboratory conditions before taking blood. All
blood parameters of fish recorded in the current study were within the ranges for healthy fish,
however, showed significant difference among species and their intergeneric hybrids. Both F1
hybrids (RC followed by CR hybrid) showed the highest value of RBCs, WBC MCH, MCHC,
HB, and Hct% as compared to parental species. It seems hybrids were more tolerant to stressor
compared to both parental species. Several hematological indices like Hb, Ht, RBCs indicate the
oxygen-carrying capacity and secondary responses of animals to irritants (Shah and Altindag,
2004; Adeyemo et al., 2008). Moreover, among hematological parameters, WBCs are related to
the defense mechanism or immunity of fish and their higher number in both hybrids may indicate
their comparatively higher stress resistance. Several exogenous and endogenous factors like fish
species, genotype, age, infection to pathogens, and nutritional differences may change the
number of WBC (Magnadottir, 2006; Romano et al., 2017; Parrino et al., 2018). Overall, in both
hybrids, higher values of hematological parameters indicated their better potential to cope with
stress compared to both parental species in a similar rearing environment. Like our results,
Diyaware et al. (2013) also observed a higher level of RBCs in C. anguillaris x H.
bidorsalis hybrid, while, in contrast to our observation, reported lower levels of other

parameters compared to both parental species. Conversely, Simkova et al. (2015) reported an
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intermediate level of WBCs in the hybrid of Cyprinus carpio x Carassius compared to

parental species.

Infectious diseases are major constrain in the sustainable development of aquaculture.
A disease not only affects fish production through high mortality and impaired growth but also
causes financial losses and negatively impacts the livelihood of farmers (Houston, 2017). With
the expansion of aquaculture and the introduction of intensive and super-intensive culture
systems, the demand for genetically disease-resistant stock has been increased and disease
resistance becomes a highly targeted trait for aquaculture. Many investigators have used
interspecific hybridization to improve disease resistance and immunity of the stock (Rahman et
al., 2013; Simkova et al., 2015; Zhang et al., 2019).

In fish, the immune system protects against disease by recognizing and eliminating
disease-causing organisms. The innate immunity comprising of physical barriers (epithelial/
mucosal membrane surfaces), and nonspecific noncellular (humoral) and cellular components
provide the first line of defense and are very important in disease resistance. Innate immunity is a
heritable trait (Carroll and Janeway 1999; Du Pasquier 2004; Alvarez-Pellitero 2008) that is
modulated by several inherent (sex, age, maternal effects) and environmental factors
(temperature, stress, stocking density, etc.) and showed great diversity in the activity of
immunological indices among species and even between individuals (Magnadottir, 2010). Many
workers reported a significant correlation between innate immunity parameters and disease
resistance of fish. For instance, Balfry et al. (1994) reported a relation between disease resistance
to Vibrio species and plasma lysozyme activity, differential WBCs count, and phagocyte
respiratory burst activity in tilapia and Coho salmon. Other scientists observed relation of serum
lysozyme activity with Vibrio salmonicida infections and resistance to Aeromonas
salmonicida, and Renibacterium salmoninarum in salmonids (Lund et al., 1995), serum
bactericidal activity of rainbow trout with furunculosis resistance (Hollebecq et al., 1995),
Edwardsiella tarda infection with serum lysozyme activity and mRNA level of immune-related
genes (C-type lysozymes, G-type lysozymes, interleukin-13, complement component C3, 32-
microglobulin, inducible nitric oxide synthase and tumor necrosis factor-alpha (TNF-a) in L.
rohita (Mohanty and Sahoo, 2010)
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In the present study, we also evaluated the disease resistance and innate immunity of
hybrids and parental species of the same age groups by designing and conducting an experiment
in controlled conditions. Fish of all cross-types were challenged with A. hydrophila
a commonly used pathogen to elucidate immune mechanisms in warm water fish (EI-Houseiny
et al., 2021). For comparative evaluation of the potential to cope with the pathogen exposure,
blood samples of all cross-types (CC, RR, CR, and RC) were samples after 24 hrs infection and
analyzed nonspecific (lysozyme activity, phagocytic activity, phagocytic index, and respiratory
burst activity) and specific (IgM level) immunity parameters. Moreover, temporal and spatial
expression of immune-related genes (lysozyme C, lysozyme G, and TNF-a ) in muscle and liver
samples were also analyzed by collecting samples at different time intervals, i.e., at 0, 6, 12, 24,

48, and 168 hrs post-infection.

Lysozyme is an important component of nonspecific defense mechanisms that has strong
antibacterial activity (Grinde et al., 1988; Zarkadis, et al., 2001; Sahoo, 2004 & 2006; Saurabh
and Sahoo 2008). The activity of lysozyme changed in the state of disease and response to
bacterial invasion (Bunlipatanon and U-Taynapun, 2017; Bilodeau-Bourgeois and Bosworth
BGPeterson, 2008). It directly attacks the cell wall of both gram-positive and gram-negative
bacteria and hydrolyzes the peptidoglycan layer by splitting glycosidic bonds (Yano, 1996). In
fish, lysozyme activity has been found in many tissues and secretions (Alexander and Ingram,
1992). Here like Mohanty and Sahoo (2010), we used blood serum for the analysis of its activity.
In fish lysozyme levels do not remain constant but show variation with rearing environments,
sex, bacterial species, and bacterial load (Minagawa et al., 2001; Yildiz, 2006). For instance,
Japanese flounder showed higher lysozyme activity against Pfiesteria piscicida and Vibrio
anguillarum compared to Edwardsiella tarda (Minagawa et al., 2001). Similarly, Simkova et
al. (2020) reported higher lysozyme activity in roach during spring compared to autumn. For
avoiding environmental and sex effects, we conducted an experiment in controlled conditions on
the fingerlings of all cross-types of the same age and challenged all groups with the same
pathogen, i.e., A. hydrophilia.

Our results of higher lysozyme activity in RR cross-type (L. rohita) before and after

challenge to A. hydrophilia is in accord to literature (Nayak et al., 2011; Dash et al., 2014,
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Kumar et al., 2018; Mohanty and Sahoo, 2010) that indicated the comparatively higher immune
response or immunity of L. rohita compared to C. catla. We also observed the highest lysozyme
activity in RC hybrid followed by CR hybrids both before and after exposure to the pathogen. It
seems both hybrids have a strong defensive mechanism (lytic activity) against bacterial invasion
compared to both parental species. This could be explained by the heterosis effect, as lysozyme
concentration in both hybrids showed high parent heterosis before (RC, = 39%; CR, =~ 20% (Fig
20) and after (RC, = 64%; CR, = 28%) challenge to a pathogen. Like our results, Zhang (2019)
also reported significantly higher lysozyme activity in hybrid catfish (Pelteobagrus
fulvidraco?x P. vachelli &) compared to all-male P. fulvidraco. Conversely, Simkova et
al.(2015) observed a week effect of hybridization on lysozymes activity in F1 hybrid of two
phylogenetically related cyprinids, common carp and gibel carp, and reported an insignificant
effect of season and sex. Whilst F1 reciprocal hybrids of two non-congeneric cyprinid common
bream (Abramis brama) and common roach (Rutilus rutilus) showed intermediate lysozyme

concentration, somewhat higher in spring with no sex effect (Simkova et al., 2015).

Phagocytic activity and phagocytic index are the important parameters of nonspecific
cellular defense systems (Secombes and Fletcher,1992; Jensch-Junior et al., 2006). Phagocytosis
is the most ancient tool of defense against foreign materials (Dzik, et al., 2010). In fish,
macrophages, monocytes, and granulocytes are major phagocytic cells while in some species
neutrophils also show phagocytic activity. These cells contain hydrolytic enzymes (acid and
alkaline phosphatases, peroxidases, and lysosomal enzymes) for killing the infectious agents.
Many investigators reported higher Phagocytic activity and phagocytic index in different fish
species in responseto A. hydrophila infection e.g., C. gariepinus (Al-Khalaifah et al.,
2020), C. carpio (Anbazahan et al., 2014), L. rohita (Palanikani et al., 2019; Sharma et al.,
2010), goldfish (Rahman et al., 2001; Harikrishnan et al., 2010).

Like lysozyme concentration, the phagocytic activity and phagocytic index of L.
rohita before and after challenge to A. hydrophila were higher than C. catla while both
hybrids showed higher activity compared to both parental species. Moreover, many-fold higher
values of HPH and MPH indicated the higher vigor of RC hybrid compared to CR hybrid against

pathogens. Like our results against Aeromonas hydrophila, crossbred hybrid (O. aureusd x
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O. niloticus?Q) showed the highest percentage of phagocytic activity and phagocytic index
compared to purebred genotypes (El-Hawarry and Saad, 2011). However, against a similar
pathogen, phagocytic activity of hybrid was higher than blue tilapia but comparable to and Nile
tilapia (Cai et al., 2004). Similarly, phagocytic activity of hybrid (Japan abalone x Japan
abalone) and Japan abalone was statistically similar but higher than Taiwan abalone (You et al.,
2019). Moreover, a hybrid between C. macrocephalus and C. gariepinus has no significant

difference.

Respiratory burst Activity (RBA) represents the quick discharge of reactive oxygen
species (ROS) including hydrogen peroxide and superoxide radicals from the professional
phagocytes. These oxygen-free radicals act as potent bactericidal agents. Respiratory burst
activity trend in all cross-types like other immunity parameters also indicated the comparatively
higher resistance of RC hybrids to disease-causing organism compared to other cross-type. Many
fold higher values of high and mid parent heterosis also indicated more improvement in the
defense system of RC hybrid. Literature revealed variable results concerning RBA of hybrid to
parental species. For instance hybrid of common bream and common roach showed an
intermediate level of RBA (Simkova et al., 2020), while RBA in hybrid (Japan abalone x Japan
abalone) and Japan abalone was statistically similar but higher than Taiwan abalone (You et al.,
2019). However, Liang et al. (2014) did not find any difference in RBA among parental species
(H. discus hannai and H. gigantea ) and their reciprocal hybrids.

In the present study, we also determined the IgM level (specific immunity) of all cross-
types. IgM plays a significant role, both in the innate and adaptive immunity of fish (Kataoke et
al., 1980; Schatz, 2007; Flajnik, 2010). Literature reveals the capability of fish to produced
specific IgM-type natural antibodies against different antigens, however, the intensity of the
response depends on environmental conditions and species (Magnadottir, 1998). Moreover, the
effect of sex on the IgM level of cyprinids is also well documented. For instance, males of
common carp (Rohlenova et al., 2011) and Rutilus rutilus (Simkova et al., 2020) showed a
higher level of IgM compared to females. Here we used juveniles of all cross-types, thus
determined the IgM level irrespective of sex, and observed a significant increase in serum IgM

level in all cross-types of fish after 24 hrs pathogen injection. Like our results, many workers
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reported a similar rise in IgM level in different fish after invasion to A.
hydrophila, e.g., sparus aurata (Becerril et al., 2011), Nile tilapia (O. niloticus) (Magid et
al., 2019; El- Gawad et al., 2019; Moustafa et al., 2020 ), hybrid red tilapia (O. mossambicus x
O. niloticus) (Monir et al.,, 2020), striped catfish (Pangasianodon hypophthalmus)
(Sirimanapong et al., 2014).

Like all other immunity indices, IgM level also showed a clear interspecific difference,
i.e., higher levels in RC hybrids followed by CR hybrids, while CC cross-type showed the lowest
level before and after injection of a pathogen. Limited literature is available to compare our
results of IgM level of hybrids to parental species. However, contrary to our observation, after
exposure to A. hydrophila, Zhang et al. (2019) did not observe any significant differences in
IgM levels of catfish hybrid (Pelteobagrus fulvidracoQ x P. vachelli &) compared to all-
male P. fulvidraco. However, hybrids of common carp and gibel carp showed a higher IgM
level than gibel carp but equal to common carp (Simkova, 2014), while Abramis

brama x Rutilus rutilus hybrid showed an intermediate level of IgM (Simkova et al., 2020).

The total serum protein level in all cross types also followed the same pattern as observed
for immunity parameters, i.e., RC>CR>RR>CC and the same trend as reported by Peyghan et al.
(2010), i.e., significantly high protein value in infected fish compared to a healthy one. Similarly,
Atlantic salmon infected with A. salmonicida also showed a significant increase in serum y-
globulin fraction and total protein (Magnadottir et al., 1992; Moyner, 1993). In contrast to our
findings, some works reported a decrease in serum or plasma total protein in infected fish. For
instance, Evenberg et al. (1986), reported reduced in y-globulin and total serum protein levels in
carp infected experimentally with A. salmonicida. Similarly, Nile tilapia and L. rohita infected
with E. tarda (Benli and Yildiz, 2004; Mohanty and Sahoo, 2010), common carp with spring
viremia (Rehulka, 1996), and Pseudomonas fluorescens (Yildiz, 1998) infection also showed a
significant decrease in the total protein levels. The variation in results may be due to species
difference or infection level. A post-infection increase in total protein level observed here and
reported by others may indicate the activation of groups of serum protein that regulate the
immune function and protect from ROS cellular damage (Zhang et al., 2019), however, a

decrease in serum protein could be due to strong challenge and tissue injury that cause a decline
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in some the acute phase protein (Mohanty and Sahoo, 2010). The higher serum total protein in
hybrids compared to both parental species is parallel to immunity indices and indicating their

higher immune response against pathogens

In the current study, we also investigated the disease resistance of all cross-types in terms
of survival (%) after challenged with A. hydrophila. During 20 days of challenge assay, both
RC and CR cross-types showed higher survival (%), i.e., improved disease resistance compared
to both parental species may be due to favorable genotype. Based on challenge test results it
seems that hybrids harbor fewer parasites or less susceptible to pathogens. Like rohu-catla
hybrid, channel catfish and abalone hybrids in the challenge test also showed a higher survival
rate (%) than parental species (Dunham and Smitherman 1987; Shuang Liang et al., 2018).
Similarly, two reciprocal hybrids of xiphophorus variatus and X. maculatus also
demonstrated significantly lower infection levels than either parental stock (Walter, 2001). A
similar finding has also come from mollusks where hybrids were found more resistant to
pathogenic bacteria (V. harveyi, V. alginolyticus, and V. parahaemolyticus) injection
compared to parental species (Idrovo et al., 2016). There are only a few studies on the evaluation
of the resistance gained by interspecific hybrids relative to the parental species and literature
showed variable results like intermediate resistance of channel x blue catfish hybrids to enteric
septicemia compared to the parental species (Wolters et al., 1996); negative heterosis, in
resistance to Edwardsiella ictaluri in the channel x blue catfish hybrid (Bosworth et al., 2004);
no significant difference in resistance to Ichthyophthirius multifiliis between channel catfish
and channel x blue catfish hybrid (Xu and Klesius, 2013; Xu et al., 2011) but like our findings,
higher resistance to Flavobacterium columnar in channel x blue catfish hybrid than both parental
species (Arias et al., 2012).

The studies on immune-genetic aspects of fish are not only of ‘purely scientific’ interest
but also have substantial practical applications that could facilitate the development of preventive
strategies against pathogens (LaPatra et al., 2001; Emmenegger and Kurath, 2008).
Transcriptional analyses have helped a lot in understanding changes in the levels of immune-
related proteins, which are present in a modest amount in the blood or tissue, especially in the

absence of an assay system for analyzing them. Though the expression studies of immune-related
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genes in Indian carps have recently been initiated (Mishra et al., 2009; Sahoo et al., 2009;
Mohanty and Sahoo, 2010), but understanding of immune responses to hybridization of these
species at the transcription level is limited. Here we also studied the expression pattern of some
immunity-related genes (TNF-a, lysozyme G, and lysozyme C) in the liver and muscle of all
cross-types after injection of a pathogen (A. hydrophila) and observed significant up-regulation
in all cross-types and variation in the mMRNA level of these genes among cross-types. Among all
cross-types, RC hybrid followed by CR and RR before and after challenge showed significantly
higher expression of all immune-related genes, while fingerlings of CC cross-type showed
comparatively lower expression. It seems hybrids combine some immunity traits from parents

and showed more immunity than their parental species

Knowledge of immunity genes and their level of temporal expression against pathogens
is essential to understand the basic mechanism of immunity. Therefore, in the present study, we
also studied the temporal and spatial expression of the selected immunity genes (TNF-a,
lysozyme G, and lysozyme C) after challenging all cross-types to pathogenic bacteria. Although
Mohanty and Sahoo (2010) also selected these genes along with other genes for the evaluation of
immune response against E. tarda pathogen but here is the first-time report on these genes in
CR and RC hybrids in comparison with L. rohita and C. catla. Moreover, expression pattern of

these genes individually in L. rohita has also reported (Mulder et al., 2007).

Like many reports (Fugh et al., 2013; Fu et al., 2013), we observed higher expression of
lysozyme C in the liver than the muscle of all cross-types. In the liver, up-regulation of these
genes was noticed at early stages of infection, i.e., 6 hr after Intraperitoneal administration of A.
hydrophilla. Many workers reported similar early up-regulation of lysozyme genes in different
fish species after similar intraperitoneal injection of a pathogen (Bilodeau et al. 2005; Mohanty
and Sahoo, 2009 & 2010; Zhang et al., 2019) and suggested that via this administration,
pathogen get somewhat quick access in the bloodstream and cause the induction of immune-
related genes within 6 hrs. However, in contrast to our results, Fu et al. (2013) reported up-
regulation of similar genes in the liver of Asian sea bass at 12hr post-infection (Vibrio

harveyi).
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In the present study, although the lysozyme C gene in the muscle of all cross-types
showed up-regulation at 6 hrs, nevertheless MRNA level compared to observed in the liver was
many-fold low. This is in accord with literature that showed low expression of this gene in the
muscle (Fu et al., 2013). Moreover, lysozyme C in muscle started down-regulation at 12 hrs than
the liver where it remained show higher expression. The post-infection expression of lysozyme G
unlike lysozyme C showed an almost similar level of expression in both muscle and liver but
temporal expression followed the same trend that in muscle showed peak level at 12 hr post-
infection and then down-regulation compared to the liver where it showed higher expression at
6hr and remained up-regulated up to 12 hrs. Here we did not observe any significant difference
in the temporal and spatial expression pattern of both lysozyme C and G genes among all cross-
types. However, all pairwise statistical comparison indicated a significantly higher lysozyme C
expression in RC hybrid while intermediate expression in CR hybrid in contrast to lysozyme G
which showed higher expression in reciprocal hybrids both before and after pathogen challenge,
thus indicating LPH in both hybrids and MPH and HPH in F1 RC hybrid. This relatively higher
level of heterosis in the expression of both lysozyme C and lysozyme G in muscle and liver of
RC hybrids may indicate the higher disease resistance compared to parental species. Although
many investigators reported post-infection up-regulation of lysozyme genes in different fish
species like Japanese flounder (Hikima et al., 2001), orange-spotted grouper (Yin et al., 2003),
mandarin fish (Sun. et al., 2006), yellow croaker (Zheng et al., 2007) and C. idella (Ye, et al.,
2009), yet no previous study compared the expression of these genes in hybrids to parental

species.

TNF-ais an inflammatory cytokine produced by professional phagocytic cells
(macrophages/monocytes) during acute inflammation and helps in the recruitment and activation
of phagocytes (Roca et al., 2008). Like lysozyme C, TNF-a also showed higher expression in the
liver compared to the muscle of all cross-types. In both liver and muscle of all cross-types, up-
regulation of this gene was observed at early stages of infection, i.e., 6 hr after administration of
pathogenic bacteria. Expression of this gene remained high up to 12 hrs and subsequently
showed down-regulation. Like our result, a progressive increase in TNF-a expression early of
bacterial infection, followed by a down-regulation was also reported previously (Rojo et al.,

2007). However, Dash et al. (2017) reported an increase in TNF-a expression up to 48 hrs post-
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infection and then a gradual decrease. Similarly, Booth et al. (2008) also reported significantly
higher expression of TNF-a at 48hrs in response to E. ictaluri infection and then gradual down-
regulation in channel catfish families. The activation of these cytokines immediately after
infection and then drop in their levels gradually might reflect a decrease in the bacterial burden
or neutralization of the inflammation. Many investigators reported similar up-regulation of the
TNF-a gene in response to pathogens in different fish species, e.g. Japanese flounder (Hikima et

al., 2001), zebrafish embryos, and adults (Pressley, 2005).

Like other immune-related genes, the expression of TNF-a also did not show any
significant difference in the temporal and spatial expression pattern among all cross-types. After
infection, in all cross-types (hybrids and parental species), it showed a similar trend of up-
regulation and down-regulation at all sampling times. However, all pairwise statistical
comparisons indicated a significantly higher expression of TNF-a in the fingerlings of both
hybrids compared to parental species both before and after challenged to A. hydrophila. This
trend was found at all sampling times in both liver and muscle samples of all-cross-types.
Though both hybrids (RC and CR) showed LPH, MPH, and HPH heterosis in the spatial peak
expression of TNF-a but RC hybrids showed relatively higher levels of positive heterosis than

CR hybrid. No previous work is available to compare our results.

Data are scarce on the direct immunity comparison of parent species and their reciprocal
hybrids. Investigating the immune response of cyprinid species and their hybrids Andrea
Simkova (2014) reported that hybrids showed an intermediate immunity compared to parent
species. While Xu and Kilesius (2013), observed the immune protection
against Ichthyophthirius multifilis, however unlike our results, did not observe significant
variation in parasite infection, serum anti-Ich antibody, or survival of fish between immunized
channel catfish and the hybrid of blue x channel catfish. However, Wolters et al. (1996),
observed an intermediate post-challenge-response of antibody in blue catfish male x channel
catfish female hybrids and revealed that the introgression of resistance genes is very important
for resistance against diseases. In the same manner, the results of the humoral immune response
strongly support the preceding results of the non-specific immune response parameters measured

in the current study. During the present study, the defensive ability or the immune status was
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more prominent in hybrid progeny than pure species, which might be due to inheritance and

results in immune-competent hybrid fish (Alter et al., 2017).

Rohu and catla are popular food fish, especially in Asian countries. Although, both
species are the most cultivable and popular in the polyculture system, however, the economic
importance, consumer preference, market demand, and nutritive value of rohu are comparatively
higher than catla (FAO, 2009 &2013; Ahmed et al., 2020). Thus, here we also evaluated the
impact of hybridization on nutritive value, i.e., chemical (crude protein, crude fats, ash, and
moisture contents), amino acids, and fatty acids composition of the muscle of all cross-types.
Literature revealed considerable variation in proximate composition among various species and
even among different individuals belonging to the same species (Memon et al., 2010; Tasbozan
et al., 2016; Hussain et al., 2018) and showed the strong effect of environmental and biological
factors. Some workers reported the impact of environment like culturable conditions, farming
system and fishing on the size of muscle fiber and contents of lipids and protein (Solari, 2006;
Gonzélez et al., 2009), while others observed the effect of biological factors or intrinsic factors
like species, strain, age, body weight, feed, sex and migratory behavior (Suéarez et al., 2002;
Gonzélez et al., 2009). Among environmental factors diets or source of food showed more
impact on the nutritional composition compared to other factors (Herawati et al., 2018; Desta et
al., 2019). To the best of my knowledge, except Olaniyi et al. (2016), no literature is available
that showed comparative muscle proximate composition of hybrids with their parental species.

In the present study, for the proximate composition of muscle, we selected the juvenile
fish of similar age after rearing in a communal pond and found significantly (p=0.001) higher
crude protein content in L. rohita followed by RC hybrid, CR hybrid, andC.
catla, respectively. It is in accord with literature that reported the highest percentage of protein
in rohu in comparison to other carps (Mukundan et al., 1986). Although, reciprocal hybrids of C.
and H. bidorsalis also showed somewhat intermediate protein contents but showed higher
variation within hybrids compared to parental species (Olaniyi et al., 2016). However, in the
present study, no such variations were observed and both hybrids and parental species showed a
similar level of variation in muscle protein contents. The intermediate contents of protein

observed here and reported by Olaniyi et al. (2016) may indicate the hybridization effect.
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Moreover, the maternal effect was also observed in the present study, as RC hybrids showed
higher content than CR hybrids.

Fat content of all cross-types found < 5%, indicating lean fish (Osman et al., 2001). Such
a class of fish stores 50-80% of its fat in the hepatopancreas as triacylglycerol (Jacquot, 1961).
According to Osman et al. (2001), the flesh of lean fish is white due to a high level of moisture.
Similar, higher moisture and less than 5% fat have also been observed in many fish species
(Zmijewski et al., 2006). Fat content observed in the current study significantly differed (P <
0.05) among cross-types, and hybrids showed the same intermediate pattern between C.
catla and L. rohita. The highest fat content observed in L. rohita followed by RC hybrid, CR
hybrid, and C. catla, respectively. However, in contrast to our result, reciprocal hybrids of
catfish (C. gariepinus x H. bidorsalis) showed higher levels of fat contents than parental
species, which may be due to species differences. Literature revealed a significant difference in
lipid contents among species and even among strains of similar species (Erickson, 1992), and
indicating a strong effect on both flavor and taste of fish meat (Heinz and Hautzinger, 2007).
Here, the intermediate value indicated heterosis and improvement in the quality through

hybridization.

The ash and moisture content also varied significantly (P < 0.05) among cross-types.
Moisture content was high in the muscle of catla, low in rohu, and intermediate in hybrids. Our
finding also showed the impact of hybridization on the amount of inorganic components of the
fish body. We observed maximum ash content in C. catla followed by CR hybrid, then RC
hybrid, and least in L. rohita. Unlike our results, Olaniyi et al. (2017) found high moisture
content in catfish hybrids with high individual variation compared to parental species (C.
gariepinus and H. bidorsalis. The water content in the meat has a profound effect on the
processing quality and the uniformity of the final product (Heinz and Hautzinger, 2007). Here
both hybrids (CR and RC) had an intermediate level of moisture contents between parental
species, and low level of individual variation compared to catfish hybrid. Again showed some

improvement in flesh quality as compared to C. catla.
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Discussion

A characteristic fish flavor is also related to a free amino acid level found in the muscle
tissue. Additionally, some amino acids like glutamate, histidine, and glycine substantially
contribute to the taste, texture, and quality of fish meat (Li et al., 2009). It is well established that
the nutritional value of meat is characterized not only by protein content but also by the
composition of amino acids. In the present study, muscle amino acid composition showed a
higher level of essential amino acids in C. catla followed by RC hybrid, then L. rohita, and
least in CR-hybrid. Like our results, Mohanty et al. (1991) also reported higher levels of essential
amino acids in C. catla compared to L. rohita. However, no previous studies address the
impact of hybridization on the amino acid profile of fish. Here we did not get any clear picture
because CR hybrid showed the least contents of NEAA and highest level of EAA compared to
RC hybrids where NEAA content was less than catla but higher than other cross-types, while
EAA level was higher than catla but lower than other cross-types. Further molecular level study

is required to reach any conclusion.

Fatty acid contents in different fish species vary in chain length from C14-C24 and
degree of saturation to un-saturation and ®-6 to ®-3 ratios. The variation in the fatty acid profile
of fish within and between species could be due to the difference in their natural and prepared
diets especially in the quantity and quality of the dietary source of lipid (Khan et al., 2015; Afridi
et al., 2018) along with many others extrinsic and intrinsic factors (Mréaz and Pickova, 2011; Qiu
et al., 2017; Afridi et al., 2018; Zhang et al., 2019). To avoid these factors, juvenile fish of all
cross-types of the same age group, reared in the communal earthen pond on the same prepared
diet were selected for the analysis of the fatty acid profile and found variations in the muscle

contents of SFAs, USFAs, PUFAs and m3to ®6 ratio among parent species and hybrids.

The observed muscle fatty acid composition of L. rohita was in accord with the
literature. Like our observations, Afridi et al. (2018) also reported similar lower concentration of
SFA (saturated fatty acids), higher contents of MUFA (monounsaturated fatty acids), and PUFA
(polyunsaturated acids) especially docosahexaenoic acids (DHA) and eicosapentaenoic acid
(EPA) and ®3/w6 ratio in similar size of L. rohita. Fatty acid composition of fish muscle
indicates the nutritional quality and oxidative stability of lipids. For instance, consumption of

SFAs is associated with higher LDL-cholesterol level and coronary heart disease (Santos et al.,
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2013; Fernandes et al., 2014; Rodrigues et al., 2017) while monounsaturated (MUFA) improve
the lipids profile (Liu et al., 2013). Similarly, polyunsaturated fatty acids (PUFA) have anti-
arrhythmic, anti-inflammatory, antithrombotic, hypolipidemic, and vasodilatory properties
(Simopoulos, 2016; Sokota-Wysoczanska et al., 2018). Here, higher contents of MUFA and
PUFA in the muscle of rohu compared to catla which showed higher levels of SFA support the
previous reports (FAO, 2009 & 2013) and indicating higher nutritional quality of rohu compared
to all other cross-types.

Fatty acid profile of reciprocal hybrids showed clear intermediate levels of SFA, MUFA,
and PUFA and a lower level of w3/w6 ratio compared to both parental species. No literature is
available to compare the results of reciprocal hybrids and the impact of hybridization on the fatty
acid profile of fish. In the present study, all cross-types were on the same prepared feed and of
similar age, thus the observed variation in fatty acid profile may be related to their metabolism

and genotype of each cross-type (Tocher, 2003).

Generally, the balance of w6 and w3 fatty acids is important because they are
metabolically and functionally distinct and are not inter-convertible, and often have important
opposing physiological effects, (Simopoulos, 2016). The -6 fatty acids increase the membrane
permeability which then increases intracellular triglycerides, while omega-3 fatty acids suppress
lipogenic enzymes and increase beta-oxidation which reduces the fat deposition (Simopoulos,
2016). Omega-6 and omega-3 fatty acids work together to create balance, homeostasis, within
the body. According to some scientists, a 1:1 ratio of ® -3 to ® -6 fatty acids is good from a
nutritional point (Simopoulos, 2016) while others suggested 1:1 to 1:5 ratios with a predominant
amount of EPA and DHA, best for a healthy human diet (Osman et al., 2001). Here hybridization
showed a somewhat negative effect on the ® -3 to ® -6 ratio, i.e., both hybrids showed < 1 ratio
compared to parent species that showed >1ratio. Moreover, RC hybrids showed a comparatively
higher ratio compared to CR hybrids. Overall results of proximate composition, amino acid
profile, and fatty acid profile indicated the higher nutritional value of RR-cross-type (rohu)
followed by hybrids. Thus indicating the effect of interspecific hybridization on the nutritive

value of fish.
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Conclusion

In conclusion, this study demonstrated the intermediate growth performance, thermal
tolerance, nutritive value, and morphological features while improved immunity and disease
resistance of both F1 hybrids (rohu-catla and catla-rohu) compared to both parental species (L.
rohita and C. catla were observed. These results also indicated the higher disease resistance,
immunity, thermal tolerance, and nutritive value of the F1 RC hybrid compared to F1 CR
hybrids which showed a higher growth rate. Moreover, each hybrid showed an identical
phylogenetic relationship with the mother species, i.e., CR hybrids showed the minimum
distance with CC, and RC hybrid showed the minimum distance with RR. These results suggest
that both hybrids have the potential to be introduced in aquaculture for improving production per

unit area.

155



References

References

Abbott, R., Albach, D., Ansell, S., Arntzen, J. W., Baird, S. J., Bierne, N., Boughman, J.,
Brelsford, A., Buerkle, C. A., Buggs, R., & Butlin, R. K. (2013). Hybridization and
speciation. Journal of Evolutionary Biology, 26(2), 229-246.

Abd El-Gawad, E. A., El Asely, A. M., Soror, E. 1., Abbass, A. A., & Austin, B. (2019).
Effect of dietary Moringa oleifera leaf on the immune response and control of
Aeromonas hydrophila infection in Nile tilapia (Oreochromis niloticus) fry. Aquaculture
International, 28(1), 389-402.

Abhijith, B. D., Ramesh, M., & Poopal, R. K. (2016). Responses of metabolic and antioxidant
enzymatic activities in gill, liver and plasma of Catla catla during methyl parathion

exposure. The Journal of Basic and Applied Zoology, 77, 31-40.

Abid, G., Muhoviski, Y., Jacquemin, J. M., Mingeot, D., Sassi, K., Toussaint, A., et al.
(2011). Changes in DNA-methylation during zygotic embryogenesis in interspecific
hybrids of beans (Phaseolus spp.). Plant Cell Tissue Organ Cult. 105, 383-393.

Achaya, K. T. (2003). The story of our food. Universities Press.

Adah, P. M., Onyia, L. U., & Obande, R. A. (2013). Fish hybridization in some catfishes: A

review. Proceedings of 28th Fison Annual Conference, 25-30.

Adebayo, O.T. (2006). Reproductive performance of African Clariid Catfish Clarias gariepinus
broodstock on varying maternal stress. Journal of Fisheries International 1(1-2): 17-20.

Adeyemo, G. O. (2008). Effects of cottonseed cake based diets on haematology and serum
biochemistry of egg-type chickens. International Journal of Poultry Science, 7(1), 23-27.

Afridi, A. J., Zuberi, A., Yousafzai, A. M., Kamran, M., & Ullah, S. (2018). Hemp
(Marijuana) reverted Copper-induced toxic effects on the essential fatty acid profile of
Labeo rohita and Cirrhinus mrigala. Molecular Biology Reports, 46(1), 391-401.

156



References

Agren, J. A.,, & Clark, A. G. (2018). Selfish genetic elements. PLoS Genetics, 14(11),
e1007700.

Ahmad, M., Zuberi, A., Ali, M., Syed, A., Khan, A., & Kamran, M. (2020). Effect of
acclimated temperature on thermal tolerance, immune response and expression of HSP
genes in Labeo rohita, Catla catla and their intergeneric hybrids. Journal of Thermal
Biology, 89, 102570.

Akhtar, T., & Ali, G. (2016). DNA barcoding of Schizothorax species from the Neelum and
Jhelum Rivers of Azad Jammu and Kashmir. Mitochondrial DNA Part B, 1(1), 934-936.

Akinwande, A. A., Fagbenro, O. A., & Adebayo, O. T. (2012). Comparative Growth and
Survival of Reciprocal Hybrids Between Clarias gariepinus and Clarias anguillaris.
Journal of Applied Aquaculture, 24(4), 349-355.

Akinwande, A. A., Fagbenro, O. A., Adebayo, O. T., (2011). Growth and heterosis in
reciprocal Clarias hybrids between Clarias gariepinus and Clarias angularis. Journal of
Fisheries. Interenational, 6(3), 67-70.

Alexander, J. B., & Ingram, G. A. (1992). Noncellular nonspecific defence mechanisms of
fish. Annual Review of Fish Diseases, 2, 249-279.

Al-Harbi, A. H. (2016). Phenotypic and genotypic characterization of Streptococcus agalactiae
isolated from hybrid tilapia (Oreochromis niloticusx O. aureus). Aquaculture, 464, 515-
520.

Alikunhi, K. H., & Chaudhuri, H. (1959). Preliminary observations on hybridization of the

common carp (Cyprinus carpio) with Indian carps. Proc. Indian Sci. Congr, 46

Alikunhi, K. H., Sukumaran, K. K., & Parameswaran, S. (1971). Studies on composite fish
culture: Production by compatible combination of Indian and Chinese carps. Journal
Indian Fish Assoc, 1: 26-27.

157



References

Al-Khalaifah, H., Khalil, A. A., Amer, S. A., Shalaby, S. L., Badr, H. A., Farag, M. F., &
Abdel Rahman, A. N. (2020). Effects of Dietary Doum Palm Fruit Powder on Growth,
Antioxidant Capacity, Immune Response, and Disease Resistance of African Catfish,
Clarias gariepinus (B.). Animals, 10(8), 1407.

Allen Jr, S. K. (1983). Flow cytometry: assaying experimental polyploid Fish &
Shellfish. Aquaculture, 33(1-4), 317-328.

Allendorf F. W. & Waples R. S. (1996). Conservation and genetics of salmonid fishes. In:
Avise J.C. and Hamrick J.L. (eds): Conservation Genetics: Case Histories from Nature.
Springer, New York, USA, 238-280.

Allendorf, F. W., Ryman, N., & Utter, F. M. (1987). Genetics and fishery
management. Population Genetics and Fishery Management, 1-19.

Al-Mamun, A., & Mahmud, A. I. (2014). Study on growth performance and production of
juvenile Indian major carp (Catla catla, Labeo rohita and Cirrhinus cirrhosus) and their

hybrids. Journal of Fisheries and Aquatic Science, 9(3), 92-108.

Alter, K., Andrewartha, S. J., Morash, A. J., Clark, T. D., Hellicar, A. D., Ledén, R. 1., &
Elliott, N. G. (2017). Hybrid abalone is more robust to multi-stressor environments than
pure parental species. Aquaculture, 478, 25-34.

Aluko, P. O. (1998). Cytogenetic and histological evidences of infertility in second and
backcross generation of the intergeneric cross of Heterobranchus longililis and Clarias
anguillaris. Nuclear, 41, 137-141.

Alvarez-Pellitero, P. (2008). Fish immunity and parasite infections: from innate immunity to
immunoprophylactic prospects. Veterinary Immunology and Immunopathology, 126(3-4),
171-198.

158



References

Amir, 1., Zuberi, A., Imran, M., & Ullah, S. (2018). Evaluation of yeast and bacterial based
probiotics for early rearing of Labeo rohita (Hamilton, 1822). Aquaculture
Research, 49(12), 3856-3863.

Anbazahan, S. M., Mari, L. S. S., Yogeshwari, G., Jagruthi, C., Thirumurugan, R.,
Arockiaraj, J., & Harikrishnan, R. (2014). Immune response and disease resistance of
carotenoids supplementation diet in Cyprinus carpio against Aeromonas hydrophila. Fish
& Shellfish Immunology, 40(1), 9-13.

Anderson, D., & Siwicki, A. (1995). Basic hematology and serology for fish health programs.
Published by Fish Health Section, Asian Fisheries Society, 185-202.

Anon, (2002). British Trout Association code of practice. British.

Apostolidis, A. P., Madeira, M. J., Hansen, M. M., & Machordom, A. (2008). Genetic
structure and demographic history of brown trout (Salmo trutta) populations from the
southern Balkans. Freshwater Biology, 53(8), 1555-1566.

Arias, C. R., Cai, W., Peatman, E., & Bullard, S. A. (2012). Catfish hybrid Ictalurus
punctatusx |. furcatus exhibits higher resistance to columnaris disease than the parental

species. Diseases of Aquatic Organisms, 100(1), 77-81.

Ataguba, G. A., Annune, P. A., & Ogbe, F. G. (2010). Growth performance of two African
catfishes Clarias gariepinus and Heterobranchus longifilis and their hybrids in plastic

aquaria. Livestock Research for Rural Development, 22(2), 1-6.

Avise J. C. & Van den Avyle M .J. (1984). Genetic analysis of reproduction of hybrid white
bass x striped bass in the Savannah River. Transactions of the American Fisheries
Society 113, 563-570.

Ayesha, U. R., Shafi, N., Akhtar, T., Zareen, A., & Ayub, H. (2019). DNA barcoding of
cyprinids (Labeo rohita, Catla catla and Cirrhinus mrigala), mitochondrial CO1-based
study. Mitochondrial DNA Part B, 4(1), 405-407.

159



References

Ayinla, O. A., & Nwadukwe, F. O. (2003). Review of the development of hybrid
(Heteroclarias) of Clarias gariepinus and Heterobranchus bidorsalis. Nigerian Journal of
Fisheries, 1, 85-98.

Ayson, F. G., de Jesus-Ayson, E. G. T., & Takemura, A. (2007). mMRNA expression patterns
for GH, PRL, SL, IGF-I and IGF-II during altered feeding status in rabbitfish, Siganus
guttatus. General and Comparative Endocrinology, 150(2), 196-204.

Ayyappan, S. & Jena, J. N. (2001). Sustainable freshwater aquaculture in India. In: T. J.
Pandian (ed.), Sustainable Indian Fisheries, National Academy of Agricultural Sciences,
New Delhi, India. pp 83-133.

Bakos, J., Krasznai, Z., & Marian, T. (1978). Cross-breeding experiments with carp, tench and

Asian phytophagous cyprinids. Aquacultura Hungarica, 1, 51-57.

Balfry, S. K., Iwama, G. K., & Evelyn, T. P. T. (1994). Components of the non-specific
immune system in coho salmon associated with strain differences in innate disease

resistance. Development and Comparative. Immunology, 18(1), 582.

Bartley D. M., Rana K., Immink A. J. (2001). The use of interspecific hybrids in aquaculture
and fisheries. Reviews in Fish Biology and Fisheries, 10, 325-337.

Bartley DM, Rana K, Immink A. J. (2000). The use of inter-specific hybrids in aquaculture
and fisheries. Reviews in Fish Biology and Fisheries, 10, 325-337.

Basavaraju, Y., &. Varghese, T.J. (1980). A comparative study of the growth rate of rohu-
mrigal and mrigal-rohu hybrids and their parental species. Mysore Journal of
Agricultural Sciences, 14(3), 388-395.

Basavaraju, Y., K. Devaraj, & Ayyar., S. (1995). Comparative growth of reciprocal carp
hybrids between Catla catla and Labeo fimbriatus. Aquaculture 129, 187-191.

160



References

Beck, M. L., Biggers, C. J., & Dupree, H. K. (1980). Karyological analysis of
Ctenopharyngodon idella, Aristichthys nobilis, and their F1 hybrid. Transactions of the
American Fisheries Society, 109(4), 433-438.

Bekele, F., Adnoy, T., Gjoen, H. M., Kathle, J., & Abebe, G. (2010). Production performance
of dual purpose crosses of two indigenous with two exotic chicken breeds in sub-tropical
environment. International Journal of Poultry Science, 9(7), 702-710.

Bell, M. A., & Travis, M. P. (2005). Hybridization, transgressive segregation, genetic
covariation, and adaptive radiation. Trends in Ecology & Evolution, 20(7), 358-361.

Benli, A. K., & Yildiz, H. Y. (2004). Blood parameters in Nile tilapia (Oreochromis niloticus
L.) spontaneously infected with Edwardsiella tarda. Aquaculture Research, 35(14),
1388-1390.

Bentsen, H. B., Eknath, A. E., Palada-de Vera, M. S., Danting, J. C., Bolivar, H. L., Reyes,
R. A., Dionisio, E. E., Longalong, F. M., Circa, A. V., Tayamen, M. M. & Gjerde, B.
(1998). Genetic improvement of farmed tilapias: growth performance in a complete
diallel cross experiment with eight strains of Oreochromis niloticus. Aquaculture, 160(1-
2), 145-173.

Benvenuto. C., Tabone, E., Vercken, E., Sorbier, N., Colombel, E., Warot, S., Fauvergue,
X.,, & Ris, N. (2012). |Intraspecific variability in the parasitoid
wasp Trichogrammachilonis: can we predict the outcome of hybridization? Evolutionary
Applications, 5(5), 498-510.

Betancur-R, R., Wiley, E. O., Arratia, G., Acero, A., Bailly, N., Miya, M., & Orti, G. (2017).
Phylogenetic classification of bony fishes. BMC Evolutionary Biology, 17(1), 1-40.

Bhatnagar, S., Zhu, X., Ou, J., Lin, L., Chamberlain, L., Zhu, L. J., & Green, M. R. (2014).
Genetic and pharmacological reactivation of the mammalian inactiveX
chromosome. Proceedings of the National Academy of Sciences, 111(35), 12591-12598.

161



References

Bhowmick, R. M., Jana, R. K., Gupta, S. D., Kowtal, G. V., & Rout, M. (1981). Studies on
some aspects of biology and morphometry of the intergeneric hybrid Catla catla
Hamilton x Labeo rohita Hamilton produced by hypophysation. Aquaculture, 23, 397-
371.

Biermann, C. H. (1998). The molecular evolution of sperm binding in six species of sea urchins
(Echinoidea: Strongylocentrotidae). Molecular Biology and Evolution,15, 1761-1767.

Bilodeau-Bourgeois, L., Bosworth, B. G., & Peterson, B. C. (2008). Differences in mortality,
growth, lysozyme, and toll-like receptor gene expression among genetic groups of catfish
exposed to virulent Edwardsiella ictaluri. Fish & Shellfish Immunology, 24(1), 82-89.

Binning, S. A., & Chapman, L. J. (2010). Is intraspecific variation in diet and morphology
related to environmental gradients? Exploring Liem's paradox in a cichlid
fish. Integrative Zoology, 5(3), 241-255.

Biswas, B., & Shah, M. S. (2009). Taxonomic comparison of local and Thai koi (Anabas
testudineus, Bloch) from Khulna, Bangladesh. SAARC Journal of Agriculture, 7(1), 19-
28.

Booth, M. A., Tucker, B. J., Allan, G. L., & Fielder, D. S. (2008). Effect of feeding regime
and fish size on weight gain, feed intake and gastric evacuation in juvenile Australian

snapper Pagrus auratus. Aquaculture, 282(1-4), 104-110.

Bosworth, B. G., Wolters, W. R., Silva, J. L., Chamul, R. S., & Park, S. (2004). Comparison
of production, meat yield, and meat quality traits of NWAC103 line channel catfish,
Norris line channel catfish, and female channel catfishx male blue catfish F1
hybrids. North American Journal of Aquaculture, 66(3), 177-183.

Brodeur, J. C., Peck, L. S., & Johnston, I. A. (2002). Feeding increases MyoD and PCNA
expression in myogenic progenitor cells of Notothenia coviiceps. Journal of Fish
Biology, 60(6), 1475-1485.

162



References

Bryden, C. A., Heath, J. W., Heath, D. D.(2004). Performance and heterosis in farmed and
wild Chinook salmon (Oncorhynch us tshawytscha) hybrid and their parents crosses.
Aquaculture, 235, 249-261

Bunlipatanon, P., & U-taynapun, K. (2017). Growth performance and disease resistance
against Vibrio vulnificus infection of novel hybrid grouper (E pinephelus lanceolatusx E
pinephelus fuscoguttatus). Aquaculture Research, 48(4), 1711-1723.

Burnside, E. B. (2004). To successfully crossbreed, it is essential to utilize breeds that is

competitive and superior for individual strait. Article of Crossbreeding for Profit.

Burrell, R. B., Keppel, A. G., Clark, V. M., & Breitburg, D. L. (2016). An automated
monitoring and control system for flow-through co-cycling hypoxia and pH

experiments. Limnology and Oceanography: Methods, 14(3), 168-185.

Cai, W. Q., Li, S. F., & Ma, J. Y. (2004). Diseases resistance of Nile tilapia (Oreochromis
niloticus), blue tilapia (Oreochromis aureus) and their hybrid (female Nile tilapiax male

blue tilapia) to Aeromonas sobria. Aquaculture, 229(1-4), 79-87.

Campton, D. E. (1987). Natural hybridization and introgression in fishes: Methods of detection
and interpretation. In: Ryman N. and Utter F.M. (eds): Population Genetics and Fishery
Management. University of Washington Press, Seattle, USA, 161-192.

Carroll, M. C., & Janeway, C. A. (1999). Innate immunity. Current opinion in
immunology, 11(1), 11-12.

Chakrabarty, P., Faircloth, B. C., Alda, F., Ludt, W. B., Mcmahan, C. D., Near, T. J., &
Alfaro, M. E. (2017). Phylogenomic systematics of ostariophysan fishes: ultraconserved
elements support the surprising non-monophyly of Characiformes. Systematic
Biology, 66(6), 881-895.

163



References

Chatterjee, N., Pal, A. K., Manush, S. M., Das, T., & Mukherjee, S. C. (2004). Thermal
tolerance and oxygen consumption of Labeo rohita and Cyprinus carpio early fingerlings

acclimated to three different temperatures. Journal of Thermal Biology, 29(6), 265-270.

Chaudhary, A., Tripathi, R., Gupta, S., & Singh, H. S. (2017). First report on molecular
evidence of Tylodelphys cerebralis (Diplostomulum cerebralis) (Digenea:
Diplostomidae) from snakehead fish Channa punctata. Acta parasitologica, 62(2), 386-
392.

Chaudhuri, H. (1961). Spawning and hybridization of Indian carps. Proc. Pacif. Sci. Congr. pp.
10.

Chaudhuri, H. (1971). Fish hybridization in Asia with special reference to India. In Lectures,
Seminar/Study tour in the USSR, on “Genetic Selection and Hybridization of cultivated
fishes, 19, 151-159.

Chaudhuri, H. (1973). Fertility of hybrids of Indian carps and preliminary studies on the F2
generations of carp hybrids. Journal Inland Fisheries Societies of India, 5, 195-200.

Chaudhuri, H., Chakrabarty, R. D., Rao, N. G. S., Janakiram, K., Chatterjee, D. K., &
Jena, S. (1974). Record fish production with intensive culture of Indian and exotic
carps. Current Science, 43(10), 303-304.

Chen, K. C., Shao, K. T., J. S. Yang. (1999). Using micropylar ultrastructure for species
identification and phylogenetic inference among four species of Sparidae. Journal of Fish
Biology, 55, 288 - 300.

Chen, N., Luo, X., Gu, Y., Han, G., Dong, Y., You, W., & Ke, C. (2016). Assessment of the
thermal tolerance of abalone based on cardiac performance in Haliotis discus hannai, H.
gigantea and their interspecific hybrid. Aquaculture, 465, 258-264.

164



References

Cheng, F., Sun, C., Wu, J., Schnable, J., Woodhouse, M. R., Liang, J., Cai, C., Freeling, M.,
Wang, X. (2016). Epigenetic regulation of subgenome dominance following whole

genome triplication in Brassica rapa. New Phytologist. 211, 288-299.

Clark, R., Strasser, J., McCabe, S., Robbins, K., & Jardieu, P. (1993). Insulin-like growth
factor-1 stimulation of lymphopoiesis. The Journal of clinical investigation, 92(2), 540-
548.

Coe, T. S., Hamilton, P. B., Hodgson, D., Paull, G. C., Stevens, J. R., Sumner, K., & Tyler,
C. R. (2008). An environmental estrogen alters reproductive hierarchies, disrupting
sexual selection in group-spawning fish. Environmental Science & Technology, 42(13),
5020-5025.

Coe, T. S., Hamilton, P. B., Griffiths, A. M., Hodgson, D. J., Wahab, M. A., & Tyler,
C.R.(2008). Genetic variation in strains of zebrafish (Danio rerio) and the implications

for ecotoxicology studies. Ecotoxicology, 18(1), 144-150.

Corse, E., Neve, G., Sinama, M., Pech, N., Costedoat, C., Chappaz, R. and Andre, G.
(2012). Plasticity of ontogenetic trajectories in cyprinids: a source of evolutionary

novelties. Biological Journal of the Linnean Society,106, 342-355.

Cossins, A. R., & Crawford, D. L. (2005). Fish as models for environmental genomics. Nature
Reviews Genetics, 6(4), 324-333.

Cyr, B. A. D., Dufresne, F., Christen, F., Desrosiers, V., Proulx, E., Le Francois, N. R., &
Blier, P. U. (2018). Hybridization between char species (Salvelinus alpinus and

Salvelinus fontinalis): a fast track for novel allometric trajectories. Biology open, 7(10).

Dahanukar, N., Raghavan, R., Ali, A., Abraham, R., & Shaji, C. P. (2011). The status and
distribution of freshwater fishes of the Western Ghats. Molur S., Smith KG, Daniel BA,
Darwall WRT The status and distribution of freshwater biodiversity in the Western

Ghats, India. [IUCN Cambridge and Zoo Outreach Organisation, Coimbatore.

165



References

Dar, S. A., Srivastava, P. P., Varghese, T., Rasool, S. 1., Anand, G., Gupta, S., Gireesh-
Babu, P., Krishna, G. (2018). Regulation of compensatory growth by molecular
mechanism in Labeo rohita juveniles under different feeding regimes. General and

Comparative Endocrinology, 261, 89-96.

Das, H. K., Mitra, A. K., Sengupta, P. K., Hossain, A., Islam, F., & Rabbani, G. H. (2004).
Arsenic concentrations in rice, vegetables, and fish in Bangladesh: a preliminary
study. Environment International, 30(3), 383-387.

Das, S. M. (1955). Studies on the food of some common fishes of Uttar Pradesh, India. 1.
Surface-feeders, mid-feeders and bottom feeders. Proceedings of the National Academy
of Science, (B), 25, 1-6.

Das, S., and Jana, B. (1996). "Pond fertilization through inorganic sources: an overview."
Indian Journal of Fisheries, 43(2), 137-155.

Dash, P., Sahoo, P. K., Gupta, P. K., Garg, L. C., & Dixit, A. (2014). Immune responses and
protective efficacy of recombinant outer membrane protein R (rOmpR)-based vaccine of
Aeromonas hydrophila with a modified adjuvant formulation in rohu (Labeo rohita). Fish
& Shellfish Immunology, 39(2), 512-523.

Daudpota, A. M., Abbas, G., Kalhoro, H., Shah, S. A., Ferrando, S., Gallus, L., & Hafeez-
ur-Rehman, M. (2016). Comparison of growth, feed conversion and body composition
of juvenile hybrid red tilapia (Oreochromis niloticusx O. mossambicus) and Nile Tilapia

(O. niloticus) reared in concrete tanks. Pakistan Journal of Zoology, 48(3), 809-816.
Davenport, C. B. (1908). Degeneration, albinism and inbreeding. Science, 28(718), 454-455.

David, C. J., & Pandian, T. J. (2006). Maternal and paternal hybrid triploids of tetras. Journal
of Fish Biology, 69(4), 1102-1119.

166



References

Dawnay, N., Ogden, R., McEwing, R., Carvalho, G. R., & Thorpe, R. S. (2007). Validation
of the barcoding gene COI for use in forensic genetic species identification. Forensic

science international, 173(1), 1-6.

Deines, A., Bbole, 1., Katongo, C., Feder, J., & Lodge, D. (2014). Hybridisation between
native Oreochromis species and introduced Nile tilapia O. niloticus in the Kafue River,
Zambia. African Journal of Aquatic Sciences, 39, 23-34.

Desai, V. R., & Rao, K. J. (1970). On the occurrence of the natural hybrids of catla-rohu in
Madhya Pradesh. Journal of Zoological Society India, 22(1), 35-40.

Desta, D., Zello, G. A., Alemayehu, F., Estfanos, T., Zatti, K., & Drew, M. (2019). Proximate
Analysis of Nile Tilapia,(Oreochromis niloticus), Fish Fillet Harvested from Farmers
Pond and Lake Hawassa, Southern Ethiopia. International Journal of Research
Development Technology, 11, 94-99.

Diyaware, M. Y., Haruna, A. B., & Abubakar, K. A. (2013). Some haematological parameters
of inter-generic hybrid of African catfish (Clarias anguillaris x Heterobranchus
bidorsallis) juveniles and their pure lines in north eastern Nigeria.Journal of Fisheries

and Aquatic Sciences, 8, 33-42.

Dorson M., Chevassus B. & Torhy C. (1991). Comparative susceptibility of three species of
char and rainbow trout x char triploid hybrids to several pathogenic salmonid viruses.
Diseases Of Aquatic Organisms, 11, 217-224.

Dumas, S., Blanc, J. M., Audet, C., and De la Nouee., J. (1992). The early development of
hybrids between brook charr (Salvelinus fontinalis) and Arctic charr (Salvelinus alpinus).
Aquaculture, 108, 21-28.

Dumas, S., Blanc, J. M., Vall. e, F., Audet, C., and De la Nouee, J. (1996). Survival, growth,
sexual maturation and reproduction of brook charr, Salvelinus fontinalis (Mitchill), Arctic

charr, Salvelinus alpinus L., and their hybrids. Aquaculture Research, 27, 245-253.

167



References

Dunham, (2004). Aquaculture and Fisheries Biotechnology: Genetic Approaches.

Dunham, R. (1996b). Results of early pond-based studies of risk assessment regarding aquatic
GMOs. 126th Annual Meeting of the American Fisheries Society, Dearborn, MI, August
26-29. Abstract No. 381.

Dunham, R. A. (2011). Aquaculture and fisheries biotechnology: genetic approaches. Cabi.

Dunham, R. A., & Argue, B. J. (1998). Seinability of channel catfish, blue catfish, and their F1,
F2, F3, and backcross hybrids in earthen ponds. The Progressive Fish-Culturist, 60(3),
214-220.

Dunham, R. A., Smitherman, R. O., Brooks, M. J., Benchakan, M., & Chappell, J. A.
(1982). Paternal predominance in reciprocal channel-blue hybrid
catfish. Aquaculture, 29(3-4), 389-396.

Dunham, R. A. (1996). Contribution of genetically improved aquatic organisms to global food
security. Proceedings of the International Conference on Sustainable Contribution of
Fisheries to Food Security. Government of Japan and FAO, Rome, 1-150.

Dunham, R. A., Lambert D.M., Argue B.J., Ligeon C., Yant D.R. & Liu Z. (2000).
Comparisons of manual stripping and pen spawning for production of channel catfish X
blue catfish hybrids and aquarium spawning of channel catfish. North American Journal
of Aquaculture, 62, 260-265.

Dunham, R. A., Smitherman R.O., & Goodman R. K., (1987). Comparison of mass selection,
cross breeding, and hybridization for improving growth of channel catfish. Progressive
Fish-Culturist, 49, 293-296.

Dunham, R. A., Smitherman, O., & Webber, C., (1983). Relative tolerance of channel X blue
hybrid and channel catfish to low oxygen concentrations. Progressive Fish-Culturist, 45
(1), 55-57.

168



References

Du-Pasquier, L., Zucchetti, 1., & De Santis, R. (2004). Immunoglobulin superfamily receptors
in protochordates: before RAG time. Immunological reviews, 198(1), 233-248.

Dwivedi, A. K., & Dubey, V. K. (2013). Retracted Article: Advancements in morphometric
differentiation: a review on stock identification among fish populations. Reviews in Fish
Biology and Fisheries, 23(1), 23-39.

Dzik, J. M. (2010). The ancestry and cumulative evolution of immune reactions. Acta

Biochimica Polonica, 57(4).

El-Hawarry, W. N., & Saad, T. T. (2011). EJAR. Egyptian Journal of Aquatic Research, 37(4),
365-369.

El-Houseiny, W., Mansour, M. F., Mohamed, W. A., Al-Gabri, N. A., El-Sayed, A. A.,
Altohamy, D. E., & Ibrahim, R. E. (2021). Silver nanoparticles mitigate Aeromonas
hydrophila-induced immune suppression, oxidative stress, and apoptotic and genotoxic

effects in Oreochromis niloticus. Aquaculture, 535, 736430.

El-Zaeem, S. Y., & Salam, G. M. (2013). Production of genetically male tilapia through
interspecific hybridization between Oreochromis niloticus and O. aureus. Iranian
Journal of Fisheries Sciences, 12(4), 802-812.

Emerson, C. P. (1990). Myogenesis and developmental control genes. Current opinion in cell
biology, 2(6), 1065-1075.

Emmenegger, E. J., & Kurath, G. (2008). DNA vaccine protects ornamental koi (Cyprinus
carpio koi) against North American spring viremia of carp virus. Vaccine, 26(50), 6415-
6421.

Ersoy, B., & Yilmaz, A. B. (2003). Frozen storage of African catfish (Clarias gariepinus
BURCHELL, 1822) mince balls. Turkish Journal of Veterinary and Animal
Sciences, 27(4), 827-832.

169



References

Evenberg, D., de Graaff, P., Fleuren, W., & van Muiswinkel, W. B. (1986). Blood changes in
carp  (Cyprinus carpio) induced by ulcerative Aeromonas salmonicida

infections. Veterinary Immunology and Immunopathology, 12(1-4), 321-330.

Facon, B., Jarne, P., Pointier, J. P., & David, P. (2005). Hybridization and invasiveness in the
freshwater snail Melanoides tuberculata: hybrid vigour is more important than increase
in genetic variance. Journal of Evolutionary Biology, 18(3), 524-535.

Facon, B., Pointier, J.P, Jarne, P., Sarda, V., David, P. (2008). High genetic variance in life-
history strategies within invasive populations by way of multiple introductions. Current
Biology, 18, 363-367.

FAO. (2003). Fish stat plus, Version 2.30. Food and Agriculture Organization of the United
Nations, Rome, Italy.

FAO. (2009).Catla catla. In Cultured aquatic species fact sheets. Text by Jena, J.K. Edited and
compiled by Valerio Crespi and Michael New. CD-ROM (multilingual).

FAO. (2009).Labeo rohita. In Cultured aquatic species fact sheets. Text by Jena, J.K. Edited and
compiled by Valerio Crespi and Michael New. CD-ROM (multilingual).

FAO. (2012). Cultured Aquatic Species Information Programme. Clarias gariepinus. Text by
Pouomogne, goldfish: neuroendocrine regulation of ovulation. General and

Comparative Endocrinology, 35, 391-401.

FAO. (2018). WFP and WHO: The State of Food Security and Nutrition in the World. Building

Climate Resilience for Food Security and Nutrition 200.

FAO.(2005). Cultured aquatic species information programme. Sciaenops

ocellatus.J.K. Jena (Ed.), Labeo rohita, FAO Fisheries and Aquaculture Department.

170



References

Farahvash, T., Shodja, J., Rafat, A., & Keshtkaran, A. (2011). The effect of bilateral
crossbreeding between Arkhamerino and Ghezel sheep on the quality of wool of their F1

crosses. Asian Journal of Animal and Veterinary Advances, 6(4), 397-400.

Farhaduzzaman, A. M., Alam, M. M., Hossain, M., Hussain, M. A., & Rahman, M. H.
(2010). Prevalence of parasites in the Indian major carp, Labeo rohita (Hamilton) in
Rajshahi, Bangladesh. University Journal of Zoology, Rajshahi University, 28, 65-68.

Fauconneau, B., & Laroche, M. (1996). Characteristics of the flesh and quality of products of
catfishes. Aquatic Living Resources, 9, 165-179.

Fauconneau, B., Alami-Durante, H., Laroche, M., Marcel, J., & Vallot, D. (1995). Growth
and meat quality relations in carp. Aquaculture, 129(1-4), 265-297.

Fazio, F. (2019). Fish hematology analysis as an important tool of aquaculture: a
review. Aquaculture, 500, 237-242.

Fernandes, C. E., da Silva Vasconcelos, M. A., de Almeida Ribeiro, M., Sarubbo, L. A.,
Andrade, S. A. C., & de Melo Filho, A. B. (2014). Nutritional and lipid profiles in

marine fish species from Brazil. Food chemistry, 160, 67-71.

Flajnik, M. F., & Du Pasquier, L. (2004). Evolution of innate and adaptive immunity: can we
draw a line?. Trends in immunology, 25(12), 640-644.

Flajnik, M. F., & Kasahara, M. (2010). Origin and evolution of the adaptive immune system:
genetic events and selective pressures. Nature Reviews Genetics, 11(1), 47-59.

Flint-Garcia, S. A., Buckler, E. S., Tiffin, P., Ersoz, E., & Springer, N. M. (2009). Heterosis
is prevalent for multiple traits in diverse maize germplasm. PloS one, 4(10), e7433.

Friars, G. W., Bailey, J. K., & Saunders, R. L. (1979). Considerations of a method of
analyzing diallel crosses of Atlantic salmon. Canadian Journal of Genetics and
Cytology, 21(1), 121-128.

171



References

Froese, R., & Pauly, D.. (2018). Fish Base. https://www.fishbase.de/summary/Labeo rohita.

FRSS. (2010-2011). Fisheries Resources Survey System, 1-42. Bangladesh: Department of
Fisheries, Ministry of Fisheries and Livestock, Government of People’s Republic of

Bangladesh.

Fu, G. H., Bai, Z. Y., Xia, J. H., Liu, F., Liu, P., & Yue, G. H. (2013). Analysis of two
lysozyme genes and antimicrobial functions of their recombinant proteins in Asian
seabass. PLoS One, 8(11), e79743.

Gao, L., & Hailu, A. (2011). Evaluating the effects of area closure for recreational fishing in a
coral reef ecosystem: The benefits of an integrated economic and biophysical
modeling. Ecological Economics, 70(10), 1735-1745.

Gatlin III, D. M., Bai, S. C., & Erickson, M. C. (1992). Effects of dietary vitamin E and
synthetic antioxidants on composition and storage quality of channel catfish, Ictalurus
punctatus. Aquaculture, 106(3-4), 323-332.

Gaylord, T. G., & Gatlin III, D. M. (2000). Dietary lipid level but not L-carnitine affects
growth  performance of hybrid striped bass (Morone chrysops@x M.
saxatilis3). Aquaculture, 190 (3-4), 237-246.

Gjedrem, T., & Baranski, M. (2009). The success of selective breeding in aquaculture.

In Selective Breeding in Aquaculture: An Introduction Springer, Dordrecht, 13-23

Gjedrem, T., & Rye, M. (2018). Selection response in fish and shellfish: a review. Reviews in
Aguaculture, 10(1), 168-179.

Gjerde, B., Boison, S. A., Aslam, M. L., Levoll, M., Bakke, H., Rey, S., & Lillechammer, M.
(2019). Estimates of genetic correlations between susceptibility of Atlantic salmon to

amoebic gill disease in a bath challenge test and a field test. Aquaculture, 511, 734265.

172


https://www.fishbase.de/summary/Labeo

References

Gjerde, B., Refstie, T. (1984). Complete diallel cross between five strains of Atlantic salmon.
Livestock Production Science 11, 207-226.

Gonzalez-Voyer, A., Winberg, S., & Kolm, N. (2009). Social fishes and single mothers: brain
evolution in African cichlids. Proceedings of the Royal Society of Biological
Sciences, 276(1654), 161-167.

Kamboj, N., & Kamboj, V. (2019). Morphometric and meristic study of four freshwater fish

species of river Ganga. The Indian journal of animal sciences, 89(4), 470-473.

Grant, P. R., & Grant, B. R. (1992). Hybridization of bird species. Science, 256 (5054), 193-
197.

Grinde, B., Lie, 9., Poppe, T., & Salte, R. (1988). Species and individual variation in
lysozyme activity in fish of interest in aquaculture. Aquaculture, 68(4), 299-304.

Guan, J., Liu, H., Shi, X., Feng, S., & Huang, B. (2017). Tracking multiple genomic elements
using correlative CRISPR imaging and sequential DNA FISH. Biophysical
journal, 112(6), 1077-1084.

Guerrero II1, R. D., & Shelton, W. L (1970s). Guerrero 111 RD, Shelton WL (1974). An aceto-
carmine squash method for sexing juvenile fishes. Progressive Fish-Culture 36, 56.

Guraya, S.S. (1986).The cell and molecular biology of fish oogenesis. Monographs in
Developmental Biology. Karger, Basel, New York, 18, 223.

Han, F. P., Fedak, G., Ouellet, T., & Liu, B. (2003). Rapid genomic changes in interspecific
and intergeneric hybrids and allopolyploids of Triticeae. Genome 46, 716-723.

Haridas, H., Verma, A. K., Rathore, G., Prakash, C., Sawant, P. B., & Babitha Rani, A. M.
(2017). Enhanced growth and immuno-physiological response of Genetically Improved
Farmed Tilapia in indoor biofloc units at different stocking densities. Aquaculture
Research, 48(8), 4346-4355.

173


https://www.researchgate.net/profile/Nitin-Kamboj?_sg%5B0%5D=RRXvyEttPhAF5bBQqTXnnr6tJNOMJi9COMGfPJfyhPAkiEBr8XUipscz-XDQAwBeZByHi-Y.rXa7uugDHXyjsa7JSuA0b6EPtEZdXd83qqRiJot-mW6FgdEJKXCngFwjQe76gPHEWsyxSrlqFAaZxetKMqreeA&_sg%5B1%5D=lQZKFHxO_gvXUdKsjOA90ocbIK4TkQO0ww8_AZmNzqfW9QdrxZen_SuN5C3qqQ2gd_qWGoc.Mvh17Sf3e70d6Y-Do62vD-Jc1y5uMoGshf9X0HpQjo2Wg5rG0BUcqiVg0E1smR1GQh6AhVpmtOi2r8RWI2o9IA
https://www.researchgate.net/profile/Vishal-Kamboj?_sg%5B0%5D=RRXvyEttPhAF5bBQqTXnnr6tJNOMJi9COMGfPJfyhPAkiEBr8XUipscz-XDQAwBeZByHi-Y.rXa7uugDHXyjsa7JSuA0b6EPtEZdXd83qqRiJot-mW6FgdEJKXCngFwjQe76gPHEWsyxSrlqFAaZxetKMqreeA&_sg%5B1%5D=lQZKFHxO_gvXUdKsjOA90ocbIK4TkQO0ww8_AZmNzqfW9QdrxZen_SuN5C3qqQ2gd_qWGoc.Mvh17Sf3e70d6Y-Do62vD-Jc1y5uMoGshf9X0HpQjo2Wg5rG0BUcqiVg0E1smR1GQh6AhVpmtOi2r8RWI2o9IA

References

Harikrishnan, R., Balasundaram, C., & Heo, M. S. (2010). Herbal supplementation diets on
hematology and innate immunity in goldfish against Aeromonas hydrophila. Fish &
Shellfish Immunology, 28(2), 354-361.

Harrell, R. M. (1998). Genetics of striped bass and other Morone. World Aquaculture-Baton
Rouge, 29, 56-59.

Harrell, R. M., Van Heukelem, W., & Kerby, J. H. (1998). A comparison of triploid induction
validation techniques. The Progressive Fish-Culturist, 60(3), 221-226.

Hatfield, T., & Schluter, D. (1999). Ecological speciation in sticklebacks:
environment-dependent hybrid fitness. Evolution, 53(3), 866-873.

He, A., Luo, Y., Yang, H., Liu, L., Li, S., & Wang, C. (2011). Complete mitochondrial DNA
sequences of the Nile tilapia (Oreochromis niloticus) and Blue tilapia (Oreochromis
aureus): genome characterization and phylogeny applications. Molecular Biology
Reports, 38(3), 2015-2021.

He, W., Xie, L., Li, T., Liu, S., Xiao, J., Hu, J., & Liu, Y. (2013). The formation of diploid and
triploid hybrids of female grass carpx male blunt snout bream and their 5S rDNA
analysis. BMC genetics, 14(1), 1-10.

He, W. G., Qin, Q. B, Liu, S. J., Li, T. L., Wang, J., Xiao, J., Xie, L. H., Zhang, C., Liu, Y.
(2012). Organization and variation analysis of 5S rDNA in different ploidy-level hybrids
of red crucian carp x topmouth culter. PLoS One,7, e38976.

Heath, D. D., Blouw, D. M. (1998). Are maternal effects in fish adaptive or merely
physiological side-effects? In: Mousseau, T.A., Fox, C.W. (Eds.), Adaptive Maternal
Effects. Oxford Univ. Press, New York, NY, 178-201.

Heinz, G., & Hautzinger, P. (2007). Meat processing technology for small to medium scale
producers. Food and Agriculture Organization of the United Nations Regional Office for

Asia and the Pacific.

174



References

Hepher, B. (1988). Nutrition of pond fishes. Cambridge: Cambridge University Press, 400.

Herawati, T., Yustiati, A., Nurhayati, A., & Mustikawati, R. (2018). Proximate composition
of several fish from Jatigede Reservoir in Sumedang district, West Java. In IOP

Conference Series: Earth and Environmental Science, 137, (1), 012055.

Hikima, J. I., Minagawa, S., Hirono, 1., & Aoki, T. (2001). Molecular cloning, expression and
evolution of the Japanese flounder goose-type lysozyme gene, and the lytic activity of its
recombinant protein. Biochimica et Biophysica Acta (BBA)-Gene Structure and
Expression, 1520(1), 35-44.

Hochholdinger, F., & Hoecker, N. (2007). Towards the molecular basis of heterosis. Trends in
plant science, 12(9), 427-432.

Hoffmann, A. A. & Sgro, C. M. (2011). Climate change and evolutionary adaptation. Nature,
470, 479-485.

Hollebecq, M. G., Faivre, B., Bourmaud, C., & Michel, C. (1995). Spontaneous bactericidal
and complement activities in serum of rainbow trout (Oncorhynchus mykiss) genetically
selected for resistance or susceptibility to furunculosis. Fish &  Shellfish
Immunology, 5(6), 407-426.

Hoshikawa, H., Sakai, Y., & Kijima, A. (1998). Growth characteristics of the hybrid between
pinto abalone, Haliotis kamtschatkana Jonas, and ezo abalone, H. discus hannai Ino,

under high and low temperature. Journal of Shellfish Research, 17(3), 673-677.

Houston, R. D. (2017). Future directions in breeding for disease resistance in aquaculture

species. Revista Brasileira de Zootecnia, 46(6), 545-551.

Howard, D. J. (1986). A zone of overlap and hybridization between two ground cricket
species. Evolution, 40(1), 34-43.

175



References

Hu, F., Wu, C., Zhou, Y., Cao, L., Xiao, J., Wang, S., & Liu, S. (2018). Production of
androgenetic, triploid and tetraploid hybrids from the interspecific hybridization of

female Japanese crucian carp and male blunt snout bream. Aquaculture, 491, 50-58.

Hu, J., Liu, S., Xiao, J., Zhou, Y., You, C., He, W., & Liu, Y. (2012). Characteristics of
diploid and triploid hybrids derived from female Megalobrama amblycephala Yihx male
Xenocypris davidi Bleeker. Aquaculture, 364, 157-164.

Hubbs, C. L. (1942). Hybridization in nature between two genera of flounders in
Japan. Michigan Academy of Science, Arts, and Letters, and Papers, 27, 267-306.

Hubbs, C. L. (1955). Hybridization between fish species in nature. Systematic zoology, 4(1), 1-
20.

Hulata, G. (1995). The history and current status of aquaculture genetics in Israel. Israeli
Journal of Aquaculture Bamidgeh, 47, 142-154.

Hume, D. J., Fletcher, A. R., & Morison, A. K. (1983). Interspecific hybridization between
carp (Cyprinus carpio L.) and gold fish (Carassius auratus L.) from Victorian
Waters. Marine and Freshwater Research, 34(6), 915-919.

Hussain, B., Sultana, T., Sultana, S., Ahmed, Z., & Mahboob, S. (2018). Study on impact of
habitat degradation on proximate composition and amino acid profile of Indian major

carps from different habitats. Saudi Journal of Biological Sciences, 25(4), 755-759.

Hussain, M. G., & Mazid, M. A. (2001). Genetic improvement and conservation of carp species

in Bangladesh. Bangladesh Fisheries Research Institute.

Ibaiez-Escriche, N., Varona, L., Magallon, E., & Noguera, J. L. (2014). Crossbreeding
effects on pig growth and carcass traits from two Iberian strains. Animal, 8(10), 1569-
1576.

176



References

Ibrahim, K. H. (1977). Contribution to hybridization among Indian carps studies on the
biological and morphometric features of some Indian carp hybrids.Utkal University

Department of Zoology, 183.

Ibrar, M., Zuberi, A., Amir, 1., Imran, M., & Noor, Z. (2017). Effect of probiotic Geotrichum
candidum on early rearing of Labeo rohita (Hamilton, 1822). Turkish Journal of
Fisheries and Aquatic Sciences, 17(6), 1263-1270.

ICLARM (2001). The World Fish Center annual report.

Idrovo, J. P., Jacob, A., Yang, W. L., Wang, Z., Yen, H. T., Nicastro, J., Coppa, G. F., &
Wang, P. (2016). A deficiency in cold-inducible RNA-binding protein accelerates the
inflammation phase and improves wound healing. International Journal of Molecular
Medicine, 37(2),423-428.

Igbal, Z. (2016). An overview of diseases in commercial fishes in Punjab, Pakistan. Fish
Pathology, 51, S30-S35.

Isaac, L. J., Abah, G., Akpan, B., & Ekaette, I. U. (2013). Haematological properties of
different breeds and sexes of rabbits. In Proceedings of the 18th Annual Conference of

Animal Science Association of Nigeria, 24-27).

Isaac, L. J., Abah, G., Akpan, B., & Ekaette, I. U. (2013). Haematological properties of
different breeds and sexes of rabbits. In Proceedings of the 18th Annual Conference of

Animal Science Association of Nigeria, 24-27.

Issa, M. A., Horvath, L., Kosba, M. A., & Sharrabi, M. (1986). A note on the survival,
growth, feed conversion and some morphological characters of the reciprocal hybrids of
silver carp (Hypophthalmichthys molitrix Val.) and bighead carp (Aristichthys nobilis
Rich.) raised in polyculture. Aquacultura Hungarica, 5, 7-14.

177



References

James C. M., Al-Thobaiti S. A., Rasem B. M., &and Carlos M. H. (1999). Potential of
grouper hybrid (Epinephelus fuscoguttatus XE. polyphekadian) for aquaculture. Naga 22,
19-23.

Jana, R. K. (1993). Studies on some aspects of biology and cytogenetics of rohu-catla and catla-

rohu hybrids. Doctor of philosophy Thesis (Science) of the University of Calcutta.

Janeway, C. A., Capra, J. D., Travers, P., & Walport, M. (1999). Immunobiology: the
Immune System in Health and Disease, (No. 577.27 JAN).

Janhunen, M., Peuhkuri, N., & Piironen, J. (2009). Morphological variability among three
geographically distinct Arctic charr (Salvelinus alpinus L.) populations reared in a

common hatchery environment. Ecology of Freshwater Fish, 18(1), 106-116.

Jena, J. K. (2006). Labeo rohita (Hamilton, 1822). Cultured Aquatic Species Information

Programme. FAO Fisheries and Aquaculture Department, Rome.

Jensch-Junior, B. E., Pressinotti, L. N., Borges, J. C. S., & da Silva, J. R. M. C. (2006).
Characterization of macrophage phagocytosis of the tropical fish Prochilodus scrofa
(Steindachner, 1881). Aquaculture, 251(2-4), 509-515.

Jhingran, V. G. (1982). Fish and fisheries of India. Hindustan Publishing, Delhi, India.

Jhingran, V. G., & Pullin, R. S. (1985). A hatchery manual for the common, Chinese, and
Indian major carps WorldFish. (No. 252).

John, G. and P. V. G. K. Reddy. (1986). A note on the Labeo rohita (Ham.) x Cyprinus
carpio hybrid. Proc. World Symp. on selection, Hybridization and Genetic Engineering
in Aquaculture. Berlin Bordeaux,11, 27-30.

Johnston, 1. A. (1999). Muscle development and growth: potential implications for flesh quality
in fish. Aquaculture, 177(1-4), 99-115.

178



References

Josefsson, C., Dilkes, B., & Comai, L. (2006). Parent-dependent loss of gene silencing during
interspecies hybridization. Current Biology, 16(13), 1322-1328.

Jothilakshmanan, N., & Marx, K. K. (2013). Hybridization between Indian catfish,?
Heteropneustes fossilis (Bloch) and Asian catfish, Clarias batrachusd(Linn.). African
Journal of Biotechnology, 12(9),976-981.

Kafuku, T. (1968). Studies on hybrids between carp and “Kawachi” crucian carp. I.
Morphological analysis on Fl hybrids. Bulletin of the Freshwater Fisheries Research
Laboratory 18, 21-40.

Kafuku, T., & Matsushima, M. (1968). Studies on hybrids between carp and ‘Kawachi’crucian
carp. Il. Spawning of F 1 reciprocal crossed. Bulletin of the Freshwater Fisheries
Research Laboratory, 18, 41-48.

Kar B., Mohanty J., Hemaprasanth K. P., & Sahoo P. K. (2015). The immune response in
rohu, Labeo rohita (Actinopterygii: Cyprinidae) to Argulus siamensis (Branchiura:
Argulidae) infection: kinetics of immune gene expression and innate immune response.
Aquaculture Research, 46, 1292-1308.

Kar B., Mohapatra A., Mohanty J., Sahoo P. K. (2015a). Transcriptional changes in three
immunoglobulin isotypes of rohu, Labeo rohita in response to Argulus siamensis
infection. Fish & Shellfish Immunology, 47, 28-33.

Kataoka, T., Kawakami, T., Takahashi, N., & Honjo, T. (1980). Rearrangement of
immunoglobulin  gamma 1-chain gene and mechanism for heavy-chain class

switch. Proceedings of the National Academy of Sciences, 77(2), 919-923.

Kato, A., Kato, A., Albert, P. S., Vega, J. M., Kato, A., Albert, P. S., & Birchler, J. A.
(2006). Sensitive fluorescence in situ hybridization signal detection in maize using
directly labeled probes produced by high concentration DNA polymerase nick
translation. Biotechnic & Histochemistry, 81(2-3), 71-78.

179



References

Keshavanath, P., Varghese, T. J., & Reddy, P. K. (1980). Preliminary studies on the growth of
catla-rohu and rohu-catla hybrids. Mysore Journal of Agricultural Sciences 14:401-407.

Khaefi, R., Esmaeili, H. R., Ansari, M. H., & Ebrahimi, M. (2018). Genetic diversification
and population structure of Barbus cyri De Filippi, 1865 (Teleostei: Cyprinidae) in
northern Iran inferred from the mitochondrial D-loop gene sequence. Environmental
Biology of Fishes, 101(1), 181-192.

Khajarern, J., & Khajarern, S. (1997). Stability and bioavailability of vitamin C-glucose in
Clarias hybrid catfish (Clarias gariepinusx Clarias macrocephalus). Aquaculture, 151(1-
4), 219-224.

Khan, A., M., Jafri, A., & Chadha, N. (2004). Growth and body composition of rohu, Labeo
rohita (Hamilton), fed compound diet: winter feeding and rearing to marketable size.
Journal of Applied Ichthyology, 20(4), 265-270.

Khan, H. A., & Kowtal, G. V. (1989). An account of naturally occurring and artificially
produced cyprinid hybrids in India. In Fish genetics in India, ed. P. Das and A. G.
Jhingran, New Delhi: Today & Tomorrow’s Printers and Publishers. pp155-162.

Khan, H., Gupta, S. Reddy, P. Tantia, M.and. Kowtal. G. V (1990). Production of sterile
intergeneric hybrids and their utility in aquaculture and stocking. In Proceeding of Carp
Seed Production Technology, Special publication of the AFS,. Selangor, Malaysia: Asian
Fisheries Society, 2, 41-48

Khan, M. A., Jafri, A. K., & Chadha, N. K. (2005). Impact of Polyhouse Culture During
Winter on Ovarian Maturity, Growth, Muscle, and Egg Composition of Carps. Journal of
Applied Aquaculture, 17(2), 1-18.

Khan, M. A., Khan, S., & Miyan, K. (2012). Length—-weight relationship of giant snakehead,
Channa marulius and stinging catfish, Heteropneustes fossilis from the River Ganga,
India. Journal of Applied Ichthyology, 28(1), 154-155.

180



References

Khan, M. A., Jafri, A. K., & Chadha, N. K., (2005). Impact of Polyhouse Culture During
Winter on Ovarian Maturity, Growth, Muscle, and Egg Composition of Carps. Journal of
Applied Aquaculture, 17(2), pp.1-18.

Kidwell, M. G., and Lisch, D. R. (1998). Hybrid genetics: transposons unbound. Nature 393,
22-23.

Kim, J. A., Jonsson, C. B., Calderone, T., & Unguez, G. A. (2004). Transcription of MyoD
and myogenin in the non-contractile electrogenic cells of the weakly electric fish,

Sternopygus macrurus. Development Genes and Evolution, 214(8), 380-392.

King, A. J., Ward, K. A., O’connor, P., Green, D., Tonkin, Z., & Mahoney, J. (2010).
Adaptive management of an environmental watering event to enhance native fish

spawning and recruitment. Freshwater Biology, 55(1), 17-31.

Kooijman, S. A. L. M., & Bedaux, J. J. M. (1996). Analysis of toxicity tests on fish
growth. Water Research, 30(7), 1633-1644.

Koouman, R., Hooghe-Peters, E. L., & Hooghe, R. (1996). Prolactin, growth hormone, and
insulin-like growth factor-1 in the immune system. Advances in Immunology, 63, 377-
454,

Kumar, N., Sharma, J., Singh, S. P., Singh, A., Krishna, V. H., & Chakrabarti, R. (2018).
Validation of growth enhancing, immunostimulatory and disease resistance properties of

Achyranthes aspera in Labeo rohita fry in pond conditions. Heliyon, 5(2), e01246.

Kumolu-Johnson, C. A., & Ndimele, P. E. (2011). A review on post-harvest losses in artisanal

fisheries of some African countries. Journal of fisheries and Aquatic Science, 6(4), 365.

LaPatra, S. E., Corbeil, S., Jones, G. R., Shewmaker, W. D., Lorenzen, N., Anderson, E. D.,
& Kurath, G. (2001). Protection of rainbow trout against infectious hematopoietic
necrosis virus four days after specific or semi-specific DNA vaccination. Vaccine, 19(28-
29), 4011-4019.

181



References

Leary, R. F., Allendorf, F. W., Phelps, S. R., & Knudsen, K. L. (1988). Population genetic
structure of westslope cutthroat trout: genetic variation within and among populations.

In Proceedings of the Montana Academy of Sciences, 48, 57-70.

Legendre, M., Teugels, G. G., Cauty, C., & Jalabert, B. (1992). A comparative study on
morphology, growth rate and reproduction of Clarias gariepinus (Burchell, 1822),
Heterobranchus longifilis Valenciennes, 1840, and their reciprocal hybrids (Pisces,
Clariidae). Journal of Fish Biology, 40(1), 59-79.

Leighton, D. L., & Lewis, C. A. (1982). Experimental hybridization in abalones. International
Journal of Invertebrate Reproduction, 5(5), 273-282.

Li, H. (2013). Hybrid Culter alburnus “Pioneer 1”. China Rural Magazine, 47.

Li, Q., Li, Y., Moose, S. P., & Hudson, M. E. (2015). Transposable elements, mRNA
expression level and strand-specificity of small RNAs are associated with non-additive

inheritance of gene expression in hybrid plants. BMC Plant Biology,15, 168.

Li, S., Xie, L., Xiao, J., Yuan, L., Zhou, T., Luo, K., Zhang, C., Zhao, R., Tao, M. & Liu, S.
(2019). Diploid hybrid fish derived from the cross between female Bleeker’s yellow tail
and male topmouth culter, two cyprinid fishes belonging to different subfamilies. BMC
Genetics, 20(1), 80.

Liang, S., Luo, X., You, W., & Ke, C. (2018). Hybridization improved bacteria resistance in
abalone: evidence from physiological and molecular responses. Fish & Shellfish
Immunology, 72(1), 679-689.

Liang, S., Luo, X., You, W., Luo, L., & Ke, C. (2014). The role of hybridization in improving
the immune response and thermal tolerance of abalone. Fish & Shellfish
Immunology, 39(1), 69-77.

Litsios, G., & Salamin, N. (2014). Hybridisation and diversification in the adaptive radiation of
clownfishes. BMC Evolutionary Biology, 14(1), 245.

182



References

Liu, C., Mai, K., Zhang, W., Chen, Q., & Leng, Y. (2013). Studies on the nutrition of two
species of catfish, Silurus meridionalis Chen and S. asotus Linnaeus. I. Effects of dietary

protein and lipid on growth performance and feed utilization. Aquaculture, 404, 71-76.

Liu, Q., Wang, J., Xiao, J., Chen, X., Qi, Y., Li, W., & Liu, S. (2017). Muscle nutrient of
Carassius auratus cuvieri (?)x Carassius auratus red var.(J3) and its parents. Journal of
Fisheries of China, 41(7), 1133-1139.

Liu, S. (2010). Distant hybridization leads to different ploidy fishes. Science China Life
Sciences, 53(4), 416-425.

Liu, S., Liu, Y., Zhou, G., Zhang, X., Luo, C., Feng, H., & Yang, H. (2001). The formation of
tetraploid stocks of red crucian carpx common carp hybrids as an effect of interspecific
hybridization. Aquaculture, 192(2-4), 171-186.

Liu, S., Qin, Q., Xiao, J., Lu, W., Shen, J., Li, W., & Liu, Y. (2007). The formation of the
polyploid hybrids from different subfamily fish crossings and its evolutionary
significance. Genetics, 176(2), 1023-1034.

Liu, S. J. (2014). Fish distant hybridization. Beijing:

Liu, Z., Liu, S., Yao, J., Bao, L., Zhang, J., Li, Y., & Waldbieser, G. C. (2016). The channel
catfish genome sequence provides insights into the evolution of scale formation in

teleosts. Nature Communications, 7(1), 1-13.

Lone, K. P., Sahar, S., & Fatima, S. (2012). Age-related changes in ovarian gross and
histological characteristics during pubertal development in captive Catla catla (Hamilton,
1822) of age 18-29 months. Pakistan Journal of Zoology, 44(1), 159-172.

Lund, T., Gjedrem, T., Bentsen, H. B., Eide, D. M., Larsen, H. J. S., & Reed, K. H. (1995).
Genetic variation in immune parameters and associations to survival in Atlantic
salmon. Journal of Fish Biology, 46(5), 748-758.

183



References

Luo, G., Gao, Q., Wang, C., Liu, W., Sun, D., Li, L., & Tan, H. (2014). Growth, digestive
activity, welfare, and partial cost-effectiveness of genetically improved farmed tilapia
(Oreochromis niloticus) cultured in a recirculating aquaculture system and an indoor

biofloc system. Aquaculture, 422, 1-7.

Luo, X., Ke, C., You, W., & Wang, D. (2010). Factors affecting the fertilization success in
laboratory hybridization between Haliotis discus hannai and Haliotis gigantea. Journal
of Shellfish Research, 29(3), 621-625.

Lutz C. G. (1997). What do you get when you cross Aquaculture Magazine, 84-90.

Lyu, S., & Allen, S. K. (1999). Effect of sperm density on hybridization between Crassostrea
virginica, Gmelin and C. gigas (Thunberg). Journal of Shellfish Research, 18(2), 459-
464.

Magid, A., Abd Elrazik, F., Agour, M., &EL-Magd, M. A. (2019). Nile tilapia resistant to
Aeromonas hydrophila infection had higher serum IgM and antioxidant enzymes

activities. Arabian Journal of Medical Sciences 2, 9-12.

Magnadottir, B. (1998). Comparison of immunoglobulin (IgM) from four fish
species. Icelandic Agricultural Sciences, 12, 47-59.

Magnadottir, B. (2006). Innate immunity of fish. Fish & Shellfish Immunology, 20(2), 137-151.

Magnadottir, B. (2010). Immunological control of fish diseases. Marine Biotechnology, 12(4),
361-379.

Magnadéttir, B., & Gudmundsdottir, B. K. (1992). A comparison of total and specific
immunoglobulin levels in healthy Atlantic salmon (Salmo salar L.) and in salmon
naturally infected with Aeromonas salmonicida subsp. achromogenes. Veterinary

Immunology and Immunopathology, 32(1-2), 179-189.

184



References

Mahapatra, K. D., Sahoo, L., Saha, J. N., Murmu, K., Rasal, A., Nandanpawar, P., &
Patnaik, M. (2018). Establishment of base population for selective breeding of catla
(Catla catla) depending on phenotypic and microsatellite marker information. Journal of
Genetics, 97(5), 1327-1337.

Maheshwari, U. K., Somalingam, J., & Langer, R. K. (1990). Growth of intergeneric hybrid
Catla catla (Ham) male xLaheo rohita female in Tawa reservoir, Madhya Pradesh.

In Abstracts, National Workshop on Reservoir Fisheries, 34-35.

Makino, S., Ojima, Y., & Matsui, Y. (1958). Cytogenetical and cytochemical studies in carp-
funa hybrids. Nucleus, 1, 153-162.

Mallet, J. (2007). Hybrid speciation. Nature, 446, 279-283.

Mallet, J. (2008). Hybridization, ecological races and the nature of species: empirical evidence
for the ease of speciation. Philosophical Transactions of the Royal Society B: Biological
Sciences, 363(1506), 2971-2986.

Mandal, A., Mohindra, V., Singh, R. K., Punia, P., Singh, A. K., & Lal, K. K. (2012).
Mitochondrial DNA variation in natural populations of endangered Indian Feather-Back
Fish, Chitala chitala. Molecular Biology Reports, 39(2), 1765-1775.

Marian, T., & Krasznai, Z. (1978). Kariological investigations on Ctenopharyngodon idella
and Hypophthalmichthys nobilis and their cross-breeding. Aquacultura Hungarica, 1, 44-
50.

McCormick, S. D. (1996). Effects of growth hormone and insulin-like growth factor | on
salinity tolerance and gill Na+, K+-ATPase in Atlantic salmon (Salmo salar): interaction

with cortisol. General and Comparative Endocrinology, 101(1), 3-11.

McEntire, M., Snyder, S., & Freeman, D. (2015). Comparison of growth between morone
hybrids (palmetto and sunshine) in earthen ponds. Journal of the World Aquaculture
Society, 46(5), 557-563.

185



References

Memon, N. N., Talpur, F. N., & Bhanger, M. 1. (2010). A comparison of proximate
composition and fatty acid profile of Indus river fish species. International Journal of
Food Properties, 13(2), 328-337.

Miller, L. M., Close, T., & Kapuscinski, A. R. (2004). Lower fitness of hatchery and hybrid
rainbow trout compared to naturalized populations in Lake Superior tributaries.
Molecular Ecology, 13, 3379-3388.

Minagawa, S., Hikima, J. 1., Hirono, 1., Aoki, T., & Mori, H. (2001). Expression of Japanese
flounder c-type lysozyme cDNA in insect cells. Developmental & Comparative
Immunology, 25(5-6), 439-445.

Mishra, S. S., Acharjee, S. K., & Chakraborty, S. K. (2009). Development of tools for
assessing conservation categories of siluroid fishes of fresh water and brackish water
wetlands of South West Bengal, India. Environmental Biology of Fishes, 84(4), 395-407.

Mmereole, F. U. C. (2008). The effects of replacing groundnut cake with rubber seed meal on
the haematological and serological indices of broilers. International Journal of Poultry
Science, 7(6), 622-624.

Mohammed, M. D., Abdalsalam, Y. L., Kheir, A. M., Jin-yu, W., & Hussein, M. H. (2005).
Growth performance of indigenous x exotic crosses of chicken and evaluation of general
and specific combining ability under Sudan condition. International Journal of Poultry
Science, 4(7), 468-471.

Mohanty, B. R., & Sahoo, P. K. (2010). Immune responses and expression profiles of some
immune-related genes in Indian major carp, Labeo rohita to Edwardsiella tarda
infection. Fish & shellfish immunology, 28(4), 613-621.

Mohanty, B. R., Sahoo, P. K., Mahapatra, K. D., & Saha, J. N. (2007). Innate immune
responses in families of Indian major carp, Labeo rohita, differing in their resistance to

Edwardsiella tarda infection. Current Science, 1270-1274.

186



References

Mohanty, S. N., & Kaushik, S. J. (1991). Whole body amino acid composition of Indian major
carps and its significance [catla (Catla catla), rohu (Labeo rohita), mrigal (Cirrhinus

mrigala)]. Aquatic Living Resources (France), 4(1), 61-64.

Mohapatra, B. C., & Barik, N. K. (2018). Development of model village cluster for
aquaculture: A case in Begunia Block of Khordha District, Odisha, India. International
Journal of Fisheries and Aquatic Studies, 6(2), 534-540.

Monir, W., Abdel-Rahman, M. A., Hassan, S. E. D., & Awad, S. M. (2020). Pomegranate
peel and moringa-based diets enhanced biochemical and immune parameters of Nile
tilapia  against  bacterial infection by  Aeromonas hydrophila. Microbial
Pathogenesis, 145, 104202.

Morales, L., & Dujon, B. (2012). Evolutionary role of interspecies hybridization and genetic
exchanges in yeasts. Microbiology and Molecular Biology Reviews, 76(4), 721-739.

Moriyama, S., Ayson, F. G., & Kawauchi, H. (2000). Growth regulation by insulin-like growth
factor-I in fish. Bioscience, Biotechnology, and Biochemistry, 64(8), 1553-1562.

Morni, M. M. (2003). Study on Cross breeding Between Asian and African Catfish (Clarias
macrocephalus and Clarias gariepinus) and Some Aspects of The Hybrid Larvae
Development and Rearing. Master of Science Thesis , Kolej University of Science and

Technology Malaysia.
Moses, Y., & Olufeagba, S. O. (2005). A review on Hybridization. NIFFR annual report. pp 40.

Moustafa, E. M., Dawood, M. A., Assar, D. H., Omar, A. A., Elbialy, Z. 1., Farrag, F. A., &
Zayed, M. M. (2020). Modulatory effects of fenugreek seeds powder on the
histopathology, oxidative status, and immune related gene expression in Nile tilapia
(Oreochromis niloticus) infected with Aeromonas hydrophila. Aquaculture, 515, 7345809.

187



References

Moyner, K., Reoed, K. H., Sevatdal, S., & Heum, M. (1993). Changes in non-specific immune
parameters in Atlantic salmon, Salmo salar L., induced by Aeromonas salmonicida
infection. Fish & Shellfish Immunology, 3(4), 253-265.

Mukundan, M. K., Antony, P. D., & Nair, M. R. (1986). A review on autolysis in
fish. Fisheries Research, 4(3-4), 259-269.

Mulder, 1. E., Wadsworth, S., & Secombes, C. J. (2007). Cytokine expression in the intestine
of rainbow trout (Oncorhynchus mykiss) during infection with Aeromonas
salmonicida. Fish & Shellfish Immunology, 23(4), 747-759.

Musa, H. H., Chen, G. H., Cheng, J. H., Li, B. C., & Mekki, D. M. (2006). Study on Carcass
Characteristics of Chicken Breeds Raised. International Journal of Poultry Science, 5(6),
530-533.

Naeem, M., Zuberi, A., Ashraf, M., Ahmad, W., & Ishtiaq, A. (2013). Induced breeding of
Labeo rohita through single application of ovaprim-C at Faisalabad Hatchery,

Pakistan. African Journal of Biotechnology, 12(19).

NAERLS (2002). National Agricultural Extension and Research Liaison Services. Feeds
Formulation and Feed Practices in Fish Culture. Ahmadu Bello University, Zaria, Nig.
Extension Bulletin No. 152, Fisheries series No.7.

Nandeesha, M. C., Gangadhara, B., Manissery, J. K., & Venkataraman, L. V. (2001).
Growth performance of two Indian major carps, catla (Catla catla) and rohu (Labeo
rohita) fed diets containing different levels of Spirulina platensis. Bioresource
Technology, 80 (2), 117-120.

Natarajan, A. V., Desai, V. R., & Mishra, D. N. (1976). On the natural occurrence of the inter-
generic catla-rohu hybrid in Rihand (Uttar Pradesh) with an account of its potential role
in reservoir fisheries development in India. Journal of the Inland Fisheries Society of
India., 8, 83-90.

188



References

Natarajan, P., & Nair, N. B. (1976). Effects of infestation by Lernaeenicus hemirhamphi
Kirtisingle on the biochemical composition of the host fish Hemirhamphus xanthopterus

(Val.). Journal of Animal Morphology and Physiology, 23, 25-31.

Nayak, S. P., Mohanty, B. R., Mishra, J., Rauta, P. R., Das, A., Eknath, A. E., & Sahoo, P.
K. (2011). Ontogeny and tissue-specific expression of innate immune related genes in
rohu, Labeo rohita (Hamilton). Fish & Shellfish Immunology, 30(4-5), 1197-1201.

Neely, B. C., Lynott, S. T., & Koch, J. D. (2020). Comparison of growth, body weight, and
contribution to recreational creel of Channel Catfish and Channel Catfishx Blue Catfish
hybrids in two public put-grow-take fisheries in Kansas. North American Journal of

Fisheries Management, 1-9.

Newton, J. R., Smith-Keune, C. and Jerry, D. R., (2010). Thermal tolerance varies in tropical
and sub-tropical populations of barramundi (Lates calcarifer) consistent with local
adaptation. Aquaculture, 308, 128-132.

Nguyen, N. H. (2016). Genetic improvement for important farmed aquaculture species with a
reference to carp, tilapia and prawns in Asia: achievements, lessons and challenges. Fish
and Fisheries, 17(2), 483-506.

Nielsen, H. M., Odegard, J., Olesen, 1., Gjerde, B., Ardo, L., Jeney, G., & Jeney, Z. (2010).
Genetic analysis of common carp (Cyprinus carpio) strains: I: Genetic parameters and

heterosis for growth traits and survival. Aquaculture, 304(1-4), 14-21.

Okamoto, N., Tayama, T., Kawanobe, M., Fujiki, N., Yasuda, Y., & Sano, T. (1993).
Resistance of a rainbow trout strain to infectious pancreatic necrosis. Aquaculture, 117(1-
2), 71-76.

Okamura, B., Hartikainen, H., Schmidt-Posthaus, H. E. I. K. E., & Wahli, T. (2011). Life
cycle complexity, environmental change and the emerging status of salmonid

proliferative kidney disease. Freshwater Biology, 56(4), 735-753.

189



References

Olaniyi, W. A., Makinde, O. A., & Omitogun, O. G. (2016). Comparison of proximate
composition and sensory attributes of Clariid catfish species of Clarias gariepinus,
Heterobranchus bidorsalis, and their hybrids. Food Science & Nutrition, 5(2), 285-291.

Omole, I. A. (2017). Biotechnology as an Important Tool for Improving Fish
Productivity. American Journal of Bioscience and Bioengineering, 5(1), 17-22

Onyia, L. U., Ladu, B. M. B., & Olufeagba, S. (2010). Evaluation of hatchability, survival and
growth of Clarias anguillaris. World Journal of Biotechnology, 11, 1662-1667.

Osman, H., Suriah, A. R., & Law, E. C. (2001). Fatty acid composition and cholesterol content
of selected marine fish in Malaysian waters. Food Chemistry, 73(1), 55-60.

Ottenburghs, J. (2019). Multispecies hybridization in birds. Avian Research, 10(1), 1-11.

Otto, S. P. (2007). The evolutionary consequences of polyploidy. Cell, 131, 452-462.

Padhi, B. K., & Mandal, R. K. (1997). Inadvertent hybridization in a carp hatchery as detected
by nuclear DNA RFLP. Journal of Fish Biology,50, 906-9009.

Palanikani, R., Chanthini, K. M. P., Soranam, R., Thanigaivel, A., Karthi, S., Senthil-
Nathan, S., & Murugesan, A. G. (2019). Efficacy of Andrographis paniculata
supplements induce a non-specific immune system against the pathogenicity of
Aeromonas hydrophila infection in Indian major carp (Labeo rohita). Environmental
Science and Pollution Research, 27(19), 23420-23436.

Pallipuram, J. (2020). Hybridization in Carps and Early Detection of Carp Hybrids Using PCR-
Based Kit. In Emerging Technologies, Environment and Research for Sustainable
Aquaculture, 23-38.

Palumbi, S. R. (1994). Genetic divergence, reproductive isolation, and marine

speciation. Annual review of Ecology and Systematics, 25(1), 547-572.

190



References

Panjusova, A. N. & Tselikova T. N. (1983). Recommendation for application of biochemical
markers for identification of hybrids between silver and bighead carps All-Union

Research Institute of Pond Fish Culture, Moscow, 25.

Park, I. S., Nam, Y. K., & Kim, D. S. (2006). Growth performance, morphometric traits and
gonad development of induced reciprocal diploid and triploid hybrids between the mud
loach (Misgurnus mizolepis Gilnther) and cyprinid loach (Misgurnus anguillicaudatus
Cantor). Aquaculture Research, 37(12), 1246-1253.

Parrino, V., Cappello, T., Costa, G., Cannava, C., Sanfilippo, M., Fazio, F., & Fasulo, S.
(2018). Comparative study of haematology of two teleost fish (Mugil cephalus and
Carassius auratus) from different environments and feeding habits. The European
Zoological Journal, 85(1), 193-199.

Paul, B. N., Chanda, S., Sridhar, N., Saha, G. S., & Giri, S. S. (2016). Proximate, mineral and
vitamin contents of Indian Major Carp. Indian Journal of Animal Nutrition, 33(1), 102-
107.

Pepin, P. (2016). Death from near and far: alternate perspectives on size-dependent mortality in
larval fish. ICES Journal of Marine Science, 73(2), 196-203.

Perry, G. M., Audet, C., Laplatte, B., & Bernatchez, L. (2004). Shifting patterns in genetic
control at the embryo-alevin boundary in brook charr. Evolution, 58(9), 2002-2012.

Peterson, B. C., Waldbieser, G. C., & Bilodeau, L. (2004). IGF-l1 and IGF-1I mRNA
expression in slow and fast growing families of USDA103 channel catfish (Ictalurus
punctatus). Comparative Biochemistry and Physiology Part A: Molecular & Integrative
Physiology, 139(3), 317-323.

Peyghan, R., Boloki, A., & Ghorbanpour, M. (2010). Case report and treatment of hole in the
head in oscar, Astronotus ocellatus. Iranian Journal Of Veterinary Science And
Technology, 2(1), 39-44.

191



References

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Research, 29(9), e45-e45.

Pillay, T. V. R. (1990). Economics and financing of aquaculture. Economics and Financing of
Aquaculture., 253-272.

Power, D. M., Melo, J., & Santos, C. R. A. (2000). The effect of food deprivation and
refeeding on the liver, thyroid hormones and transthyretin in sea bream. Journal of Fish
Biology, 56(2), 374-387.

Prarom, W. (1990). The effect of strain crossing of Gunther’s walking catfish (Clarias
macrocephalus) on growth and diseases resistance. Master of Science Thesis, Kasetsart

University,Bangkok, Thailand.

Pressley, M. E., Phelan III, P. E., Witten, P. E., Mellon, M. T., & Kim, C. H. (2005).
Pathogenesis and inflammatory response to Edwardsiella tarda infection in the

zebrafish. Developmental & Comparative Immunology, 29(6), 501-513.

Purdom, C. R. (1993). Genetics and Fish BreedingFish and Fisheries Series 8, Chapman &
Hall, London, p. 277.

Qin, Q., He, W., Liu, S., Wang, J., Xiao, J., & Liu, Y. (2010). Analysis of 5S rDNA
organization and variation in polyploid hybrids from crosses of different fish
subfamilies. Journal of Experimental Zoology Part B: Molecular and Developmental
Evolution, 314(5), 403-411.

Qin, Q., Wang, Y., Wang, J., Dai, J., Xiao, J., Hu, F., & Liu, S. (2014). The autotetraploid
fish derived from hybridization of Carassius auratus red var.(female)x Megalobrama

amblycephala (male). Biology of Reproduction, 91(4), 93-1.

Qin, Z., Li, Y., Su, B., Cheng, Q., Ye, Z., Perera, D. A., & Dunham, R. A. (2016). Editing of

the luteinizing hormone gene to sterilize channel catfish, Ictalurus punctatus, using a

192



References

modified zinc  finger nuclease technology  with  electroporation. Marine
Biotechnology, 18(2), 255-263.

Qu, X., Su, L., Li, H., Liang, M., & Shi, H. (2018). Assessing the relationship between the
abundance and properties of microplastics in water and in mussels. Science of the Total
Environment, 621, 679-686.

Radonic, A., Thulke, S., Mackay, I. M., Landt, O., Siegert, W., & Nitsche, A. (2004).
Guideline to reference gene selection for quantitative real-time PCR. Biochemical and

Biophysical Research Communications, 313(4), 856-862.

Rahim, P., Gholamhosain H, K., Naghmeh, M., & Maryam, D. (2010). Effect of
intraperitoneal and intramuscular injection of killed Aeromonas hydrophila on
lymphocytes and serum proteins of common carp, cyprinus carpio. Advances in
Bioscience and Biotechnology, 1, 26-29.

Rahman M.A., Arshad A., Marimuthu K., Ara, R., & Amin S.M.N. (2013). Inter-specific
hybridization and its potential for aquaculture of fin fishes. Asian Journal of Animal and
Veterinary Advances, 8 (2),139-153.

Rahman, M. A., & Uehara, T. (2004). Interspecific hybridization and backcrosses between two
sibling species of Pacific sea urchins (genus Echinometra) on Okinawan intertidal
reefs. Zoological Studies-Taipei-, 43(1), 93-111.

Rahman, M. A, Lee, S. G., Yusoff, F. M., & Rafiquzzaman, S. M. (2018). Hybridization and
its application in aquaculture. Sex Control in Aquaculture, 1, 127-155.

Rahman, M. A., Uehara, T. & Aslan, L. M. (2000). Comparative viability and growth of
hybrids between two sympatric species of sea urchins (genus Echinometra) in Okinawa.
Aquaculture, 183, 45-56.

193



References

Rahman, M. A., Uehara, T. & Lawrence, J. M. (2005). Growth and heterosis of hybrids of
two closely related species of Pacific sea urchins (genus Echinometra) in Okinawa.
Aquaculture, 245, 121-133.

Rahman, M. A., Uehara, T., & Pearse, J. S. (2001). Hybrids of two closely related tropical sea
urchins (genus Echinometra): evidence against postzygotic isolating mechanisms. The
Biological Bulletin, 200(2), 97-106.

Rahman, M. M., Hossain, M. M., Rahman, S. M., & Alam, M. H. (2009). Fish marketing
system in Khulna, Bangladesh. Journal of Innovation and Development Strategy 3 (5),
27-31.

Rahman, M. M., Jo, Q., Gong, Y. G., Miller, S. A., & Hossain, M. Y. (2008). A comparative
study of common carp (Cyprinus carpio L.) and calbasu (Labeo calbasu Hamilton) on
bottom soil resuspension, water quality, nutrient accumulations, food intake and growth
of fish in simulated rohu (Labeo rohita Hamilton) ponds. Aquaculture, 285(1-4), 78-83.

Rahman, M., Bhadra, A., Begum, N., Islam, M., & Hussain, M. (1995). Production of hybrid
vigor through cross breeding between Clarias batrachus and Clariasgariepinus.
Aguaculture 138:125 130.

Ramakrishna, R., Shipton, T. A., & Hasan, M. R. (2013). Feeding and feed management of
Indian major carps in Andhra Pradesh, India.FAO Fisheries and Aquaculture Technical
Paper No. 578.

Razuki, W. M., & AL-Shaheen, S. A. (2011). Use of full diallel cross to estimate crossbreeding
effects in laying chickens. International Journal of Poultry Science, 10(3), 197-204.

Reddy, P. K., & Varghese, T. J. (1980). On the taxonomic characters of two major carp
hybrids, catla-rohu and rohu-catla. Proceedings: Animal Sciences, 89(5), 419-429.

Reddy, P. K., & Varghese, T. J. (1983). Life history of a major carp hybrid rohu-catla. Indian
Journal of Fisheries, 30(1), 87-95.

194



References

Reddy, P.V.G.K, (2000). Genetics resources of Indian major carps. Optimization of

feminisation protocol. Aquaculture, 89, 329-339.

Rehulka, J. (1996). Blood parameters in common carp with spontaneous spring viremia
(SVC). Aquaculture International, 4, 175-182.

Reif, J. C., Gumpert, F. M., Fischer, S., & Melchinger, A. E. (2007). Impact of
interpopulation  divergence on additive and dominance variance in hybrid
populations. Genetics, 176(3), 1931-1934.

Ren, L., Li, W., Tao, M., Qin, Q., Luo, J., Chai, J., & Liu, S. (2016). Homoeologue
expression insights into the basis of growth heterosis at the intersection of ploidy and

hybridity in Cyprinidae. Scientific Reports, 6(1), 1-12.

Rescan, P. Y., Gauvry, L., Paboeuf, G., & Fauconneau, B. (1994). Identification of a muscle
factor related to MyoD in a fish species. Biochimica et Biophysica Acta (BBA)-Gene
Structure and Expression, 1218(2), 202-204.

Reyes-Becerril, M., Guardiola, F., Rojas, M., Ascencio-Valle, F., & Esteban, M. A. (2013).
Dietary administration of microalgae Navicula sp. affects immune status and gene
expression of gilthead seabream (Sparus aurata). Fish & Shellfish Immunology, 35(3),
883-889.

Riehl, R. (1980). Micropyle of some salmonids and coregonids. Enviorn. Biol. Fish, 5, 59-66.
Rieseberg ,L.H., &Willis, J.H. (2007). Plant speciation. Science 317: 910-914.

Rodrigues, B. L., Canto, A. C. V. D. C. S., Costa, M. P. D., Silva, F. A. D., Marsico, E. T., &
Conte-Junior, C. A. (2017). Fatty acid profiles of five farmed Brazilian freshwater fish
species from different families. PloS one, 12(6), e0178898.

195



References

Rohlenova, K., Morand, S., Hyrsl, P., Tolarova, S., Flajshans, M., & Simkova, A. (2011).
Are fish immune systems really affected by parasites? An immune ecological study of

common carp (Cyprinus carpio). Parasites & Vectors, 4(1), 1-18.

Romano, D., Benelli, G., Donati, E., Remorini, D., Canale, A., & Stefanini, C. (2017).
Multiple cues produced by a robotic fish modulate aggressive behaviour in Siamese
fighting fishes. Scientific Reports, 7(1), 1-11.

Roos, N., Mazharul Islam, M., & Thilsted, S. H. (2003). Small fish is an important dietary
source of vitamin A and calcium in rural Bangladesh. International Journal of Food
Sciences and Nutrition, 54(5), 329-339.

Rosa, R., Bandarra, N. M., & Nunes, M. L. (2007). Nutritional quality of African catfish
Clarias gariepinus (Burchell 1822): a positive criterion for the future development of the
European production of Siluroidei. International Journal of Food Science &
Technology, 42(3), 342-351.

Rothbard, S., & Wohlfarth, G. W. (1993). Inheritance of albinism in the grass carp,
Ctenopharyngodon idella. Aquaculture, 115(1-2), 13-17.

Rowlerson, A. (2001). Muscle growth in aquaculture species. Fish Physiology: Muscle
Development and Growth, 18, 103.

Saadey, S. M., Galal, A., Zaky, H. 1., & El-Dein, A. Z. (2008). Diallel crossing analysis for
body weight and egg production traits of two native Egyptian and two exotic chicken
breeds. International Journal of Poultry Science, 7(1), 64-71.

Sahoo, P. K., Mahapatra, K. D., Saha, J. N., Barat, A., Sahoo, M., Mohanty, B. R. & Salte,
R. (2008). Family association between immune parameters and resistance to Aeromonas
hydrophila infection in the Indian major carp, Labeo rohita. Fish & shellfish
Immunology, 25(1-2), 163-169.

196



References

Sahoo, P. K., Meher, P. K., Mahapatra, K. D., Saha, J. N., Jana, R. K., & Reddy, P. V.
(2004). Immune responses in different full sib families of Indian major carp, Labeo
rohita, exhibiting differential resistance  to  Aeromonas hydrophila
infection. Aquaculture, 238(1-4), 115-125.)

Sahoo, T., Dzidic, N., Strecker, M. N., Commander, S., Travis, M. K., Doherty, C., &
Hovanes, K. (2017). Comprehensive genetic analysis of pregnancy loss by chromosomal

microarrays: outcomes, benefits, and challenges. Genetics in Medicine, 19(1), 83-89.

Salami, A. A., Fagbenro, O. A., & Sydenham, D. H. J. (1993). The production and growth of
clariid catfish hybrids in concrete tanks. Israeli Journal of Aquaculture-Bamidgeh, 45(1),
18-25.

Santos, R. D., Gagliardi, A. C. M., Xavier, H. T., Magnoni, C. D., Cassani, R., Lottenberg,
A. M. P, & Ramos, S. (2013). | Diretriz sobre o consumo de gorduras e salde

cardiovascular. Arquivos Brasileiros de Cardiologia, 100(1), 1-40.

Sarder, M. R. I. M., Yeasin, M.., Jewell, M. Z. H., Khan, M. M. R.. & Simonsen, V. (2011).
Identification of Indian major carps (Catla catla, Labeo rohita and Cirrhinus cirrhosus)
and their hybrids by phenotypic traits, allozymes and food habits. Asian Fisheries Science
24,49-61.

Sarder, M. R. 1., Jensen, K. T., Islam, M. F. & Simonsen, V. (2014). Growth performance of
Indian major carps and their hybrids in polyculture in Bangladesh. Journal of Applied
Aquaculture, 26(2), 157-168.

Saurabh, S., & Sahoo, P. K. (2008). Lysozyme: an important defence molecule of fish innate

immune system. Aquaculture Research, 39(3), 223-239.

Schatz, D. G., Chatterji, M., Unniraman, S., & McBride, K. M. (2007). Role of Activation-

Induced Deaminase. Journal of Immunol, 179, 5274-5280.

197



References

Schwartz, F. J. (1981). World literature to fish hybrids with an analysis by family, species, and
hybrid: supplement 1. NOAA Technical Report NMFS SSRF 750, 507.

Scribner, K. T., Page, K. S. & Bartron, M. L. (2000). Hybridization in freshwater fishes: a
review of case studies and cytonuclear methods of biological inference. Reviews in Fish
Biology and Fisheries, 10, 293-323.

Scribner, K. T., Petersen, M. R., Fields, R. L., Talbot, S. L., Pearce, J. M., & Chesser, R. K.
(2001). Sex-biased gene flow in spectacled eiders (Anatidae): Inferences from molecular

markers with contrasting modes of inheritance. Evolution, 55(10), 2105-2115.

Secombes, C. J., & Fletcher, T. C. (1992). The role of phagocytes in the protective mechanisms
of fish. Annual Review of Fish Diseases, 2, 53-71.

Sengupta, P., & Banerjee, R. (2014). Environmental toxins: Alarming impacts of pesticides on

male fertility. Human & experimental toxicology, 33(10), 1017-1039.

Shah Alam, M., Watanabe, W. O., & Carroll, P. M. (2008). Dietary protein requirements of
juvenile black sea bass, Centropristis striata. Journal of the World Aquaculture
Society, 39(5), 656-663.

Shah, M. S., Ghosh, A. K., Rahi, M. L., Huq, K. A., Rahaman, S. B., & Sabbir, W. (2011).
Production of heterotic hybrid in rohu (Labeo rohita) through strain crossing.

International Journal of Life Sciences, 5(1), 32-38.

Shah, S. L., & Altindag, A. (2004). Hematological parameters of tench (Tinca tinca L.) after
acute and chronic exposure to lethal and sublethal mercury treatments. Bulletin of

Environmental Contamination and Toxicology, 73(5), 911-918.

Shakir, H. A., Qazi, J. 1., Chaudhry, A. S., Hussain, A., & Ali, A. (2013). Nutritional
comparison of three fish species co-cultured in an earthen pond. Biologia
(Pakistan), 59(2), 353-358.

198



References

Shao, L., Xing, F., Xu, C., Zhang, Q., Che, J., Wang, X., & Zhang, Q. (2019). Patterns of
genome-wide allele-specific expression in hybrid rice and the implications on the genetic
basis of heterosis. Proceedings of the National Academy of Sciences, 116 (12), 5653-
5658.

Sharma, A., Deo, A. D., Riteshkumar, S. T., Chanu, T. 1., & Das, A. (2010). Effect of
Withania somnifera (L. Dunal) root as a feed additive on immunological parameters and
disease resistance to Aeromonas hydrophila in Labeo rohita (Hamilton) fingerlings. Fish
& Shellfish Immunology, 29(3), 508-512.

Shikano, T., M. Nakadate, and Y. Fujio. (2000). An experimental study on strain combinations
in heterosis in salinity tolerance of the guppy Poecilia reticulata. Fisheries Science, 66,
625-632.

Shivaramu, S., Vuong, D. T., Havelka, M., Sachlova, H., Lebeda, I., Kaspar, V., &
FlajShans, M. (2019). Influence of interspecific hybridization on fitness-related traits in

Siberian sturgeon and Russian sturgeon. Czech Journal of Animal Science, 64(2), 78-88.

Silverstein, J. T., Wolters, W. R., Shimizu, M., & Dickhoff, W. W. (2000). Bovine growth
hormone treatment of channel catfish: strain and temperature effects on growth, plasma
IGF-I levels, feed intake and efficiency and body composition. Aquaculture, 190(1-2),
77-88.

Simkova, A., Janag, M., Hyrsl, P., Krasnovyd, V., & VeteSnik, L. (2020). Vigour-related
traits and immunity in hybrids of evolutionary divergent cyprinoid species: advantages of
hybrid heterosis?. Journal of Fish Biology, 1-17.

Simkovz’i, A., Vojtek, L., Hala¢ka, K., Hyrs$l, P., & Vetesnik, L. (2015). The effect of
hybridization on fish physiology, immunity and blood biochemistry: A case study in
hybridizing Cyprinus carpio and Carassius gibelio (Cyprinidae). Aquaculture, 435, 381-
389.

199



References

Simopoulos, A. P. (2016). An increase in the omega-6/omega-3 fatty acid ratio increases the risk
for obesity. Nutrients, 8(3), 128.

Singh, P. K., Gaur, S. R., & Chari, M. S. (2006). Effect of varying protein levels on the growth
of Indian Major Carp Rohu, Labeo rohita (Hamilton).International Journal of Zoological
Research, 2(2), 186-191.

Sirimanapong, W., Thompson, K. D., Kledmanee, K., Thaijongrak, P., Collet, B., Ooi, E.
L., & Adams, A. (2014). Optimisation and standardisation of functional immune assays
for striped catfish (Pangasianodon hypophthalmus) to compare their immune response to
live and heat killed Aeromonas hydrophila as models of infection and vaccination. Fish
& Shellfish Immunology, 40(2), 374-383.

Smith, T. (1988). Aquaculture of striped bass and its hybrids in North American. Aquaculture
Magazine, 14, 40-49.

Smitherman, R. O., & Dunham, R. A. (1985). Genetics and breeding. channel catfish culture.
Elsevier Scientific Publishing, Amsterdam, 283-316.

Solari Godiio, F. A. (2006). Variations in the protein composition of the muscle of Colossoma
macropomun (Cuvier, 1818) (Characiformes: Characidae), from hatcheries during cold
storage. Facultad de Ciencias Bioldgicas. Universidad Nacional Mayor de San Marcos.
Lima, 64.

Song, C., Liu, S., Xiao, J., He, W., Zhou, Y., Qin, Q.,.& Liu, Y. (2012). Polyploid
organisms. Science China Life Sciences, 55(4), 301-311.

Spataru, P., Wohlfarth, G. W., & Hulata, G. (1983). Studies on the natural food of different
fish species in intensively manured polyculture ponds. Aquaculture, 35, 283-298.

Srisapoome, P., Chatchaiphan, S., Bunnoy, A., Koonawootrittriron, S., & Na-Nakorn, U.
(2019). Heritability of immunity traits and disease resistance of bighead catfish, Clarias
macrocephalus Ginther, 1864. Fish & Shellfish Immunology, 92, 209-215.

200



References

Steinbacher, P., Haslett, J. R., Obermayer, A., Marschallinger, J., Bauer, H. C., Sanger, A.
M., & Stoiber, W. (2007). MyoD and Myogenin expression during myogenic phases in
brown trout: a precocious onset of mosaic hyperplasia is a prerequisite for fast somatic
growth. Developmental dynamics: an official publication of the American Association of
Anatomists, 236(4), 1106-1114.

Steinbacher, P., Haslett, J. R., Sianger, A. M., & Stoiber, W. (2006). Evolution of myogenesis
in fish: a sturgeon view of the mechanisms of muscle development. Anatomy and
Embryology, 211(4), 311-322.

Stelkens, R. B., Schmid, C., Selz, O., & Seehausen, O. (2009). Phenotypic novelty in
experimental hybrids is predicted by the genetic distance between species of cichlid
fish. BMC Evolutionary Biology, 9(1), 1-13.

Stige, L. C., Rogers, L. A., Neuheimer, A. B., Hunsicker, M. E., Yaragina, N. A., Ottersen,
G., & Durant, J. M. (2019). Density-and size-dependent mortality in fish early life
stages. Fish and Fisheries, 20(5), 962-976.

Suarez, M. D., Sanz, A., Bazoco, J., & Garcia-Gallego, M. (2002). Metabolic effects of
changes in the dietary protein: carbohydrate ratio in eel (Angilla anguilla) and trout

(Oncorhynchus mykiss). Aquaculture International, 10(2), 143-156.

Sun, Y., Guo, C. Y., Wang, D. D., Li, X. F., Xiao, L., Zhang, X., & Zhang, Y. (2016).
Transcriptome analysis reveals the molecular mechanisms underlying growth superiority
in a novel grouper hybrid (Epinephelus fuscogutatus@x E. lanceolatusd). BMC
Genetics, 17(1), 1-10.

Suneetha, K. B., Dahle, G., & Nzvdal, G. (2000). Analysis of mitochondrial DNA sequences
from two Maurolicus taxa: evidence for separate species?. Journal of Fish Biology, 57(6),
1605-1609.

201



References

Sutton, D. L., Stanley, J. G., & Miley, W. W. (1981). Grass carp hybridization and
observations of a grass carp x bighead hybrid. Journal of Aquatic Plant Manage, 19, 37-
39.

Swain, S. L., Bradley, L. M., Croft, M., Tonkonogy, S., Atkins, G., Weinberg, A. D., &
Huston, G. (1991). Helper T-cell subsets: phenotype, function and the role of
lymphokines in regulating their development. Immunological Reviews, 123, 115-144.

Syed, A., Zuberi, A., Ahmad, M., & Ahmad, S. (2018). Intraspecific Variation in Thermal
Tolerance among Three Hatchery Reared Populations of Labeo rohita Acclimated to
Different Temperatures. Pakistan Journal of Zoology, 129-136.

Tang, G., Zeng, C., Qi, Z., Xu, W., & Zhao, Y. (2006). Biological characteristicsand breeding
prospect of hybrid tilapia. Journal of Hydrogeology, 26, 70-71.

Tarnchalanukit, W. (1985). Experimental hybridization Between Catfish of the Families
Clariidae and Pangasiidae in Thailand. Kasetsart University. Fisheries Research Bulleton,
16, 8-10.

Tasbozan, O., Gokc¢e, M. A., & Erbas, C. (2016). The effect of different growing conditions to
proximate composition and fatty acid profiles of rainbow trouts (Oncorhynchus
mykiss). Journal ofAapplied Animal Research, 44(1), 442-445.

Taylor, J., & Mahon, R. (1977). Hybridization of Cyprinus carpio and Carassius auratus, the
first two exotic species in the lower Laurentian Great Lakes. Environmental Biology of
Fishes, 1(2), 205-208.

Taylor, M. 1., Meardon, F., Turner, G., Seehausen, O., Mrosso, H. D., & Rico, C. (2002).
Characterization of tetranucleotide microsatellite loci in a Lake Victorian, haplochromine
cichlid fish: a Pundamilia pundamiliax Pundamilia nyererei hybrid. Molecular Ecology
Notes, 2(4), 443-445.

202



References

Telechea, J. A. S. (2009). Medieval Seaports of the Atlantic coast of Spain. International
Journal of Maritime History, 21(1), 81-100.

Teletchea, F. (2009). Molecular identification methods of fish species: reassessment and

possible applications. Reviews in Fish Biology and Fisheries, 19(3), 265.

Tilahun, G., Dube, K., Chtruvedi, C.S., & Kumar, B. (2016). Assessment of reproductive
performance, growth and survival of hybrids of African Catfish (Clarias gariepinus) and
Indian Catfish (Clarias batrachus) compared to their parental lines crosses. Turkish
Journal of Fisheries and Aquatic Sciences, 16(1), 123-133.

Tirosh, 1., Weinberger, A., Carmi, M., & Barkai, N. (2006). A genetic signature of

interspecies variations in gene expression. Nature genetics, 38(7), 830-834.

Tocher, D. R., Bell, J. G., McGhee, F., Dick, J. R., & Fonseca-Madrigal, J. (2003). Effects of
dietary lipid level and vegetable oil on fatty acid metabolism in Atlantic salmon (Salmo
salar L.) over the whole production cycle. Fish Physiology and Biochemistry, 29(3), 193-
209.

Triantaphyllopoulos, K. A., Cartas, D., & Miliou, H. (2019). Factors influencing GH and
IGF-I gene expression on growth in teleost fish: how can aquaculture industry

benefit?. Reviews in Aquaculture, 12(3), 1637-1662.

Tripathi, G. (1992). Relative toxicity of aldrin, fenvalerate, captan and diazinon to the
freshwater food-fish, Clarias batrachus. Biomedical and environmental sciences, 5(1),
33-38.

Tripathi, S. D., Sinha N. K., & Sharaf, R. K. (1974). Hybrid carp from Adhartal Lake.
Jabalpur INKVV Research Journal, 8 (3-4), 65-1609.

Ukenye, E. A., Taiwo, 1. A., & Anyanwu, P. E. (2019). Morphological and genetic variation in
Tilapia guineensis in West African coastal waters: A mini review. Biotechnology
Reports, 24, e00362.

203



References

Ullah, A., Zuberi, A., Ahmad, M., Shah, A. B., Younus, N., Ullah, S., & Khattak, M. N. K.
(2018). Dietary administration of the commercially available probiotics enhanced the
survival, growth, and innate immune responses in Mori (Cirrhinus mrigala) in a natural

earthen polyculture system. Fish & Shellfish Immunology, 72, 266-272.

Um-E-Kalsoom, Salim, M., Shahzadi, T., & Barlas, A. (2009). Growth performance and feed
conversion ratio (FCR) in hybrid fish (Catla catla x Labeo rohita) fed on wheat bran, rice

broken and blood meal, Pakistan Veterinary Journal, 29, 55-58.

Varghese, T. J., & Shantharam, B. (1979). Preliminary studies on the relative growth rates of
three Indian major carp hybrids. Proceedings: Animal Sciences, 88(3), 209-216.

Varghese, T. J., Keshavanath, P., Neglur, M. H., Konhda Reddy, P.,& Mahadevappa. B. G.
(1984). Evaluation of two major carp hybrids, catla-rohu and catla-mrigal through
composite fish culture. Indian Journal of Animal Sciences, 54, 1158-1162.

Varghese, T.J., & Sukumaran, K. K. (1971). Notos on hypophysation of catla-rohu hybrid
Annual Day Souvenir, CIFE, Bombay, 16-17

Vasil’eva, E. D., & Vasil’ev, V. P. (2019). Natural Hybridization in Spined Loaches of the
Genera Cobitis and Sabanejewia (Cobitidae). Journal of Ichthyology, 59(5), 776-785.

Veggetti, A., Mascarello, F., Scapolo, P. A., Rowlerson, A., & Carnevali, M. C. (1993).
Muscle growth and myosin isoform transitions during development of a small teleost
fish, Poecilia reticulata (Peters)(Atheriniformes, Poeciliidae): a histochemical,
immunohistochemical, ultrastructural and morphometric  study. Anatomy and
Embryology, 187(4), 353-361.

Walter, R. B., & Kazianis, S. (2001). Xiphophorus interspecies hybrids as genetic models of
induced neoplasia. ILAR Journal, 42(4), 299-321.

204



References

Wan, Z., Tang, J., Ren, L., Xiao, Y., & Liu, S. (2019). Optimization techniques to deeply mine
the transcriptomic profile of the sub-genomes in hybrid fish lineage. Frontiers in
Genetics, 10, 911.

Wang, C., Xia, D., Hu, M., & Wang, H. (1989). Studies on the hybrids of (S. niloticaQx S.
aureaod') with heterosis. Freshwater Fisheries, 6, 14-15.

Wang, J., & Xia, D. (2002): Studies on fish heterosis with DNA fingerprinting. Aquaculture
Research, 33, 941-947.

Wang, J., Xiao, J., Zeng, M., Xu, K., Tao, M., Zhang, C., & Liu, S. (2015). Genomic
variation in the hybrids of white crucian carp and red crucian carp: evidence from
ribosomal DNA. Science China Life Sciences, 58(6), 590-601.

Wang, S., Tang, C., Tao, M., Qin, Q., Zhang, C., Luo, K., & Liu, S. (2019). Establishment
and application of distant hybridization technology in fish. Science China Life
Sciences, 62(1), 22-45.

Wang, S., Ye, X., Wang, Y., Chen, Y., Lin, B., Yi, Z., & Liu, S. (2017). A new type of
homodiploid fish derived from the interspecific hybridization of female common carpx

male blunt snout bream. Scientific Reports, 7(1), 1-12.

Wang, T., & Yin, S. (2019). A comparative study of immune response between hybrid yellow
catfish “Huangyou-1" and its parental populations after challenge with Aeromonas

hydrophila or Edwardsiella ictaluri. Aquaculture International, 27(3), 859-873.

Wang, X. X., Ross, K. E., Saillant,E.,. Gatlin, D. M., &Gold, J. R. (2006). Quantitative
genetics and heritability of growth-related traits in hybrid striped bass (Morone chrysops

female x Morone saxatilis male). Aquaculture, 261, 535-545.

Wang, Y., Yang, C., Luo, K., Zhang, M., Qin, Q., Huo, Y., Song, J., Tao, M., Zhang, C.,
Liu, S. (2018). The formation of the goldfish-like fish derived from hybridization of
female koi carp x male blunt snout bream. Frontiers in Genetics, 9, 437.

205



References

Wang, Z., Zhang, J., Hang, W., Zao, M., Liu, X., Zhu, L., Feng, Z., & Jin, G. (1984).
Studies on genetic improvement of Chinese mud carp (Cirrhinus molitorella) Acta
Hydrobiologica Sinica, 8, 195-204.

Weatherley, A. H., Gill, H. S., & Lobo, A. F. (1988). Recruitment and maximal diameter of
axial muscle fibres in teleosts and their relationship to somatic growth and ultimate
size. Journal of Fish Biology, 33 (6), 851-859.

Weintraub, H. (1993). The MyoD family and myogenesis: redundancy, networks, and
thresholds. Cell, 75(7), 1241-1244.

Wimberger, P. H. (1992). Plasticity of fish body shape. The effects of diet, development, family
and age in two species of Geophagus (Pisces: Cichlidae). Biological Journal of the
Linnean Society, 45(3), 197-218.

Wohlfarth, G. W. (1986). Selective breeding of the common carp. Aquaculture of Cyprinids,
195-208.

Wolters, W. R., & DeMay, R. (1996). Production characteristics of striped bassx white bass
and striped bassx yellow bass hybrids. Journal of the World Aquaculture Society, 27(2),
202-207.

Wu, C. (1990). Retrospects and prospects of fish genetics and breeding research in
China. Aquaculture, 85(1-4), 61-68.

Wu, C., Ye, Y., Chen, R., & Liu, X. (1993). An artificial multiple triploid carp and its

biological characteristics. In Genetics in Aquaculture, 255-262.

Wu, G. C. C., Chiang, H. C., Chou, Y. W., Wong, Z. R., Hsu, C. C., Chen, C. Y., & Yang,
H. Y. (2010). Phylogeography of yellowfin tuna (Thunnus albacares) in the Western
Pacific and the Western Indian Oceans inferred from mitochondrial DNA. Fisheries
Research, 105(3), 248-253.

206



References

Xiao, J., Kang, X., Xie, L., Qin, Q., He, Z., Hu, F., & Liu, S. (2014). The fertility of the hybrid
lineage derived from female Megalobrama amblycephalax male Culter alburnus. Animal
Reproduction Science, 151(1-2), 61-70.

Xu, D. H., & Klesius, P. H. (2013). Comparison of serum antibody responses and host
protection against parasite Ichthyophthirius multifiliis between channel catfish and
channelx blue hybrid catfish. Fish & Shellfish Immunology, 34(5), 1356-1359.

Xu, D. H., Klesius, P. H., Peatman, E., & Liu, Z. (2011). Susceptibility of channel catfish, blue
catfish and channelx blue catfish hybrid to Ichthyophthirius multifiliis. Aquaculture, 311
(1-4), 25-30.

Xu, K., Duan, W., Xiao, J., Tao, M., Zhang, C., Liu, Y., & Liu, S. J. (2015). Development
and application of biological technologies in fish genetic breeding. Science China Life
Science, 58, 187-201.

Xu, X. (1984). An overview of studies on all male tilapia crossbreeding abroad. Fisheries

Science & Technology Information, 28-31.

Yamamoto, T. S., & Kobayashi, W. (1992). Closure of the micropyle during embryonic
development of some pelagic fish eggs. Journal of Fish Biology, 40(2), 225-241.

Yano, T. (1996). The nonspecific immune system: humoral defense. The Fish Immune System:

Organism, Pathogen, and Environment, 105-157.

Yao, T., Zhang, Y., Yan, X., Wang, Z., Li, D., Su, J., & Yu, R. (2015). Interspecific
hybridization between Crassostrea angulata and C. ariakensis. Journal of Ocean
University of China, 14(4), 710-716.

Ye, S., Li, H., Qiao, G., & Li, Z. (2009). First case of Edwardsiella ictaluri infection in China
farmed yellow catfish Pelteobagrus fulvidraco. Aquaculture, 292(1/2), 6-10.

207



References

Yildiz, H. Y. (1998). Effects of experimental infection with Pseudomonas fluorescens on
different blood parameters in carp (Cyprinus carpio L.). Israeli Journal of Aquaculture
Bamidgeh, 50(2), 82-85.

Yildiz, H. Y., Koksal, G., Borazan, G., & Benli, C. K. (2006). Nitrite-induced
methemoglobinemia in Nile tilapia, Oreochromis niloticus. Journal of Applied
Ichthyology, 22(5), 427-426.

Yin, Z. X., He, J. G., Deng, W. X., & Chan, S. M. (2003). Molecular cloning, expression of
orange-spotted grouper goose-type lysozyme cDNA, and lytic activity of its recombinant
protein. Diseases of Aquatic Organisms, 55(2), 117-123.

You, W., Wang, B., Luo, X., & Ke, C. (2019). Environmental stress tolerance and immune

response for the small abalone hybrids. Aquaculture International, 27(1), 105-123.

Zak, T., Perelberg, A., Magen, 1., Milstein, A., & Joseph, D. (2007). Heterosis in the growth
rate of Hungarian-Israeli common carp crossbreeds and evaluation of their sensitivity to
koi herpes virus (KHV) disease. The Israeli Journal of Aquaculture Bamidgeh, 59(2), 63-
72.

Zarkadis, 1. K., Sarrias, M. R., Sfyroera, G., Sunyer, J. O., & Lambris, J. D. (2001).
Cloning and structure of three rainbow trout C3 molecules: a plausible explanation for

their functional diversity. Developmental & Comparative Immunology, 25(1), 11-24.

Zhang, J., Li, X., Jiang, G., Xu, Y., and He, Y. (2006). Pyramiding of Xa7 and Xa21 for the
improvement of disease resistance to bacterial blight in hybrid rice. Plant Breed. 125,
600-605.

Zhang, J., Pei, X., Wu, Z., Li, J., Wang, T., & Yin, S. (2019). A comparative study of immune
response between hybrid yellow catfish “Huangyou-1" and its parental populations after
challenge with Aeromonas hydrophila or Edwardsiella ictaluri. Aquaculture
International, 27 (3), 859-873.

208



References

Zhang, S. M., & Reddy, P. V. G. K. (1991). On the comparative karyomorphology of three
Indian major carps, Catla catla (Hamilton), Labeo rohita (Hamilton) and Cirrhinus

mrigala (Hamilton). Aquaculture, 97(1), 7-12.

Zhang, X. T., Zhang, G. R., Shi, Z. C., Yuan, Y. J., Zheng, H., Lin, L., & Ji, W. (2017).
Expression analysis of nine Toll-like receptors in yellow catfish (Pelteobagrus
fulvidraco) responding to Aeromonas hydrophila challenge. Fish & Shellfish
Immunology, 63, 384-393.

Zhang, Z.., Yang, Z., Ding, N., Xiong, W., Zheng, G., Lin, Q., & Zhang, G. (2018). Effects of
temperature on the survival, feeding, and growth of pearl gentian grouper (female
Epinephelus fuscoguttatusx male Epinephelus lanceolatus). Fisheries Science, 84(2),
399-404.

Zheng, W., Tian, C., & Chen, X. (2007). Molecular characterization of goose-type lysozyme
homologue of large yellow croaker and its involvement in immune response induced by
trivalent bacterial vaccine as an acute-phase protein. Immunology Letters, 113(2), 107-
116.

Zhong, H., Zhang, X., Xu, Q., Yan, J., Han, Z., Zheng, H., & Zhou, Y. (2019). Non-additive
and asymmetric allelic expression of growth hormone in hybrid tilapia. Frontiers in
Genetics, 10, 961.

Zhou, L., Xu, D., & Hou, Y. (2008). New species of fresh water fish-gold crucian carp. Science
Breeding, 50.

Zhu, S. R., Ma, K. Y., Xing, Z. J., Xie, N., Wang, Y. X., Wang, Q., & Li, J. L. (2013). The
complete mitochondrial genome of Channa argus, Channa maculata and hybrid
snakehead fish (Channa maculata (?)x Channa argus (J)). Mitochondrial DNA, 24(3),
217-218.

209



References

Zhu, W., Hu, B., Becker, C., Dogan, E. S., Berendzen, K. W., Weigel, D., & Liu, C. (2017).
Altered chromatin compaction and histone methylation drive non-additive gene

expression in an interspecific Arabidopsis hybrid. Genome Biology, 18(1), 1-16.

Zmijewski, T., Kujawa, R., Jankowska, B., Kwiatkowska, A., & Mamcarz, A. (20006).
Slaughter yield, proximate and fatty acid composition and sensory properties of rapfen
(Aspius aspius L) with tissue of bream (Abramis brama L) and pike (Esox lucius
L). Journal of Food Composition and Analysis, 19(2-3), 176-181.

210






Journal of Thermal Biology 89 (2020) 102570

Contents lists available at ScienceDirect

Journal of Thermal Biology

journal homepage: http://www.elsevier.com/locate/jtherbio

t.)

Check for

Effect of acclimated temperature on thermal tolerance, immune response | &&&
and expression of HSP genes in Labeo rohita, Catla catla and their

intergeneric hybrids

Muhammad Ahmad?, Amina Zuberi*, Mashooq Ali®, Awal Syed?,
Mahmood ul Hassan Murtaza ®, Abbas Khan ”, Muhammad Kamran *

2 Fisheries & Aquaculture Program, Department of Animal Sciences, Faculty of Biological Sciences, Quaid-i-Azam University Islamabad, Pakistan

b Department of Statistics, Quaid-i-Azam University, Islamabad, Pakistan

ARTICLE INFO ABSTRACT

Keywords:

L. rohita

C. catla

intergeneric Hybrids
Thermal tolerance
Heat shock proteins
Lysozyme
Respiratory burst
Lipid peroxidation

The ability of a species and population to respond to a decrease or an increase in temperature depends on their
adaptive potential. Here, the critical thermal tolerance (CTmax and CTmin) of four populations: Labeo rohita,
Catla catla, and their reciprocal hybrids L. rohita@x C. catlad (RC) and C. catla@ x L. rohitad (CR) being accli-
matized at four acclimation temperatures (22, 26, 30 and 34 °C) were determined. All populations indicated
substantial variations (P < 0.05) in CTmax and CTmin values. L. rohita displayed, comparatively the highest
CTmax with largest total and intrinsic polygon zones as well as the upper and lower acquired thermal tolerance
zones followed by RC and CR hybrids, while C. catla showed significantly the highest CTmin value and the
smallest intrinsic and acquired thermal tolerance zones. Both hybrids illustrated low parent heterosis (<11%).
Additionally, the highest expression of Hsp70 and Hsp90 (heat shock proteins) genes, serum lysozyme level,
respiratory burst activity and lowest lipid peroxidation level under lower and higher temperature shock further
illustrated strong physiological mechanism of L. rohita in contrast to C. catla, to deal with acute temperature,
while hybrids, especially F1 RC hybrid appeared as a good option to replace C. catla in relatively higher and

lower temperature areas.

1. Introduction

Global climatic changes, including temperature variations are now
been considered as the major threat to biodiversity and can possibly
affect the aquaculture sector negatively, by lowering fish productivity
worldwide (Ficke et al., 2007). Climate change may lead to creation of
physical or physiological barriers (Walther et al., 2002; Pearson and
Dawson, 2003) that might limit the habitat’s shift of independently
mobile organisms and in turn leads to loss of genetic diversity (Ezard
and Travis, 2006). The environmental temperature is the key factor that
alters the various aspects of fish biology; distribution, behavior, fitness,
and performances (Portner and Farrell, 2008). Although thermal pref-
erences are species-specific and genetically inherent (Anttila et al.,
2013), but other endogenous and abiotic factors like age, sex, weight,
food availability, density, pathogens, season, water quality and light
intensity also have an intense impact (Diaz et al., 2002).

The impact of seasonal and climate changes on thermal tolerance as

* Corresponding author.
E-mail address: amina.zuberi@qau.edu.pk (A. Zuberi).

https://doi.org/10.1016/j.jtherbio.2020.102570

well as life of the organism has widely been recognized (Bozinovic et al.,
2011; Yanik and Aslan, 2018). The increase or decrease in temperature
beyond optimum level cause physiological changes/disturbance which
ultimately leads to the death of an organism. To cope with these
changes, fish have limited options i.e., to move to a more appropriate
habitat or adapt new environmental conditions, through the expression
of phenotypic plasticity (Schulte et al., 2011; Fox et al., 2019). Most of
the species have ability to modify their thermal tolerance limit and
adjust to the new temperature regimes by modifying physiological
functioning through acclimation (Angilletta et al., 2009; Seebacher
et al., 2015). Nevertheless, physiological plasticity in thermal tolerance
varies among species or even among strains, thus effecting their adap-
tation (Stitt et al., 2013; Fu et al., 2018).

Temperature rise is beneficial for aquaculture production to a certain
range, as it enhance metabolism and growth rate, along with reduction
in the maturation or culture period (Boltana et al., 2017; Islam et al.,
2019), however, increase in temperature beyond the optimal limit can
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surge metabolic stress, increase the oxygen demand (Claésson et al.,
2016) and negatively impact the immunity (Dominguez et al., 2004;
Abram et al., 2017). It is well documented that the expected 1-4 °C rise
in temperature due to global warming over the following century will
also affect aquatic ecosystems (Ficke et al., 2007; Pachauri et al., 2014).
Like higher temperature, suboptimal temperature also impaired the
health of fish by effecting metabolism, slowing or shutdown immune
response mechanism and increasing susceptibility to pathogens (Liang
et al., 2014; Abram et al., 2017).

Many studies demonstrated the variation in thermal tolerance, both
within species/strains (McDermid et al., 2012; Stitt et al., 2013; Syed
et al., 2018) and among species (Chatterjee et al., 2004; Das et al., 2004)
and proposed intraspecific and interspecific hybridization. Hybridiza-
tion is an effective method in aquaculture to improve the growth, dis-
ease resistance, survival etc. of fish and shellfish (Wang et al., 2019).
Many investigators also used this method to improve the thermal
tolerance and observed variable results. For instances F1 hybrids of
Morone chrysops@ and M. saxatilis3, Haliotis discus hannai@ and H. discus
discus@, H. discus hannaiQ and Halitotis kamtschatkanad, H. discus
hannaiQ and H. giganteand, Ctenopharyngodon idellaQ and Hypo-
phthalmichthys nobilis@ showed stronger thermal tolerance than both
parents (Bettoli et al., 1985; Bartley et al., 2000; Liang et al., 2014) while
observed thermal tolerance of F1 hybrids of Esox lucius and Esox mas-
quinongy, Salvelinus fontinalis and S. namaycush (Scott, 1964; Goddard
and Tait, 1976) was intermediate between parents. These examples have
confirmed the hybrid heterosis in thermal tolerance. However, several
studies have demonstrated no heterosis among interspecific and intra-
specific hybrids like low temperature tolerance of Sparus sarba x
Acanthopagrus schlegeli F1 hybrids was more or less identical to the
parent (Kitajima and Tsukashima, 1983). Similarly, pure and F1 hybrid
populations of brook trout Salvelinus fontinalis did not show any pro-
nounced difference in CTmax values.

Generally, thermal tolerance of aquatic ectotherms has been calcu-
lated through the critical thermal limits. At this point, fish may show a
combination of physiological and biochemical features (Somero, 2010)
including onset of muscle spasms and loss in the righting response. In the
laboratory, the upper and lower temperature tolerance limit of fish
could be quantified by adopting a critical thermal methodology (CTM)
(Cowles and Bogert, 1944), that involve exposure of fish to a continuous
and constant decrease or increase in temperature until a sub-lethal or
near-lethal endpoint, i.e., disorganization of locomotor activity of fish is
attained (Eme and Bennett, 2009). Survival beyond the critical thermal
maximum (CTmax) is limited by time, due to the insufficient ATP yield
from anaerobic metabolism. Temperature intervals between the critical
thermal limits and optimal temperature are called Pejus, a transitory
temperature where protection mechanisms to cope with the generation
of reactive oxygen species (ROS) are activated (Rodriguez-Fuentes et al.,
2017).

Nowadays, genetic characterization of thermal resistance is getting
importance in fish culture. Unfortunately, little is known about the ge-
netic basis and mode of inheritance of this phenomenon in most of fish
species. Nevertheless, many investigators suggest it a heritable trait that
might be controlled by single or polygene (Doyle et al., 2011; Anttila
et al., 2013), probably passed on by sex-linked inheritance (Nakajima
et al., 2009). The present novel study is the first ever laboratory trial to
elucidate the thermal tolerance and physiological responses of finger-
lings of L. rohita, C. catla, and their intergeneric hybrids acclimated at
different temperatures. According to some investigators, genetic vari-
ability via hybridization could improve population responses to change
in temperature, under the concept of natural selection (Stockwell et al.,
2003; Pickup et al., 2013). Therefore, this study was designed to eval-
uate phenotypic plasticity and adaptive potential of the parental fish and
their reciprocal hybrids to various temperature regimes so as to improve
and disseminate their lucrative position in aquaculture practices.
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2. Materials and methods
2.1. Fish sampling and acclimatization

Fingerling of L. rohita, C. catla, CR hybrid (right pectoral fin clipped),
and RC hybrid (left pectoral fin clipped) of similar age group, average
body weight 24.45 + 2.0 g and length 12.3 + 0.5 cm) were harvested
from earthen pond and stocked in the circular water tanks having
venturi drain, for 5 days prior shifting to experimental aquaria for
initiating experiments. All populations were fed with 35% protein
commercial diet, twice a day at ad libitum.

2.2. Experimental design

2.2.1. Thermal tolerance

A 4x4 factorial design, consisting of four populations (C. catla, L.
rohita, CR hybrid and RC hybrid) and four acclimated temperatures was
conducted to determine the thermal tolerance of each population. The
acclimatized fingerlings of each population were shifted from tank to
experimental aquaria (120 x 60 x 60 cm®, 432L), having aerators to
maintain DO level (5.5 mg/L), immersible water heaters (microcom-
puter temperature controller Jiayu MI-300 W) and a 1/4 HP local made
Tank Chiller to manage water temperature at desirable degrees. In order
to avoid effect of extraneous variables, 5 fingerlings of each population
were stocked in the same aquarium (20 fingerlings/aquarium). The
thermal tolerance trial was conducted in replicates of three and 6
aquaria (3 for CTmax and 3 for CTmin) of every population (15 fin-
gerlings/population/CTL) were used for each acclimated temperature.
The water temperature of each aquarium was decreased or increased
gradually at the rate of 1 °C/day to reach the test acclimation temper-
atures (22, 26, 30, 34 °C) by following previously reported procedure
(Syed et al., 2018). Later the fish were hold for a period of 30 days at a
specific acclimated temperature before starting the trial. The acclima-
tion temperatures for the trial were selected by following literature on
C. carpio and L. rohita (Chatterjee et al., 2004; Das et al., 2004; Syed
et al., 2018). Throughout the experiment, the concentration of dissolved
oxygen (DO) and temperature were monitored. Moreover, the experi-
ment was conducted in the semi-static conditions and 20-30% water
was exchanged with freshwater, depending on the turbidity and water
quality of the aquaria. Afterwards, fish were starved for a day before the
initiation of the thermal tolerance assay.

2.2.2. Thermal tolerance evaluation

For population-based thermal tolerance, Critical thermal methodol-
ogy (CTM) reported by other investigators (Das et al., 2004; Syed et al.,
2018) was adopted. Briefly CTmax and CTmin tests were conducted by
gradual increment and reduction in the water temperature by 0.3
°C/min of each aquarium set at acclimated temperature until fish
showed loss of equilibrium i.e., unable to maintain dorso-ventral
orientation for about 1 min (Eme and Bennett, 2009). Lowest and
highest temperature points at which LOE of fish was observed were
considered as critical thermal minima (CTmin), and critical thermal
maxima (CTmax) of particular population, respectively. Aeration was
well maintained throughout the experiment, while instantaneous tem-
perature fluctuations were noted with digital thermometer attached to
each aquarium. The upper and lower thermal limit of each population
was calculated by noting thermal tolerance of every individual in
replicate group. Subsequently, grand, mean, of collective replicate
endpoints was considered as the CTmax and CTmin of the population.

2.2.3. Thermal tolerance polygon

Method reported in detail by Eme and Bennett (2009) was adopted
for the construction of ecological thermal polygons and calculation of
intrinsic and acquired thermal zones of L. rohita, C. catla and their
hybrids.
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2.2.4. Physiological response

For comparative evaluation of stress and immune response of L.
rohita, C.catla, and their reciprocal hybrids (RC and CR hybrids) after
higher and lower temperature shock, second set of experiment in
replicate of three under similar setup as mentioned above was con-
ducted. Here 45 fingerlings of each population were evenly distributed
in 9 aquaria (20 fingerlings/aquarium with 5 fingerlings/population)
and acclimated at 27 °C+ 0.5 for 30 days. Afterwards fish of three
aquaria were exposed to 12 °C while other fish were exposed to 37 °C.
The DO level was maintained and temperature was increased or
decrease as described previously. Fish were captured after 6 h of
attaining assigned temperature and samples were collected for evalu-
ating the response of each population under thermal stress.

2.2.5. Tissue and blood collection

For collection of serum and hepatopancreatic tissue, 45 fingerlings of
each population (15 each from 27 °C, 12 °C and 37 °C temperature
exposed groups) were anesthetized with buffered MS222 (70-80 mg/L),
and blood was collected from the caudal vein by using 2 ml heparinized
syringe (24G). Blood was allowed to clot at ambient temperature. Sub-
sequently, centrifuged for 10 min at 2000xg and separated serum was
saved in microtube at 4 °C. Fish were dissected and their hep-
atopancreatic tissues were collected aseptically. For determination of
heat shock protein genes expression, about 50 mg tissues of randomly
collected 9 fingerlings/high, low and acclimated temperature (3 fin-
gerlings/aquarium) were immediately preserved in RNA later at —80 °C,
while remaining tissues of 3 fingerlings/aquarium/population were
pooled and hepatopancreas of other 6 individuals/population/temper-
ature were collected separately and stored at —20 °C for lipid peroxi-
dation assay.

2.3. Biochemical analysis

2.3.1. Respiratory burst activity

Anderson and Siwicki (1995) method was adopted for determination
of respiratory burst (rapid release reactive oxygen species) by using
fresh heparinized blood of randomly collected 3 fish/-
aquarium/population). The level of reduced nitroblue tetrazolium was
noted at 540 nm.

2.3.2. Lysozyme activity

Serum lysozyme activity (9 samples/population/temperature) was
determined by adopting standard method reported earlier (Ullah et al.,
2018).

2.3.3. Lipid peroxidation

Wright et al. (1981) method described in detail earlier (Ullah et al.,
2014) was adopted for the determination of lipidperoxidation level in
the hepatopancreas.

2.4. Extraction of total RNA and cDNA synthesis

The detailed procedure reported earlier (Amir et al., 2018) was
adopted for extraction of total RNA from samples and conversion into
cDNA for qPCR.

2.4.1. Designing of primers

The primers used for the study were self-designed by using Oligo
Primer Analysis Software version 1.1.2 based on the mRNA sequence of
the respective genes of L.rohita obtained from gene bank NCBI (www.
ncbi.nlm.nih.gov). The designed primers were manufactured from Hu-
manizing Genomics Macrogen. The specificity of each primer was
checked by running a simple PCR reaction and performing gel electro-
phoresis, while the quality of cDNA and its compatibility with primers
were checked by performing PCR of each sample in duplicate in at least
two independent runs. List of primers used for evaluating the expression
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of Hsp genes are given in Table 2.

2.4.2. RT - qPCR for gene expression

For evaluation of the relative expression of heat shock proteins
Hsp70 and Hsp90 genes in the hepatopancreas, quantitative real time
PCR was conducted. Initially, PCR conditions and cycle number were
optimized for Hsp genes. Each PCR reaction was run in standard of 20 pl
reaction mixture contains 1.6 pl of diluted cDNA, 0.4 pl of forward and
reverse primer, 10 pl of SYBER green and 7.6 pl of H2O. RT - qPCR re-
action condition included an initial denaturation at 95 °C for 10 min
followed by 40 cycles at 95 °C for 15 s and subsequently, 62 °C for 15 s.
The efficiency of PCR reaction for each gene was checked by plotting,
standard curves with serial dilutions (1/10, 1/100 and 1,/1000) of cDNA
of a control sample. The mRNA levels of Hsp70 and Hsp90 were
normalized to the expression of L.rohita 18s Housekeeping gene, primer
shown in Table 2. The relative variation in gene expression was calcu-
lated by the standard AACT method (Pfaffl, 2001).

2.5. Statistical evaluation

R-software was used for dawning thermal polygon and determina-
tion of intrinsic and acquired thermal zone of each population. Whilst
computerized statistical software package for social sciences (Version
20, Inc. Chicago, USA) was used for conducting two ways analysis of
variance followed by LSD post hoc test for comparing the results of
Critical thermal limits and biochemical indices among populations,
parent species (L. rohita, C. catla) and their intergeneric hybrids (RC and
CR) at different temperatures. The relationship between the acclimati-
zation temperature and thermal tolerance of each population was
determined by simple linear regression. All statistical analysis was based
on 5% level of significance.

3. Results

Statistical analysis showed significant differences in CTmax values
among populations, L. rohita, C. catla, CR and RC hybrid (n = 15,
ANOVA, F3 240 = 403.68, p = 0.001) at a different acclimated tem-
perature (F3 240 = 5.28, p = 0.001), while pop x acclimated tempera-
ture significant interaction (F3 240 = 3.50, p = 0.001) indicated the
manner in which the populations responded to the acclimated temper-
ature varied. Similar results were observed for CTmin values, i.e., all
populations showed significant difference (n = 15, ANOVA, F3 240 =
564.47, p = 0.001) at a different acclimated temperature (F3 240 = 5.62,
p = 0.001) while population x acclimated temperature significant
interaction (F3 249 = 25.39, p = 0.001) indicated how the effect of both
variables depend on each other. The close observation of data indicated
that values of CTmax and CTmin increased significantly, with increasing
acclimation temperatures (P < 0.05), therefore, at higher acclimation
temperatures, the fingerling of L. rohita, C. catla, CR and RC hybrid had
higher CTmax and CTmin values (Table 1). Subsequent to CTM trials,
fish did not show any mortality during a 24 h observation period.

Moreover, regression analysis revealed a comparatively less gain in
the tolerance of C. catla with changes in acclimation temperature as
compared to L. rohita and hybrids (CR and RC). For every 1 °C vary in
acclimation temperature, both L. rohita and RC hybrid gained 0.66 and
0.64 °C of the upper tolerance limit while 0.49 and 0.48 °C, respectively
of the low tolerance limit. Unlike C. catla, both hybrids displayed more
upper and lower tolerance with change in acclimation temperature. Yet,
in contrast to L. rohita, RC hybrid showed comparable lower and less
upper tolerance to change in acclimation temperature while acclama-
tory response of CR hybrid with respect to L. rohita was less in upper
temperature tolerance, but greater in lower temperature tolerance.
Furthermore, highly significant regression of CTmin and CTmax on
acclimation temperatures for all populations (p < 0.001) indicating
0.94-0.99% thermal tolerance variability (Fig. 1a and b).
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Table 1
Critical thermal maxima (CTmax) and critical thermal minima (CTmin) of L. rohita, C catla and their intergeneric hybrids (CR and RC) acclimated to four different
temperatures.
Acclimation temperature (22 °C) Acclimation temperature (26 °C)
Parent species Hybrids Parent species Hybrids
L. rohita C. catla CR RC L. rohita C. catla CR RC
CTmax(°C) 37.42 + 0.04% 35.62 + 0.12¢ 35.92 + 0.07¢ 36.62 + 0.07" 40.09 + 0.12% 38.04 + 0.04¢ 38.65 + 0.03¢ 39.2 + 0.04°
CTmin(°C) 10.40 + 0.14% 10.29 + 0.11° 8.94 + 0.11° 8.21 + 0.061 10.53 + 0.02° 11.45 + 0.33* 11.01 + 003" 9.98 + 0.33¢
Acclimation temperature (30°C) Acclimation temperature (34°C)
CTmax(°C) 42.56 + 0.13% 40.61 + 0.30¢ 41.27 + 0.02° 41.96 + 0.02" 45.40 + 0.16 42.90 + 0.12¢ 43.33 £ 0.14¢ 44.29 + 0.08°
CTmin(°C) 11.98 + 0.03¢ 14.38 + 0.03° 13.15 + 0.04° 12.55 + 0.06° 14.45 + 0.11°¢ 15.39 + 0.07° 14.90 + 0.06° 13.76 + 0.08¢

Data presented as Mean + SE. One-way ANOVA followed by an LSD post hoc test shows a comparison between populations. All means with a different lowercase
superscript in the same row indicate significance difference (P < 0.05). CR = C.catla® xL. rohitagd hybrid; RC = C. catlad xL. rohita® hybrid.

3.1. Thermal tolerance zone

Among all populations, L. rohita exhibited the largest polygonal area
followed by RC hybrid (Fig. 1a and b). All populations polygon area was
ranging from 316.98 °C2 (C. catla) to 360.41 °C? (L. rohita). The dis-
played polygon area of RC (352.85 °C2) and CR (333.47 °C2) hybrids was
at least 36.44 (11.52%) and 17.06 (5.39%) greater than C. catla
respectively. The results reflect low parent heterosis as L. rohita gained
the greater amount of upper and lower tolerance through acclimation
while C. catla acquired the least upper and lower thermal tolerance
limits.

3.2. Biochemical indices

Before thermal shock or at 27 °C, all populations showed significant
difference (P < 0.05) in serum lysozyme activity, respiratory burst ac-
tivity and liver lipid peroxidation level (Table 3). RC hybrids followed
by CR hybrids showed significantly higher levels of lysozyme and res-
piratory burst activity while C. catla showed the lowest values. The lipid
peroxidation levels in RC hybrids, L. rohita and CR hybrids were statis-
tically similar (P > 0.05) and lower than found in C. catla. Exposure of
fingerlings to higher (38 °C) and lower (12 °C) temperature caused a
significant increase in the LPO levels, lysozyme and respiratory burst
activity. All populations followed similar rank in their responses as
observed at 27 °C.

The expressions of Hsp70 and Hsp90 genes in the hepatopancreas of
all populations were significantly (p < 0.05) up-regulated after thermal
stress (low and high temperature shock). One way ANOVA followed by
LSD post hoc test revealed that expressions of both Hsp were signifi-
cantly different among populations (Fig. 2, Hsp70, n = 9, F3 108 =
13.067, p = 0.001: Fig. 3, Hsp90, n = 9, F3 108 = 9.47 p = 0.001) at
different temperatures (Hsp70, n = 9 Fy 108 = 63.36, p = 0.001 and
Hsp90, Fy 108 = 68.30, p = 0.001) Moreover, significant interaction
between populations and temperature (Hsp70, Fg 108 = 5.33, p = 0.001
and Hsp90, Fg 108 = 2.30, p = 0.01) indicated the manner in which the
all populations responded to the change in temperature. The close
observation of the data indicated statistically comparable and many
folds higher expression of genes related to Hsp70 and Hsp90 in L. rohita
and RC hybrids as compared to C. catla after thermal shock.

4. Discussion

The most important attributes for the sustainable development of
modern fish culture systems are fast growth, disease resistance and
higher thermal tolerance of stocks and through interspecific hybridiza-
tion superior genetic and phenotypic variations of these traits can be
generated. Here, trials have been conducted to explore these variations
for thermal tolerance and the strength to cope with the change in tem-
perature (thermal stress) in L. rohita, C. catla and their reciprocal hybrids
(RC and CR hybrids). Our study revealed significant variations among

them in thermal tolerance at four acclimation temperatures; 22, 26, 30
and 34 °C and in physiological responses at higher and lower tempera-
ture assault.

Previously, many studies showed that thermal tolerance of fish is
mostly dependent on the acclimation temperature (Das et al., 2004;
Debnath et al., 2006; Eme and Bennett, 2009; Syed et al., 2018), while
others reported the influence of many other factors like species, size,
age, condition factor and pollution on this trait (Beitinger et al., 2000;
Das et al., 2004; Nakajima et al., 2009). In the present investigation, the
experimental setup and acclimation temperatures were set by following
the studies on L.rohita (Das et al., 2004; Syed et al., 2018), while in-
fluence of different external factors was avoided by conducting experi-
ment in replicate of three in communal aquaria on the same age
fingerlings of both species, L. rohita, C. catla and their hybrids (RC and
CR). Furthermore, three months before conducting thermal tolerance
assays, fingerlings of all groups were reared in communal earthen ponds.
Despite providing similar environmental conditions, before and during
assay, the parent species and their reciprocal hybrids showed significant
difference in CTmax and CTmin values, may be due to genetic variation
relating to expression of this trait (Stockwell et al., 2003; Nakajima
et al., 2009; McDermid et al., 2012).

Here, CTmax and CTmin values of L. rohita, C.catla and both hybrids
increased proportionally to rise in acclimation temperatures (Table .1).
Like our results, many other investigators also reported positive relation
between acclimation temperature and thermal tolerance in different fish
species, e.g., C. carpio, yellowtail catfish, (Chatterjee et al., 2004),
advance fingerlings of Indian major Carps (Das et al., 2004, 2005) and
P. pangasius (Debnath et al., 2006). Furthermore, higher CTmax and
lower CTmin values of L. rohita at all acclimation temperature as
compared to C. catla in the present study is also in accord to previous
reports (Chatterjee et al., 2004; Das et al., 2004), indicating species
specific difference in thermal tolerance. Though, some differences in
CTmax and CTmin values of both species from the previous in-
vestigations have been observed, but it may be due to the differences in
acclimation temperature, age and size of fish (Das et al., 2004; Nakajima
et al., 2009).

Our results also indicated thermal tolerance differences within hy-
brids (RC and CR) and between hybrids and parent species. Both hybrids
displayed more upper and lower temperature tolerance in contrast to
C. catla with change in acclimation temperature, while acclamatory
response of CR hybrid with respect to L. rohita was less in upper tem-
perature tolerance, but greater in lower temperature tolerance. Never-
theless, no literature is available on the thermal tolerance of CR and RC
hybrids to compare our findings, but our results support various reports
illustrating thermal tolerance difference between fish species as well as
even among different strains (McDermid et al., 2012).

Thermal tolerance polygons give a very good idea about the thermal
physiology, ecology and distribution strategy and thermal niche along
with the optimal culture conditions of the species (Das et al., 2004;
Diilger et al., 2012). Here, of the four groups (parent species and their
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Fig. 1a. Thermal tolerance polygon created by using CTmax and CTmin data. It
shows the thermal tolerance zone of L. rohita, and C. catla, acclimated to four
different temperatures (22, 26, 30 and 34 °C). Polygon displays the upper and
lower acquired tolerance zone (right triangles) the zone of intrinsic tolerance
(rectangle) and total thermal tolerance (entire quadrilateral). Simple Linear
regression model of CTmax and CTmin also show the lowest and highest CTmax
and CTmin, based on extrapolated regression lines with upper and lower
acclimation temperatures CTmax and CTmin, respectively. CTmax = Critical
thermal maxima and CTmin = Critical thermal minima.

interspecific hybrids) tested over four fixed temperatures (22-34 °C),
thermal tolerance polygon, indicated a significant difference in total,
intrinsic and acquire thermal tolerance zones. The results of higher
thermal tolerance polygon area of L. rohita (360.41°C?) as compared to
C.catla (316.98°C2) is in accord to other reports (Chatterjee et al., 2004;
Das et al., 2004) and indicating species specific difference. It is well
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Fig. 1b. Thermal tolerance polygon created by using CTmax and CTmin data. It
shows the thermal tolerance zone of CR hybrid and RC hybrid acclimated to
four different temperatures (22, 26, 30 and 34 °C). Polygon displays the upper
and lower acquired tolerance zone (right triangles) the zone of intrinsic toler-
ance (rectangle) and total thermal tolerance (entire quadrilateral). Simple
Linear regression model of CTmax and CTmin also show the lowest and highest
CTmax and CTmin, based on extrapolated regression lines with upper and lower
acclimation temperatures CTmax and CTmin, respectively. CR = C. catla® xL.
rohitad hybrid; RC = C. catlag xL. rohitaQ hybrid; CTmax = Critical thermal
maxima and CTmin = Critical thermal minima.

documented that C. catla is a surface feeder, least temperature tolerant
species than L. rohita, which feed at column or middle layer of pond due
to which they have more tendency to adapt adverse conditions (Das
et al., 2004).

In the present findings, a significant difference in total as well
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Table 2
Putative markers used for Hsp70 and Hsp90 expression study.

Target Gene sequence 5’ to 3’ Amplicon Accession No

genes Size (bp)

Hsp90 F GGCAAGGACCTGAAGATC 124 KM:091924.1
R CAGACTTGGCGATGGTAC

Hsp70 F CAAGAGGAAGCACAAGAAGG 162 KM:369886.1
R CTGGTGATGGACGAGTAGAAG

18-s F CGGACACGGAAAGGATTGAC 84 KC:915025.1
R CGCTCCACCAACTAAGAACG

Table 3

Effect of temperatures on immunity and Lipid peroxidation of L. rohita, C.catla
their intergeneric hybrids.

L. rohita C. catla CR hybrids RC hybrids
Lysozyme (pg/mL)
12°C  2.06 + 0.18%¢ 1.61 + 0.22% 2.83 + 0.19%° 4.05 + 0.43%
27°C 291 + 0.25%° 1.72 + 0.29%¢ 3.50 + 0.19%% 394 4 0.39%
37°C 451 +0.50°" 2,63 + 0.58"" 419 + 0.4242 4.83 + 0.424°
Respiratory burst activity
12°C  0.34 + 0.09% 0.25 + 0.04% 0.40 + 0.07% 0.45 + 0.10°®
27°C 0.41 +£0.08"  0.33£0.05"%  0.52 + 0.05"° 0.70 + 0.06%
37°C 0.58 +0.04"  0.43 + 0.06"° 0.76 + 0.074° 0.96 + 0.074%
LPO (pmol of malondialdehyde/mg protein
12°C 3.07 + 0.14%¢ 4.94 + 0.15% 4.01 +0.13%° 2.10 +0.13%
27°C 0.27 + 0.10° 0.45 + 0.03* 0.27 + 0.03%° 0.23 + 0.01°
37°C  6.01 + 0.46"° 8.38 + 0.43%2 7.89 + 0.3742 5.49 + 0.47A°

Data presented as Mean + SE (n = 9). ANOVA followed by LSD show compar-
isons between populations at same temperature and within population at
different temperature. Means sharing different lowercase superscripts within
row indicate significant differences between populations, while uppercase su-
perscripts in same column show significant difference at (P < 0.05) within
population. CR = C. catla@ xL. rohitad hybrid, RC = C. catlad xL. rohita? hybrid.

Fig. 2. Expression of Hsp70 gene in the hepatopancreas at different tempera-
tures (12, 27 and 37 °C). Bars shows the values as Mean + SE, n = 9. ANOVA
followed by LSD post hoc test represent comparisons between populations at
different temperatures. Different lowercase superscripts on bars are showing
significant difference (P < 0.05) between populations. CR = C.
catla@ xL. rohitad, RC = C. catlad xL. rohitaQ.

intrinsic and acquired thermal polygon area among RC and CR hybrids
as well between hybrids and parent species indicating the appearance of
phenotypic variation. About 11.52% and 5.39% greater polygon area of
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Fig. 3. Expression of Hsp90 gene in the hepatopancreas at different tempera-
tures (12, 27 and 37 °C). Bars shows the values as Mean + SE, n = 9. ANOVA
followed by LSD post hoc test represent comparisons between populations at
different temperatures. Different lower-cases superscripts on bars are showing
significant difference (P < 0.05) between populations.

RC and CR hybrids respectively in contrast to C. catla, reveals more
temperature tolerant of both hybrids, especially RC hybrid as compared
to C. catla. However, in contrast to L. rohita, RC and CR hybrid displayed
2.1% and 8.1% less thermal polygon zone, indicating low performance
However, close observation of the data revealed less acclamatory
response of CR hybrid with respect to L. rohita in upper temperature
tolerance, but greater in lower acquire temperature tolerance. To the
best of our knowledge, thermal tolerance of intergeneric hybrids of
C. catla and L. rohita is first time reported here; therefore no parallel
reports are available to compare our results.

In this experiment, it was also observed that thermal polygons of all
our four populations are higher than 273.5°C? reported by Chatterjee
et al. (2004) for L. rohita, over the acclimation range 25-35 °C, but much
smaller than 744.8°C? reported by Das et al. (2004) in L. rohita, over the
acclimation temperature range of 12-40 °C. The variability in the results
might be related to differences in acclimation temperature, because the
total thermal polygon area is dependent on the acclimation tempera-
tures, used in the trial (Das et al., 2005). It is well documented that first
generation hybrids (F1 hybrids) contain a genetic combination of both
parental species, which could result in new and better ontogenetic tra-
jectories (Corse et al., 2012). But the results in both reciprocal hybrids
were found intermediate (352.85°C? for RC and 333.47°C%for CR) be-
tween the two pure species, lower than L. rohita and higher than C. catla.

Due to heterosis, F1 hybrids often show better thermal tolerance as
compared to parental lines (Willett, 2011). Conversely, our results
indicated that hybridization between L. rohitaand C. catla led to inter-
mediate thermal tolerance. Both hybrids showed relatively low-parent
heterosis for this trait, approximately 11% for RC hybrid and 5% for
CR, which are less than 20%.This result may reflect that there was no
effect of heterosis on thermal tolerance-related trait. It may be due to a
very small genetic distance between L. rohita and C. catla (Dan et al.,
2014). It is well documented that genetic distance among species rep-
resents strength of heterosis (Li et al., 2012). Like our results, many
investigators reported intermediate thermal tolerance in the hybrids of
grass carp and bighead carp (Bettoli et al., 1985), Northern and Florida
largemouth Bass reciprocal hybrid (Fields et al., 1987). Comparing the
two hybrids, RC was found more tolerant to temperature than CR which
may be due to maternal effect of L. rohita. According to Martins et al.
(2019) female parent contribute more significantly in the transmission
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of thermal traits.

Temperature shift beyond the optimum range triggers a stress
response and modulate the immune response (Dominguez et al., 2004).
Here besides determining CTmax and CTmin at various acclimation
temperatures, we also assessed the impact of temperature below or
above the optimum temperature, on the physiological response of pure
species and their intergeneric hybrids and observed variable results.
This information is valuable because physiological changes reflect the
adaptability of fish to change in water temperature. Our results are in
accord to literature where fish showed species specific thermal tolerance
and demonstrated different physiological response to increase or
decrease in temperature (Abram et al., 2017; Balta et al., 2017).

Heat shock protein Hsp70 and Hsp90 are the potential biomarkers to
understand the response of fish against thermal assault. It provides
protection to the internal cellular organization and regulates vital
cellular functions (Richter et al., 2010; Sharma et al., 2017). Here the
up-regulation of Hsp70 and Hsp90 genes in the hepatopancreas of all
populations exposed to high (37 °C) and lower (12 °C) temperature
indicated the activation of protection mechanism. Like our results many
other investigators also reported upregulation of Hsp70and Hsp90 in
hepatopancreas of other fish species subjected to heat shock e.g. C. idela
(Wu et al., 2012; Sharma et al., 2017), Channa striatus (Purohit et al.,
2014) and Puntius sophore (Mahanty et al., 2017). It is well documented
that species with higher ability to modulate the expression of Hsp show
better adaptability to the changing temperature while those lacking this
reaction demonstrated reduced abilities (Somero, 2010). Here, many
fold higher expression of both Hsp70 and Hsp90 in L. rohita and RC
hybrid as compared to CR hybrid and C. catla may indicate their higher
ability to cope the thermal stress.

Furthermore, the increase in the hepatopancreas LPO level at 37 °C
and 12 °C as compared to 27 °C (acclimated temperature) in all pop-
ulations indicated oxidative damage caused by reactive oxygen species.
However, lower level of LPO in L. rohita and RC hybrids may also
indicate their better adaptability. Similar elevated level of LPO in
response to heat shock was also reported in Channa punctatus (Kaur
et al., 2005), Dicentrarchus labrax (Vinagre et al., 2012) and C. catla
(Sharma et al., 2017). The solubility of oxygen is higher at low tem-
perature, therefore most scientists expected inverse relationship be-
tween oxidative stress and temperature but here both parents and their
intergeneric hybrids showed the lowest LPO activity at optimum/ac-
climation temperature (27 °C) followed by at low temperature. It seems
that oxidative stress is not directly related to temperature. Like our re-
sults Vinagre et al. (2012) also reported similar lowest MDA concen-
tration in D. labrax at thermal optimum in contrast to temperature
beyond the thermal limit.

Temperature fluctuation also affects the fish immune system. Overall
enhance immune response to an increase in temperature and suppres-
sion at low temperature is well documented (Abram et al., 2017; Larsen
et al., 2018). The fish immune response and virulence of pathogens often
correlate with water temperature. Generally, temperature beyond the
optimal range induced physiological stress and increases the suscepti-
bility of fish to disease by compromising their resistance. Yet, beside
abiotic factors, genetic factor also influence the ability of fish to resist
infection (Lu et al., 2019). Here the observed increase and decrease in
the respiratory burst and serum lysozymes activity at high or low tem-
perature, respectively as compared to acclimated temperature, indicated
the activation and slowdown of the of defense mechanism in all
populations.

Lysozyme level and respiratory burst activity are the widely used
indicators of nonspecific immune system (Saurabh and Sahoo, 2008).
Lysozyme provides protection against gram-negative and gram-positive
invading bacteria by attacking bacterial cell wall and hydrolyzing
peptidoglycan layer. Respiratory burst activity is an indication of
inflammation and production of various reactive oxygen species (ROS).
It is an important reaction that occurs in phagocytes for degrading the
invading organisms (Jian and Wu, 2003). Like our results, Sharma et al.
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(2017) also reported significant increase and decrease in similar
immunological indices in C. catla exposed to temperatures higher or
below the acclimation temperature. These physiological changes reflect
the adaptability of fish to change in water temperature. Here higher
levels of respiratory burst and serum lysozyme activity in RC hybrid
followed by CR hybrid and L. rohita as compared to C.catla may indicate
the heterosis and better adoptability of hybrids in contrast to parent
species especially low parent i.e., C. catla.

5. Conclusion

Present study provides the valuable information about the inheri-
tance of thermal tolerance traits in the reciprocal hybrids of L. rohita and
C. catla and their ability to combat the thermal stress as compared to
parent species. All populations showed significant differences in CTmin
and CTmax values at different acclimation temperatures, which may be
linked to their genetic makeup. Results of thermal tolerance assay and
expression of Hsp70 and Hsp90 genes, serum lysozyme level, respiratory
burst activity and lipid peroxidation level at temperatures, higher or
below the acclimation temperature revealed the improved tolerance of
both hybrids as compared to C. catla. It seems that both hybrids have
better adaptability, thus can be advised to manage breeding program
and by controlling crosses of L. rohita and C. catla in each generation
produce F1 hybrids, especially RC hybrid for culturing in relatively
higher and lower temperature areas.
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