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Abstract: Diseases pose a significant and pressing concern for the sustainable development of the aquaculture
sector, particularly as their impact continues to grow due to climatic shifts such as rising water temperatures.
While various approaches, ranging from biosecurity measures to vaccines, have been devised to combat
infectious diseases, their efficacy is disease- and species-specific and contingent upon a multitude of factors.
The field of genetics and genomics offer effective tools to control and prevent disease outbreaks in aquatic
animal species. In this study, we present the key findings from our recent research, focusing on the genetic
resistance to three specific diseases: White Spot Syndrome Virus WSSV) in white shrimp, Bacterial Necrotic
Pancreatitis (BNP) in striped catfish and skin fluke (a parasitic ailment) in yellowtail kingfish. Our
investigations reveal that all three species possess substantial heritable genetic components for disease resistant
traits, indicating their potential responsiveness to artificial selection in genetic improvement programs tailored
to combat these diseases. Also, we observed a high genetic association between disease traits and survival rates.
Through selective breeding aimed at enhancing resistance to these pathogens, we achieved substantial genetic
gains, averaging 10% per generation. These selection programs also contributed positively to the overall
production performance and productivity of these species. Although the effects of selection on immunological
traits or immune responses were not significant in white shrimp, they yielded favourable results in striped
catfish. Furthermore, our genomic analyses, including shallow genome sequencing of pedigreed populations,
enriched our understanding of the genomic architecture underlying disease resistance traits. These traits are
primarily governed by a polygenic nature, with numerous genes or genetic variants, each with small effects.
Leveraging a range of advanced statistical methods, from mixed models to machine and deep learning, we
developed prediction models that demonstrated moderate to high levels of accuracy in forecasting these
disease-related traits. In addition to genomics, our RNA-seq experiments identified several genes that undergo
upregulation in response to infection or viral loads within the populations. Preliminary microbiome data, while
offering limited predictive accuracy for disease traits in one of our studied species, underscore the potential for
combining such data with genome sequence information to enhance predictive power for disease traits in our
populations. Lastly, this paper briefly discusses the roles of precision agriculture systems, Al algorithms, and
outlines the path for future research to expedite the development of disease-resistant genetic lines tailored to
our target species. In conclusion, our study underscores the critical role of genetics and genomics in fortifying
the aquaculture sector against the threats posed by diseases, paving the way for more sustainable and resilient
aquaculture development.

Keywords: genetic basis; genomic architecture; disease tolerance; population resilience and climate
change

1. Introduction

Infectious diseases cause substantial economic losses in the aquaculture sector [1]. Estimating
the exact figure with high accuracy is challenging; for example, an estimated annual revenue loss
globally because of viral diseases is approximately $3-5 billion for the shrimp sector alone [2].
Predictions suggest that the impact of disease outbreaks on the aquaculture sector will become more
severe due to the unprecedented effects of changing environments [3,4]. Apparently, climate change
can exacerbate the impact of diseases on animal health by altering the behaviour of pathogens, hosts,
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disease vectors, transmission rates, or the distribution of competitors, predators, and parasites within
ecosystems [5]. Elevated water temperatures, for instance, can accelerate the development of highly
infectious pathogens, potentially leading to disease outbreaks with severe financial repercussions [6].

Controlling diseases in aquaculture is crucial to ensure healthy animals and maximize yields.
Common methods and strategies used to manage and control diseases in agriculture include
biosecurity measures, sanitation, quarantine, chemical treatments, and therapeutic approaches such
as diets, probiotics, or improved farming practices like crop rotation and vaccines [7]. Sanitation
involves cleaning and disinfecting to prevent the transfer of pathogens. Quarantine measures are
essential to prevent the introduction of new diseases and protect pathogen-free farms. Chemical
treatments, such as antibiotics, have raised concerns due to their potential impacts on human health
and the natural environment, as well as the development of resistance [8].

While vaccines have shown promise in controlling diseases in aquaculture species, their
effectiveness can vary depending on several factors, including disease and species specificity [9,10].
There is a growing interest in controlling infectious diseases in an environmentally sustainable
manner. Integrated farming systems, such as those involving fish, shrimp, and aquatic plants, or crop
plants like rice, as well as the rotation of these species, can disrupt the life cycle of many disease-
causing pathogens and reduce their build-up in aquaculture farms [11]. However, these measures are
often temporary and may not always be cost-effective and sustainable in the long term.

Genetics and genomics hold promise for providing sustainable solutions through the
development of disease-resistant strains [12,13]. Specifically, quantitative genetic theory [14]
provides the framework for systematically improving disease resistance in host populations, both
through selective breeding and, more recently, the integration of genomic data [15,16]. This approach
has been successfully applied in various fields, including agriculture and animal breeding, to enhance
disease resilience in animal and plant populations [17]. Conventional genetic improvement programs
combine phenotypic measurements with pedigree information. Phenotypic measurements involve
measuring traits such as disease incidence, severity, or pathogen load in host populations [18]. A
pedigree is a family tree that keeps records over multiple generations and is maintained through
physical tagging methods, such as PIT tags for fish and visible elastomer tags for crustaceans or DNA
markers. Analysis of pedigree and phenotypic information is often conducted to obtain genetic
parameters (heritability, correlations), providing primary inputs for genetic improvement programs
and estimating individual genetic merits, known as estimated breeding values (EBVs) for selection.
Across species, heritability for disease resistance traits to various pathogens (bacteria, viruses,
parasites, or other pathogens) is moderate to high (h? = 0.09 — 0.41), indicating that genetic factors
play a significant role in determining the trait and it can respond to artificial selection [19,20]. In
addition to population parameters, genetic evaluation of pedigree and disease phenotypes is
conducted to estimate EBVs for all individuals in the pedigree [21]. Based on these EBVs, individuals
with higher genetic resistance to the disease are selected as parents for the next generation. This
approach has achieved significant genetic gain, ranging from 4% to 15% for economically important
traits including disease resistance to various pathogens in fish, crustaceans, and molluscs [22,23].
Despite these successes, genetic improvement programs for aquaculture species often focus solely on
improving resistance to a specific pathogen or selecting a single trait. Breeding objectives should be
broadened by incorporating disease resistance alongside commercial traits like growth rate, meat
quality, and reproductive performance. Furthermore, infectious disease resistance can be influenced
by environmental factors, making it essential to evaluate resistance under different environmental
conditions relevant to the target population.

Recently, omics technologies, when integrated with pedigree and phenotypes, have enhanced
our understanding of the genetic basis of infectious diseases, guided the development of novel
therapeutics and vaccines, and enabled more precise and personalized approaches to disease
management and prevention [24]. Specifically, genomics involves the study of an organism's entire
genome, including its genes and non-coding sequences. Sequencing the genomes of infectious agents
(e.g., bacteria, viruses, parasites) helped understand their genetic diversity, transmission pathways,
evolution, and disease dynamics [25]. More importantly, genome sequencing of aquaculture species
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helped understand the genetic factors in the host that influence susceptibility, resistance, and immune
response to infectious diseases. In this context, genome sequencing also enables the selection of
individuals based on their DNA information. This approach is known as genomic selection [26],
which involves using genome-wide markers or sequencing data, to predict their risks to diseases and
their genomic breeding values for desirable traits, such as disease resistance. Studies in aquaculture
species employing various algorithms, from mixed models to machine or deep learning, have shown
that recent high-throughput genome sequencing platforms can provide genomic information to
achieve moderate to high levels of prediction accuracy for disease traits [27,28]. After the prediction
model is trained, breeders can apply it to individuals whose disease resistance is unknown, such as
young animals. There are several benefits of genome-based selection for disease resistance, mainly
including early identification and selection of disease-resistant individuals to reduce the generation
time, increase accuracy to achieve faster improvements, reduce the cost of data recording, and
improve genetic diversity [29]. In short, genome-based selection is a powerful tool for enhancing
disease resistance of aquaculture species, contributing to sustainable agriculture and improved
animal health.

There are also other omics techniques [30]. Transcriptomics studies differential gene expression
between individuals or groups with different disease outcomes to discover genetic factors that
contribute to resistance or susceptibility or identify genes that are upregulated or downregulated in
response to infection. Proteomics assists in identifying host proteins or protein signatures that can
serve as biomarkers for disease diagnosis, prognosis, or monitoring. Metagenomics [31] studies the
composition and functional potential of microbiomes to understand their role in infectious diseases
and identify ways to manipulate the microbiome for therapeutic purposes [32]. Functional genomics
involves manipulating genes to understand their functions. This can include techniques like CRISPR-
Cas9 gene editing to study the impact of specific genes on disease susceptibility or pathogen virulence
[33,34].

This study is not intended to offer an exhaustive review of the existing literature on these
subjects. A more comprehensive exploration of these themes can be found in recent review articles
[35,36]. The current paper aims to emphasize the key discoveries derived from our research
employing genetic and genomics methodologies to enhance disease resistance, focusing on three
principal aquaculture species: white leg shrimp (Lifopenaeus vannamei), striped catfish (Pangasianodon
hypophthalmus) and yellowtail kingfish (Seriola lalandi). Furthermore, this discussion encompasses
emerging technologies, including precision agriculture systems, Al algorithms, and future research
directions aimed at expediting genetic enhancements for our targeted species.

1. Genetic factors in common diseases of white shrimp, striped catfish and yellowtail kingfish

1.1. Genetic susceptibility

Our studies investigated the heritable genetic components of susceptibility or resistance to viral,
bacterial, and parasitic diseases in three species: white leg shrimp, striped catfish, and yellowtail
kingfish (Table 1). To unravel the genetic basis of these traits, we developed standardised challenge
test protocols for individual species, conducted field tests, and meticulously recorded disease
resistance data [37,38]. The disease data were collected in a form of binary expression (absence of the
studied disease = 0 and presence = 1) or as continuous variables, representing the time (in days) from
the challenge test to mortality.

Table 1. Heritability (h?) for disease resistance of white shrimp (WSSV), striped catfish (BNP disease)
and yellowtail kingfish (skin fluke).

Reference Species n h? s.e.

Trang et al. (2019a) White leg shrimp 15000  0.130 0.028
Trang et al. (2019b) White leg shrimp 120000 0.230 0.015
Vu et al. (2019) Striped catfish 398234 0.168 0.044

Vu et al. (2023) Striped catfish 564 0.543 0.101
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Premachandra et al.
(2017)
Nguyen et al. (2023)  Yellowtail kingfish 752 0.022 0.035

Yellowtail kingfish 752 0.020 0.030

For analysis, we employed various statistical models. Continuous data were subjected to a linear
mixed model (LMM), while binary data were analysed using a generalized linear mixed model
(GLMM). The GLMV, also known as the threshold model, assumes that multifactorial diseases result
from an underlying continuous character, known as liability. The liability heritability was
subsequently transformed back to the original observed (0/1) scale, and the h? estimates on both
liability and observed scales are generally of similar magnitude [37,38]. Importantly, we observed
high genetic correlations of estimated breeding values (EBVs) between LMM and GLMM models,
suggesting their interchangeability for practical genetic evaluation programs aimed at enhancing
disease resistance in aquaculture species.

Furthermore, our investigation revealed that the heritability of disease resistance traits, such as
resistance to White Spot Syndrome Virus (WSSV), varied with the duration of the challenge test. For
instance, the heritability (h?) decreased from 0.38 to 0.23 in the initial stages of infection to a range of
0.01 to 0.14 in the later phases of the challenge test experiment [38]. This reduction in heritability can
be attributed to the fact that shrimp WSSV resistance relies more on innate immune responses during
the early infection stages. Towards the end of the challenge test, shrimp resistance appeared to be
increasingly influenced by non-genetic factors, including environmental conditions and stress
induced by high viral density.

Our findings align with earlier studies conducted in laboratory and farm settings [19,20]. The
literature has generally reported low heritability estimates for WSSV resistance in larger, grow-out
size shrimp (around 10%) [39]. Similar results were obtained for skin fluke disease in yellowtail
kingfish [40,41]. Cumulatively, our findings, along with those from existing literature, underscore the
presence of a heritable genetic component for disease resistance. Selective breeding for improved
resistance has been proved as an effective strategy for mitigating infectious diseases in aquaculture
species.

1.2. Genetic correlations of disease resistance with complex traits

To elucidate the genetic interplay between disease resistance and economically significant traits,
we carried on estimating their genetic correlations (Table 2). Within both shrimp and striped catfish
populations, we obtained favourable genetic correlations (ranging from 0.44 to 0.86 = 0.03 to 0.10)
between disease resistance and survival traits [37]. These findings suggest that selecting for enhanced
resistance against E. ictaluri or WSSV could yield advantageous effects on survival traits, both during
hapa rearing prior to bacterial challenge and throughout communal grow-out, from tagging to
harvest.

Table 2. Genetic correlations of disease resistant traits with survival rate and growth.

Trait striped catfish white shrimp yellowtail kingfish
Survival rate 0.44 +0.09 -0.17 £ 0.08 n.a.
Growth 0.52+0.10 0.07 +0.08 0.12+0.27

However, the genetic association of these diseases with growth traits were less conclusive. This
uncertainty is evident from the substantial standard errors in the genetic correlation estimates
between these two trait categories within our populations. In the existing literature, genetic
correlations between body weight and disease resistance have been reported as either positive or
non-significant [19]. Nevertheless, some studies have also documented negative, antagonistic genetic
associations between growth and disease resistance. For instance, such correlations ranged from -0.01
to -0.33 in rainbow trout [42] and from -0.54 to -0.66 in Pacific white leg shrimp [43]. Recent studies
have even shown weak or non-significant genetic relationships between these two traits in rainbow
trout [44] and banana shrimp [45]. In a meta-analysis conducted by Nguyen (2021), the weighted
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mean genetic correlation (rg) between weight and disease resistance to different pathogens did not
reach significance (rg = 0.13, 95%CI =-0.07 — 0.33).

In summary, our findings highlight the need for further research and data accumulation to re-
evaluate and confirm the genetic correlations between harvest weight and disease resistance in these
populations.

2. Selection to enhance disease resistance.

2.1. Genetic gains

Possessed with the heritable genetic variation in disease resistance within these populations, we
initiated selection programs aimed at enhancing resistance. The results were remarkable, with a
substantial genetic gain averaging 12.9% per generation [23]. The significant genetic improvement in
the animals' resistance capacity against various diseases, including bacteria, viruses, and parasites,
clearly demonstrates the success of our selective breeding program in developing disease-resistant
lines. These lines exhibited significantly higher survival rates than the control group under
commercial conditions.

The genetic progress achieved for these traits within these populations stem from the extensive
genetic variability within our selected population, which was created from a synthetic population
comprising genetically divergent lines [37,46]. The magnitude of the genetic changes in our
population aligns with findings from previous studies in aquatic species, ranging from 6% to 18%
per generation [21,47].

Another factor contributing to the success of our genetic programs was our commitment to
standardizing the experimental procedures, from early rearing to the challenge tests. This
encompassed control over the microenvironment in the experimental tanks and the sampling
frequency. Additionally, we accounted for all potential environmental effects, including the age of
the animals during the challenge test. We applied a combination of between- and within-family
selection to choose breeding candidates for future generations, deliberately avoiding closely related
siblings to minimize inbreeding and maintain genetic diversity in these closed nuclei populations.
The production of many experimental families (averaging 150 full and half-sib families per
generation) and multiple individuals per family provided ample pedigree and phenotypic data for
genetic evaluation, thus enabling us to achieve a high rate of genetic improvement for disease
resistance traits. Nevertheless, future studies should assess the effects of genotype-environment
interaction and the co-effects of other pathogens in the selected populations of yellowtail kingfish,
white leg shrimp, and striped catfish.

We recommend that breeding programs should undergo regular assessments to monitor the
genetic progress of the selection population and to refine breeding technologies. In our breeding
programs aimed at improving disease resistance in three species showcased here, a control group
was recreated each generation based on the population mean. This control group served as a
benchmark for estimating genetic gains by comparing the estimated breeding values of the selection
line and the control group within the same spawning season or generation, or by evaluating the
progeny of the selection line across successive spawning seasons. Our estimation of genetic gains
using mixed model procedures relies on the presence of genetic connectedness between generations,
which enables the separation of genetic effects from environmental factors, thus minimizing bias.

2.2. Effects of selection for enhanced disease resistance on commercial traits

2.2.1. Effects on survival and growth

The effects of selection for improved resistance on growth traits were formally assessed
exclusively in white shrimp. Intriguingly, our genetic programs to enhance WSSV resistance yielded
favourable outcomes for both survival and growth traits, as documented by Trang et al. (2019b). The
high WSSV-resistant families displayed a notable 7% increase in average body weight compared to
the low-resistant family group. Furthermore, the survival rate among high WSSV-resistant shrimp
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exceeded that of the control group by 17%. These findings were substantiated by a positive genetic
correlation observed between the WSSV-resistance and growth traits, albeit with modest estimates
(rg = 0.07). However, based on the weak genetic correlation estimates of body weight with fluke
disease in YTK [48] and with BNP disease in striped catfish [37], correlated responses in growth traits
may not be statistically significant. To ascertain these effects in future breeding programs for these
species, accumulation of more data in future generations is needed for further analysis. To date, there
is still limited published information on correlated genetic changes in commercial traits as a direct
consequence of selection for improved disease resistance in other species. This underscores the need
for further comprehensive studies in this area to enhance our understanding of how to effectively
manage genetic responses within artificial selection programs for aquatic animal species. Continued
research in this domain is essential for advancing our ability to optimize genetic selection in
aquaculture and related fields.

2.2.2. Effects on immune response in shrimp

In our study [49], we explored genetic alterations in four critical immunological parameters—
total haemocyte count (THC), phenoloxidase (PO), superoxide dismutase (SOD), and lysozyme—
within a White leg shrimp population that had been selectively bred for high and low resistance to
white spot syndrome virus (WSSV). This study was initiated by the pivotal role played by the innate
immune system in providing nonspecific defences against external pathogens in crustacean species.
To accomplish this, we collected haemolymph samples from 38 shrimp families, each averaging
around 24 grams in weight. These samples were subsequently subjected to analysis to assess THC,
PO, SOD, and lysozyme activities. Our analysis yielded results indicating that there were no
significant disparities in the activities of the tested immune parameters between the groups
characterized by high and low WSSV resistance (Table 3). Additionally, when scrutinizing
phenotypic correlations between immune parameters and traits related to growth or disease
resistance, we found that, with one exception, these correlations were not statistically significant.
Specifically, we observed a moderate negative correlation estimate between PO and WSSV resistance
(-0.405). The outcomes derived from this study collectively suggest that the immune response within
this White leg shrimp population remained largely unaltered following a single generation of
selective breeding for WSSV resistance. As of the present, there is no published data regarding the
immune response to selection for enhanced disease resistance in any penaeid species. However,
research in fish [50] has also reported a lack of significant associations between these immune
parameters and slaughter weight or survival rates.

Table 3. Genomic prediction accuracy for disease traits of white shrimp (WSSV), striped catfish (BNP
disease) and yellowtail kingfish (skin fluke).

Method striped catfish white shrimp* yellowtail kingfish
GBLUP 0.51 £0.08 0.46 + 0.06 0.23 £ 0.05

Baye R 0.63 +0.09 0.73+0.13 n.a.

Machine learning 0.63 +0.10 0.70£0.11 n.a

Deep learning-MLP  0.65 +0.11 0.77£0.15 0.17£0.03

Deep learning-CNN  0.63 +0.12 n.a. n.a

*banana white shrimp (Penaeus merguiensis).

2.2.3. Effects on immunological parameters in striped catfish

In stark contrast, our investigation in striped catfish [51] revealed compelling evidence of
significant differences in the immune responses between families selected for resistance (RF) and
those susceptible (SF) to Edwardsiella ictaluri, the causative agent of bacillary necrosis of Pangasius
(BNP disease). Within the RF group, we observed a more robust non-specific immune response
compared to the SF group. In particular, red blood cells in the RF group exhibited a gradual and
delayed destruction, while white blood cell counts in this group showed a substantial increase
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starting at the 48-hour post-infection (hpi), in contrast to the SF group. Furthermore, we observed
that the development of monocytes and neutrophils (NEU) in the RF families outpaced that of the SF
group, and the number of melano-macrophage centres (MMCs) in the RF families was notably higher
than that observed in the SF group at 24-48 hpi. Beyond these observations, the specific immune
response, as measured by antibody titres (ABT), was significantly higher in the RF group when
compared to the SF group. Additionally, our study showed that three main immunological
parameters (NEU, ABT and MMCs), measured during the 24-48-hour post-infection stage, can serve
as effective indicators for distinguishing resistant from susceptible individuals. The determination
model, gaining a high AUC value of 0.95, indicates its remarkable accuracy in identifying resistant
and susceptible individuals within the striped catfish population.

3. Alternative selection criteria to enhance disease resistance.

Genetic selection aimed at enhancing disease resistance remains a formidable challenge in
aquaculture species, primarily due to the involvement of pathogen challenge tests that are both costly
and time-consuming. Recent research endeavours [45] have explored alternative selection criteria,
such as viral titre or viral load, as means to develop disease-resistant lines within white shrimp
species. Although heritable genetic components for viral titres related to infectious diseases,
specifically hepatopancreatic parvovirus (HPV) in banana shrimp [45] and White Spot Virus (WSSV)
in L. vannamei [38], have been identified, accurately measuring this trait requires examination of the
hepatopancreas in sacrificed breeding candidates. Furthermore, while there is a positive genetic
association between viral titre and WSSV resistance, this correlation significantly deviates from unity,
implying that these are distinct traits and that selecting for reduced viral titre cannot encapsulate the
full spectrum of genetic expression associated with WSSV resistance, as observed by Trang et al. in
2019a. Given these challenges, there has been a growing interest in leveraging immunological
parameters within selective breeding programs to bolster disease resistance across aquaculture
species. In our research, we sought to acquire initial genetic parameters for immunological traits in
our target species. Due to the limited sample sizes used for analysing these immunological
parameters, heritability estimates for these traits were not published due to their low reliability.
Nevertheless, studies in other species have provided evidence of genetic variability in immune
responses, with heritability (h?) estimates ranging from 0.2 to 0.3 for lysozyme in rainbow trout and
h? estimates of 0.16 to 0.20 for antibody titres in Atlantic salmon [52]. Furthermore, in various fish
species, positive correlations have been established between disease resistance and non-specific
immune factors, such as the correlation between Aeromonas hydrophila resistance and immunity traits
in bighead catfish (r; = 0.05 - 0.27) [53] or Vibrio anguillarum and A. salmonicida resistance and specific
antibodies in rainbow trout [54]. Also note that the correlation of resistance against A. hydrophila with
different immunological factors exhibited both negative and positive associations (g = -0.48 to 0.51)
[55]. The findings from these studies collectively suggest that immunological parameters hold
promise as indirect selection criteria within selective breeding programs, ultimately enhancing
overall disease resistance in aquaculture species, as highlighted by Van Sang et al., 2023. Currently,
we are expanding our sample size to ensure a reliable estimation of genetic parameters within the
populations of white leg shrimp and striped catfish under investigation.

4. Genetic variants for disease resistance

Traditional quantitative genetic selection has delivered a spectacular response, averaging 12.9%
per generation, in bolstering resistance to different pathogens [23]. Nevertheless, this conventional
approach relies on challenge tests, which present significant practical challenges, including concerns
related to biosecurity, labour-intensiveness, time consumption, and high costs. Considering these
obstacles, we have identified molecular genetic markers that can facilitate gene- or marker-assisted
selection for traits that are inherently challenging and costly to measure, such as disease resistance.
To advance in this direction, we conducted Restricted sites associated DNA sequencing (RAD-seq)
on a cohort consisting of 752 Yellowtail Kingfish (YTK) and 560 Striped Catfish individuals.
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In YTK, our investigation yielded no markers associated with the animals’ susceptibility to skin
flukes [56]. This outcome may be attributed to multiple factors, including the limited representation
of diseased fish in our study (only 4%), the utilization of shallow sequencing strategies, potential
recombination during the course of line development, or insufficient linkage disequilibrium (LD)
between markers and the genes responsible for disease susceptibility [48]. In contrast, our analysis of
Striped Catfish identified numerous SNPs significantly linked to disease resistance traits, as
illustrated in Figure 1. However, these SNPs collectively accounted for only a modest proportion
(close to zero) of the trait's variation. Our further examination of these significant SNPs revealed no
direct associations with genes of established functions. Surprisingly, SNPs linked to molecular
mechanisms governing immune response and disease resistance, which one might expect, did not
attain statistical significance. These findings further underscore the limitations of RAD-seq in terms
of gene identification, primarily due to the provision of relatively short sequences, with an average
length of only 68 base pairs.

survival time2 sire2.0

-log10(pval)

1 2 3 4 5 6 T & 9 10 M1 13 15 17 19 21 23 25 27 29

Chromosome

Figure 1. Manhattan plot of significant SNPs associated with BNP disease in striped catfish (Vu et al.,
unpublished results).

To surmount these limitations, we are contemplating a comprehensive strategy involving the re-
sequencing of a larger number of individuals to increase sequencing depth and sample size. This
expanded approach aims to enhance our prospects of detecting genes that exert major effects on
disease resistance traits within our studied populations of white shrimp, striped catfish and
yellowtail kingfish.

5. Genomic prediction to enable genome-based selection

In the preceding section, we presented the outcomes of our genome-wide analysis, which reveal
that numerous genetic variants additively influence disease resistance traits, with each variant
exerting a relatively modest impact. Instead of searching for individual genes or variants, our
approach involves simultaneously estimating their cumulative effects, leading to enhanced
predictions of genetic susceptibility or genetic merit concerning disease-related phenotypes.
Importantly, there are possibilities for uncovering causative mutations. Additionally, if our
predictive models prove accurate, it may obviate the need for collecting phenotype data. The
elimination of data recording for disease traits is particularly critical in the context of farmed and
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aquatic animal species, as this process entails significant time and cost implications. Furthermore,
many economically significant traits are either expensive or challenging to measure, such as disease
resistance, which often necessitates challenge tests involving pathogens, or eating quality traits,
which require the slaughter of animals. Obviously, genomic prediction has become a pivotal
component of genetic improvement programs, specifically geared towards forecasting susceptibility
to infectious diseases within our studied species. The primary objective of genomic prediction is to
leverage genome-wide markers or DNA sequences to forecast phenotypes, specifically in our studies
to predict genetic predispositions to infectious diseases, thereby facilitating genome-based selection
within our target species.

In these studies, we have employed several advanced statistical methodologies to estimate
genomic breeding values (gEBVs). These comprise regression techniques, Best Linear Unbiased
Prediction (BLUP), Bayesian approaches (such as Bayes A, B, C, Cpi, and R), as well as deep learning
and machine learning algorithms powered by artificial intelligence [57,58]. Regardless of the method
employed, the accuracy of genomic prediction is gauged by the correlation between predicted and
actual phenotypes, with a correlation approaching one indicating a high level of accuracy. For
instance, our predictions exhibited moderate to high accuracy for disease traits assessed in challenge
test experiments [59], whereas accuracy was lower for disease resistance recorded under field (or
farm) conditions [41]. A summary of the prediction accuracy for disease resistance traits, including
survival rate and time to death, employing various statistical methods and algorithms, is shown in
Table 4.

Table 4. Immune response of the high vs. low WSVV resistant line in L. vannamei (Trang, 2020).

Parameter Unit Line Least Square Mean
High resi 7.56 0.7
THC 105cells.mlA ig resllstance 56 £0.73
Low resistance 776 £0.92
High resistance 0.035 + 0.006
P its.mL-! h \ h
© Units.mL 7 haemolymph 00 i rance 0.037 + 0.006
High resistance 0.378 + 0.039
3 -1
50D Units.mL" haemolymph Low resistance 0.354 +0.059
High resistance 260.41 £ 4.397
L its.mL! h \ h
ysozyme Units.mL7 haemolymp Low resistance 266.72 + 6.388

THC = Total haemocyte count, PO = Phenoloxidase, SOD = Superoxide dismutase.

Across our studied species, a consistent trend emerged indicating that multivariate analysis
increased the precision of genomic prediction for disease-related traits [59,60]. The imputation of
missing genotypes also contributed to an enhanced predictive capacity by 5-18% [41]. Conversely,
the utilization of SNP subsets obtained from Genome-Wide Association Studies (GWAS) yielded
similar or lower prediction accuracies for these traits [59]. Generally, BLUP-based methods (e.g.,
GBLUP or single-step GBLUP) exhibited comparable predictive performance to common Bayesian
methods (i.e., Bayes A, B, C, and Cpi). However, Bayes R marginally outperformed GBLUP and other
Bayesian techniques. Both deep learning and machine learning approaches surpassed GBLUP and
Bayes R to some extent; nevertheless, the advantages of Al algorithms are contingent upon the
specific populations and traits under consideration [41,60]. Their benefits become more pronounced
when modelling intricate interaction networks and variables (Nguyen et al., unpublished).

In summary, our findings suggest the prospects of genome-based selection to enhance disease
resistance within our target populations. Also note that prediction accuracy is influenced by various
factors [61], including the size of the reference population, trait heritability, structure and/or genetic
composition of populations, gene or marker effects, the extent of linkage disequilibrium within
populations, and the type of genotype data or sequencing platforms used (e.g., whole genome, whole
exon, or reduced sequencing methods). In our studies, we performed reduced sequencing due to
their affordable costs, which consistently provided informative markers to attain a reasonable level
of prediction accuracy for disease traits. However, genomic selection for disease-related traits under
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field or on-farm conditions remains challenges, necessitating extensive, large-scale routine data
collection pertaining to the disease status of animals during natural disease outbreaks. This indicates
the continued importance of phenotype data in advancing genetic improvement for traits recorded
under field (farm) environments. Furthermore, the availability of a robust genome assembly for these
species holds the potential to accelerate progress in genomic selection and furnish reference
information essential for comprehending the biological factors underlying genetic variations in
disease traits among YTK and striped catfish populations.

6. Omics technologies

With a fast advancement in high throughput next generation sequencing platforms, we have
started initial studies to study transcriptome and metagenome of our studied species, with the aim
to integrate these new data to understand genetics and genomic architecture of disease traits for our
species.

6.1. Transcriptomics

Transcriptomics is the study of the transcriptome — the complete set of RNA transcripts in the
genome. Our studies aimed to identify genes expressed in distinct cell populations or differentially
expressed in response to various environmental factors and diseases, such as hepatopancreatic parvo-
like virus (HPV). In these studies [62], we detected differentially expressed genes related to HPV in
banana shrimp. Some promising candidate genes for HPV may include Kazal-type serine proteinase
inhibitors (SPIs), Dicer2, and hemocyanin. In crustaceans, hemocyanin is produced by the
hepatopancreas and is present in the plasma. It can be converted by hemocyte components into a
phenoloxidase-like enzyme [63]. Hemocyanin has been demonstrated to function as an antimicrobial
peptide and has shown non-specific antiviral properties.

Kazal-type serine proteinase inhibitors (SPIs) are promising candidates for limiting proteolytic
activity in coagulation and proPO activation [64]. Recently, a Kazal-type SPI with five domains from
P. monodon has been shown to be upregulated upon infection with WSSV, implicating it in the
antiviral response [65]. These proteinases and proteinase inhibitors each display modulated
expression, providing further support for their role in response to viral infection in this species.

The Dicer2 gene is involved in the RNA interference (RNAi) pathways. In high-HPV shrimp,
this gene is over-expressed, suggesting that this pathway is likely upregulated in response to the
higher concentration of the HPV virus.

Despite the crucial roles of these genes, they should be validated in independent populations,
and in future studies we will determine whether their expression patterns are inherited by offspring
generations.

6.2. Metagenomics

Metagenomics and microbiome studies delve into the intricate world of microorganisms,
exploring not only their genetic makeup but also the environments they inhabit [66]. In our studies,
we have set out to address four pivotal inquiries:

1. To what extent does genetic variation in hosts influence the microbiomes of fish and shrimp?
For example, why do individuals exhibit disparities in their immune response?

2. How do host genetics interact with the microbiome to shape host phenotypes, such as
susceptibility to diseases?

3. Can the microbiome serve as a reliable biomarker for predicting various phenotypes?

4. Are there specific genes or genomic regions that exert control over microbial composition?

Investigations in both human and animals have provided evidence of host genetic variability
impacting gut and ruminant microbiomes. For instance, the Christensenellaceae family, with a
heritability estimate ranging from 0.39 to 0.62, has been associated with lean body mass index [67].
In the case of Holstein cows, Wallace et al. [68] reported significant heritable genetic variations in
rumen microbial communities, suggesting the potential for breeding animals with beneficial
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microbiomes to enhance ruminal acetate and proportionate concentration. Beyond the scope of host
genetics, both studies supported the crucial roles of environmental factors and the effects of host
genetics-microbiome interaction on various phenotypes. Given the evidence from these studies, we
have emphasized on addressing the third question —can the microbiome serve as a reliable biomarker
for predicting phenotypes? To this end, we embarked on Amplicon sequencing (or 16S ribosomal
RNA sequencing) of a pedigreed population of white leg shrimp. Our preliminary findings indicate
that the predictive accuracy using microbiome data is low to moderate for WSSV in this population
(unpublished results). This limitation is likely attributable to the relatively small sample size
employed in our study. A comprehensive review of the literature spanning over a decade reveals that
metagenomic predictions hold promise for forecasting disease phenotypes (Ross and Hayes, 2022).
A combined analysis of genomic and metagenomic information has enhanced the accuracy of disease
phenotype predictions [69]. When more data are accumulated, we will conduct a complete analysis
to better utilise the microbiome data in genetic enhancement programs for our populations and other
aquaculture species.

6.3. Other omics

Other omics technologies, including proteomics, metabolomics, lipidomics, and various others
[70], play a crucial role in providing sequence information to understand how genetic variants or
Quantitative Trait Loci (QTLs) can impact gene expression at multiple levels, encompassing post-
transcriptional, post-translational, or metabolomic processes. Quantitative Trait Loci (QTLs) denote
genetic variants that exhibit significant associations with specific phenotypes, such as diseases.
Correspondingly, eQTLs refer to genetic variants where sequence variations correlate with the
altered expression of one or more genes [71]. Beyond eQTLs, genetic variants can also influence
expression levels at different tiers, such as the protein level, termed protein expression QTLs, or post-
translationally and metabolically, termed pQTLs and mQTLs, respectively. These QTLs are
considered as molecular QTLs or molecular traits. Quantifying the correlations between variant
genotypes and their expressions at these diverse levels is imperative to gain a deeper understanding
of the molecular mechanisms underlying genetic disease resistance. These aspects represent key focal
points for our future research, given the limited extent of our current knowledge, particularly in the
context of the species under study.

7. Future directions

7.1. Precision agriculture systems and artificial intelligence

Precision agriculture systems along with omics technologies can advance genetic improvement
efforts for disease resistance traits in aquaculture species [72,73]. As illustrated in Figure 2, genetic
architecture of an infectious disease results from a complex interaction of three main components:
host, pathogen, and environmental effects. Precise agriculture systems, for example, high-throughput
phenotyping that employs sensor devices and advanced imaging technologies (e.g., underwater
camera) can assist in collecting data pertaining to animal health. This data might include clinical
symptoms, novel disease phenotypes, environmental factors, and disease susceptibility or resilience.
Additionally, remote sensing techniques, such as satellite imagery, and the application of Geographic
Information Systems (GIS) enable the analysis of spatial data related to both individual and
population health, as well as disease prevalence. Furthermore, omics techniques (as discussed in
section 6 above) provide molecular information regarding genetics of both host and pathogen effects.
These technologies can integrate into automated data analytics systems that utilize Al algorithms,
including machine and deep learning (Figure 2). This integration aids in the timely detection of early
disease indicators, potential outbreaks, disease-prone seasons, and the identification of disease-
resistant individuals. This comprehensive analysis may uncover complex relationships and provides
insights into the mechanisms governing disease resistance [72]. In summary, the integration of
precision agriculture systems with Al algorithms and omics technologies equips breeders with the
ability to make informed, data-driven decisions concerning disease management, disease
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surveillance and the selection of individuals with heightened resistance to infectious diseases among
aquatic animal species. By harnessing the potential of these emerging technologies and genetic
knowledge, these systems could make a substantial contribution to the development of climate- and
disease resistance animals. To date, there has been limited application of these integrated systems in
practical genetic improvement programs aimed at enhancing disease resistance in aquaculture
species [74]. We have started implementing these technologies to record novel disease phenotypes in
our breeding programs for fish and shrimp. A comprehensive genetic/genomic analysis of these data
will be reported in future studies.

Environment

Host response
Host » Pathogen

Replication and rewiring

HEALTH DISEASE
Resistance Susceptibility
Acquired immunity. Immunodeficiency
Resilience Pathogenicity
Non-virulence Virulence
Omics Agriculture precision  New algorithms
technologies systems (Al)

Figure 2. Integrated approaches to understand disease resistance.

7.2. Enhancing overall immune response and epidemiological host traits

Most genetic improvement programs for aquaculture species including our studies have
attempted to develop resistant genetic strains capable of withstanding specific pathogens or diseases
through challenge test experiments. However, this approach may not yield the most optimal results,
as animals selected for disease resistance under controlled conditions may not thrive in real-world,
on-farm environments due to the complex interplay of genotype and environmental factors. A recent
study in white leg shrimp showed that the effect of G x E interactions was biologically significant as
the survival and biomass production of the shrimp resistant lines differed in the presence of disease
outbreaks vs. non-infected environments [75]. Furthermore, with the continuous evolution of
pathogens, we devised our approaches to effectively select for disease-resistant traits. This is
necessary because in practical production systems, disease outbreaks often result from multiple
pathogens, each exerting synergistic impacts on animal health. Given these challenges, a question
arises: should selection strategies focus on enhancing the overall immune response of individuals
within a population or on bolstering the overall health of the entire population? Some of our own
research findings suggest the potential for improvement in immunological traits to improve overall
health of populations [51,76]. However, future investigations should include a broader array of
crucial immunological parameters, including the Lysozyme assay, haemolysin test,
haemagglutination test, bacterial agglutination test, as well as cortisol, Transferrin, and Total IgM.
Correlations between these traits, such as lysozyme levels, and family survival have been reported
in rohu carp [55]. Importantly, immunological traits should be combined into a comprehensive
immune response index. Such an index could include antibodies, cell-mediated responses, and
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indicators of innate immune functions. Studies in dairy cows [77] provided evidence that high
immune response (HIR) cows exhibit desirable traits, such as reduced mastitis rates, lower incidence
of infectious diseases (e.g., ketosis and retained placenta), and enhanced productivity and economic
performance. Selection for HIR does not adversely impact productivity, such as milk yield. While
these approaches are promising, there remains a deficiency in our understanding of immunogenetics
in aquaculture species, which require further investigations within our specific working populations.
Furthermore, our recent research (Nguyen et al., in preparation) has demonstrated that conventional
quantitative genetic models are inadequate for maximizing genetic gains within selected populations.
Therefore, breeding objectives of genetic improvement programs for aquaculture species should be
expanded to enhance epidemiological host traits, encompassing susceptibility, infectivity, and
recovery [78,79]. This approach aims to fortify the overall resilience of the entire populations rather
than individual animals [80-82]. Finally, genetic improvement strategies should be integrated with
crossbreeding systems to produce animals possessing favourable attributes such as rapid growth and
heightened disease resistance. These resilient traits are crucial for sustaining the aquaculture sector
in the face of unpredictable climate changes, dwindling natural resources, and environmental
degradation, which can contribute to reduced fitness and productivity of important aquaculture
species.

7.3. Host-pathogen interactions

A foundational premise in models of host-pathogen coevolution is the existence of host
genotype-by-pathogen genotype (GxG) interactions [83]. These GxG interactions can be explained
through two prevailing frameworks: the 'gene-for-gene' (GFG) and 'matching allele' (MA) models of
coevolution [84]. MA models propose that various host genotypes exhibit resistance or susceptibility
to specific pathogen genotypes, whereas GFG models posit that host genotypes vary in their
susceptibility across a range of pathogen genotypes (Figure 3). A recent review article in the field of
human genetics [85] have provided evidence for GxG interactions, involving genes such as ABO,
HBB, FUT2, SLC11A1, and HLA, aligning with the assumptions of either gene-for-gene or matching
allele models in the coevolution of host and pathogen genomes [86]. Similar investigations have been
conducted in the realm of plant biology, as documented in the review by Thrall et al. [87].

As illustrated in Figure 3, the concept of GxG interaction closely parallels that of genotype or
gene by environment (GxE) interaction [88]. Thus, quantitative genetics theories and methodologies
can be effectively leveraged to explore GxG interactions. One approach involves the integration of
Genome-Wide Association Studies (GWAS) and population genomic analyses within the framework
of mixed models. This combination is commonly referred to as Microbiome-Genome-Wide
Association Studies [89,90]. Within our target species, there is no published information, warranting
further research efforts to understand effects of the GxG interactions on critical diseases. Such
investigations hold the potential to optimize selection programs for combating various pathogens
and diseases.
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Figure 3: Host-pathogen interaction (G denotes genotype and P for pathogen)

7.4. Genomic surveillance in genetic enhancement programs

Genomic surveillance and outbreak tracking have gained significant prominence, particularly
during the COVID-19 pandemic [91]. However, there is a very limited number of publications within
the field of aquaculture species, primarily attributable to various constraints, including limited
financial and human resources, among others [7,92]. This approach leverages advanced genome
sequencing techniques to analyse the genetic material of pathogens, including viruses, bacteria, and
parasites, enabling the monitoring of disease spread and the understanding of their evolution (also
see Figure 2). More precisely, the acquired genome sequences undergo rigorous analysis to detect
genetic variations and mutations within the pathogen's genome. This data unveils the genetic
relatedness of distinct pathogen strains and illuminates their evolutionary trajectories over time.
Harnessing this genomic information, we can construct phylogenetic (phylogenomic) trees to
elucidate transmission chains and pinpoint infection hotspots, thereby facilitating a comprehensive
understanding of outbreak dynamics—ranging from its origin, propagation, to individual or
population susceptibilities [93]. Insight into the genetic makeup of pathogens, including the
characterization of novel variants, is also a critical component for informing the development of
vaccines and treatments [94,95]. In our genetic enhancement programs for improved resistance or
resilience, genomic surveillance is considered as an integral component to enable to detect, respond
to, and manage disease outbreaks in white shrimp, striped catfish and yellowtail kingfish
populations. Specific findings from our studies in this emerging field of research will be published in
future reports.

8. Concluding remarks and suggestions

Our research has yielded valuable insights into the control of infectious diseases in white leg
shrimp, striped catfish, and yellowtail kingfish. We have achieved this by developing disease-
resistant strains that can thrive in diverse production systems. Despite our initial successes, it is
evident that advancing genetic progress in these populations requires integrated, multidisciplinary
research efforts.

In forthcoming studies, we aim to address emerging topics in the fields of genetics and genomics
of infectious diseases. Exemplary questions are:

Which genes or genetic mutations have the most significant impact on variations in disease
severity and outcomes among host individuals?

What are the genetic determinants governing immune responses to infectious agents, and how
do these responses differ among individuals?


https://doi.org/10.20944/preprints202312.0368.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2023 doi:10.20944/preprints202312.0368.v1

15

What molecular interactions occur between highly infectious pathogens and host cells, and how
does host genetics influence these interactions? Can we leverage this knowledge for genetic
improvement?

What genetic mutations are responsible for changes in pathogen virulence, transmissibility, and
disease dynamics?

What are the most effective strategies for integrating host and pathogen genomics to gain a
comprehensive understanding of the biological factors controlling complex infectious diseases?

By addressing these questions, our future research could further enhance our ability and
knowledge to combat infectious diseases in aquaculture and promote sustainable and resilient
production systems.

Supplementary Materials: n/a

Author Contributions: N.H.N designed the study, collected and analysed data, wrote and finalised the
manuscript.

Funding: This research received no external funding
Data availability statement: All the data are included in Tables ad Figures of this article

Acknowledgments: I would like to thank my colleagues (Nguyen Thanh Vu, Trinh Thi Trang, Pham Van Khang,
Nguyen Huu Hung, Nguyen Van Sang, Tran Huu Phuc, Vo Van Nha), whose contributions to our previous
projects are reviewed in this paper.

Conflicts of Interest: There is no conflict of interest.

References

1.  Hutson, K.S.; Davidson, I.C.; Bennett, J.; Poulin, R.; Cahill, P.L. Assigning cause for emerging diseases of
aquatic organisms. Trends Microbiol. 2023, 31, 681-691, doi:https://doi.org/10.1016/j.tim.2023.01.012.
2. Walker, P.J.; Mohan, C.V. Viral disease emergence in shrimp aquaculture: origins, impact and the

effectiveness of health management strategies. Reviews in Aquaculture 2009, 1, 125-154,
doi:https://doi.org/10.1111/j.1753-5131.2009.01007.x.

3. Burge, C.A,; Eakin, C.M,; Friedman, C.S.; Froelich, B.; Hershberger, P.K.; Hofmann, E.E.; Petes, L.E.; Prager,
K.C.; Weil, E.; Willis, B.L.; et al. Climate Change Influences on Marine Infectious Diseases: Implications for

Management and Society. Annual Review of Marine Science 2014, 6, 249-277, doi:10.1146/annurev-marine-
010213-135029.

4. Baker, R.E.; Mahmud, A.S; Miller, LF.; Rajeev, M.; Rasambainarivo, F.; Rice, B.L.; Takahashi, S.; Tatem, A.].;
Wagner, C.E.; Wang, L.-F; et al. Infectious disease in an era of global change. Nature Reviews Microbiology
2022, 20, 193-205, doi:10.1038/s41579-021-00639-z.

5. Altizer, S.; Ostfeld, R.S.; Johnson, P.T].; Kutz, S.; Harvell, C.D. Climate Change and Infectious Diseases:
From Evidence to a Predictive Framework. Science 2013, 341, 514-519, doi:d0i:10.1126/science.1239401.

6. Cascarano, M.C,; Stavrakidis-Zachou, O.; Mladineo, I.; Thompson, K.D.; Papandroulakis, N.; Katharios, P.
Mediterranean Aquaculture in a Changing Climate: Temperature Effects on Pathogens and Diseases of
Three Farmed Fish Species. Pathogens 2021, 10, 1205.

7.  Wright, A.; Li, X,; Yang, X.; Soto, E.; Gross, ]. Disease prevention and mitigation in US finfish aquaculture:
A review of current approaches and new strategies. Reviews in Agquaculture 2023, 15, 1638-1653,
doi:https://doi.org/10.1111/raq.12807.

8. Bondad-Reantaso, M.G.; MacKinnon, B.; Karunasagar, I.; Fridman, S.; Alday-Sanz, V.; Brun, E. Le

Groumellec, M.; Li, A.; Surachetpong, W.; Karunasagar, I.; et al. Review of alternatives to antibiotic use in
aquaculture. Reviews in Aquaculture 2023, 15, 1421-1451, doi:https://doi.org/10.1111/raq.12786.

9. Wangkahart, E.; Lee, P.-T.; Chong, C.-M.; Yamamoto, F. 10 Safety and Efficacy of Vaccines in Aquaculture.
Fish Vaccines: Health Management for Sustainable Aquaculture 2023, 155.

10. Mondal, H.; Thomas, J. A review on the recent advances and application of vaccines against fish pathogens
in aquaculture. Aquacult. Int. 2022, 30, 1971-2000, doi:10.1007/s10499-022-00884-w.

11. Davenport, J.; Black, K.D.; Burnell, G.; Cross, T.; Culloty, S.; Ekaratne, S.; Furness, B.; Mulcahy, M,;
Thetmeyer, H. Aquaculture: the ecological issues; John Wiley & Sons: 2009.



https://doi.org/10.20944/preprints202312.0368.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2023 doi:10.20944/preprints202312.0368.v1

16

12. Robinson, N.A.; Robledo, D.; Sveen, L.; Daniels, R.R.; Krasnov, A.; Coates, A.; Jin, Y.H.; Barrett, L.T.;
Lillehammer, M.; Kettunen, A.H.; et al. Applying genetic technologies to combat infectious diseases in
aquaculture. Reviews in Aquaculture 2023, 15, 491-535, doi:https://doi.org/10.1111/raq.12733.

13. Houston, R.D.; Bean, T.P.; Macqueen, D.J.; Gundappa, M.K.; Jin, Y.H.; Jenkins, T.L.; Selly, S.L.C.; Martin,
S.AM.; Stevens, J.R.; Santos, EM.; et al. Harnessing genomics to fast-track genetic improvement in
aquaculture. Nature Reviews Genetics 2020, 21, 389-409, doi:10.1038/s41576-020-0227-y.

14. Falconer, D.; Mackay, T. Introduction to quantitative genetics; Longmans Green, Harlow, Essex, UK: 1996;

Volume 4.

15. Daniels, R.R; Taylor, R.S.; Robledo, D.; Macqueen, D.J. Single cell genomics as a transformative approach
for aquaculture research and innovation. Reviews in Aquaculture 2023, 15, 1618-1637,
doi:https://doi.org/10.1111/raq.12806.

16. Yuan,],; Yu, Y.,; Zhang, X,; Li, S.; Xiang, J.; Li, F. Recent advances in crustacean genomics and their potential
application in aquaculture. Reviews in Aquaculture 2023, 15, 1501-1521, doi:https://doi.org/10.1111/raq.12791.

17. Depuydt, T.; De Rybel, B.; Vandepoele, K. Charting plant gene functions in the multi-omics and single-cell
era. Trends Plant Sci. 2023, 28, 283-296, doi:https://doi.org/10.1016/j.tplants.2022.09.008.

18. Davies, G.; Genini, S.; Bishop, S.C.; Giuffra, E. An assessment of opportunities to dissect host genetic

variation in resistance to infectious diseases in livestock. animal 2009, 3, 415-436,
doi:10.1017/51751731108003522.

19. Nguyen, N.H. A systematic review and meta-analysis of genetic parameters for complex quantitative traits
in  aquatic animal  species.  bioRxiv 2021,  https://doi.org/10.1101/2021.1105.1120.445048,
doi:10.1101/2021.05.20.445048 bioRxiv.

20. Ddegard, J.; Baranski, M.; Gjerde, B.; Gjedrem, T. Methodology for genetic evaluation of disease resistance

in aquaculture species: challenges and future prospects. Aquacult. Res. 2011, 42, 103-114,
doi:https://doi.org/10.1111/j.1365-2109.2010.02669.x.
21. Nguyen, H.N. Genetic improvement for important farmed aquaculture species with a reference to carp,

tilapia and prawns in Asia: achievements, lessons and challenges. Fish Fish. 2016, 17, 483-506, doi: DOI:
10.1111/faf.12122.

22. Dégremont, L.; Garcia, C.; Allen, S.K. Genetic improvement for disease resistance in oysters: A review. .
Invertebr. Pathol. 2015, 131, 226-241, doi:https://doi.org/10.1016/1.jip.2015.05.010.

23. Trang, T.T.; Hung, N.H.; Ninh, N.H.; Nguyen, N.H. Selection for improved white spot syndrome virus

resistance increased larval survival and growth rate of Pacific whiteleg shrimp, Liptopenaeus vannamei. ].
Invertebr. Pathol. 2019, 166, 107219, doi:https://doi.org/10.1016/i.jip.2019.107219.

24. Ahmad, S.M.; De Donato, M.; Bhat, B.A.; Diallo, A.B.; Peters, S.O. Editorial: Omics technologies in livestock
improvement: From selection to breeding decisions. Frontiers in  Genetics 2023, 13,
doi:10.3389/fgene.2022.1113417.

25. Pronyk, P.M.; de Alwis, R.; Rockett, R.; Basile, K.; Boucher, Y.F.; Pang, V.; Sessions, O.; Getchell, M.;
Golubchik, T.; Lam, C.; et al. Advancing pathogen genomics in resource-limited settings. Cell Genomics 2023,
100443, doi:https://doi.org/10.1016/j.xgen.2023.100443.

26. Meuwissen, T.H.; Hayes, B.].; Goddard, M.E. Prediction of total genetic value using genome-wide dense
marker maps. Genetics 2001, 157, 1819-1829.

27. Yanez, ].M,; Barria, A.; Lopez, M.E.; Moen, T.; Garcia, B.F.; Yoshida, G.M.; Xu, P. Genome-wide association
and genomic selection in aquaculture. Reviews in  Agquaculture 2023, 15, 645-675,
doi:https://doi.org/10.1111/raq.12750.

28. Song, H.; Dong, T,; Yan, X.; Wang, W.; Tian, Z; Sun, A.; Dong, Y.; Zhu, H.; Hu, H. Genomic selection and
its research progress in aquaculture breeding. Reviews in Aquaculture 2023, 15, 274-291,
doi:https://doi.org/10.1111/raq.12716.

29. Goddard, M. Genomic selection: prediction of accuracy and maximisation of long term response. Genetica
2009, 136, 245-257.

30. Rather, M.A.; Agarwal, D.; Bhat, T.A.; Khan, L.A,; Zafar, I.; Kumar, S.; Amin, A.; Sundaray, J.K.; Qadri, T.
Bioinformatics approaches and big data analytics opportunities in improving fisheries and aquaculture.
International Journal of Biological Macromolecules 2023, 233, 123549,
doi:https://doi.org/10.1016/j.ijbiomac.2023.123549.



https://doi.org/10.20944/preprints202312.0368.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2023 doi:10.20944/preprints202312.0368.v1

17

31. Sannejal, A.D.; Divyashree, M.; Kumar, D.V.; Nithin, M.S.; Rai, P. Fish Microbiome and Metagenomics. In
Microbiome of Finfish and Shellfish, Diwan, A., Harke, S.N., Panche, A., Eds.; Springer Nature Singapore:
Singapore, 2023; pp. 75-92.

32. Pavlopoulos, G.A.; Baltoumas, F.A ; Liu, S.; Selvitopi, O.; Camargo, A.P.; Nayfach, S.; Azad, A; Roux, S.;
Call, L.; Ivanova, N.N,; et al. Unraveling the functional dark matter through global metagenomics. Nature
2023, 622, 594-602, doi:10.1038/s41586-023-06583-7.

33. Wang, J.; Su, B.; Bruce, T.J.; Wise, A.L.; Zeng, P.; Cao, G.; Simora, RM.C,; Bern, L.; Shang, M.; Li, S.; et al.
CRISPR/Cas9 microinjection of transgenic embryos enhances the dual-gene integration efficiency of
antimicrobial peptide genes for bacterial resistance in channel catfish, Ictalurus punctatus. Aquaculture 2023,
575, 739725, doi:https://doi.org/10.1016/j.aquaculture.2023.739725.

34. Mokrani, A.; Liu, S. Harnessing CRISPR/Cas9 system to improve economic traits in aquaculture species.
Aquaculture 2024, 579, 740279, doi:https://doi.org/10.1016/j.aquaculture.2023.740279.

35. Lorgen-Ritchie, M.; Uren Webster, T.; McMurtrie, J.; Bass, D.; Tyler, C.R.; Rowley, A.; Martin, S.A.M.
Microbiomes in the context of developing sustainable intensified aquaculture. Front Microbiol 2023, 14,
1200997, d0i:10.3389/fmicb.2023.1200997.

36. Natnan, M.E.; Mayalvanan, Y.; Jazamuddin, F.M.; Aizat, W.M.; Low, C.-F.; Goh, H.-H.; Azizan, K.A.;
Bunawan, H.; Baharum, S.N. Omics Strategies in Current Advancements of Infectious Fish Disease
Management. Biology 2021, 10, 1086.

37. Vu, N.T; Sang, N.V.; Trong, T.Q.; Duy, N.H.; Dang, N.T.; Nguyen, N.H. Breeding for improved resistance

to Edwardsiella ictaluri in striped catfish (Pangasianodon hypophthalmus): Quantitative genetic
parameters. J. Fish Dis. 2019, 42, 1409-1417.

38. Trang, T.T.; Nguyen, N.H.; Nguyen, H.H.; Wayne, K.; Nguyen, N.H. Genetic variation in disease resistance
against White Spot Syndrome Virus (WSSV) in Liptopenaeus vannamei. Frontiers in Genetics 2019, 10, 264.

39. Gitterle, T.; Rye, M.; Salte, R.; Cock, J.; Johansen, H.; Lozano, C.; Arturo Sudrez, J.; Gjerde, B. Genetic
(co)variation in harvest body weight and survival in Penaeus (Litopenaeus) vannamei under standard
commercial conditions. Aquaculture 2005, 243, 83-92, doi:https://doi.org/10.1016/j.aquaculture.2004.10.015.

40. Premachandra, HK.A.; Nguyen, N.H.; Miller, A.; D'Antignana, T.; Knibb, W. Genetic parameter estimates
for growth and non-growth traits and comparison of growth performance in sea cages vs land tanks for
yellowtail kingfish Seriola lalandi. Aquaculture 2017, 479, 169-175,
doi:https://doi.org/10.1016/j.aquaculture.2017.05.043.

41. Nguyen, N.H.; Vu, N.T. Threshold models using Gibbs sampling and machine learning genomic predictions

for skin fluke disease recorded under field environment in yellowtail kingfish Seriola lalandi. Aquaculture
2022, 547, 737513.

42. Henryon, M.; Jokumsen, A.; Berg, P.; Lund, I.; Pedersen, P.; Olesen, N.; Slierendrecht, W. Genetic variation
for growth rate, feed conversion efficiency, and disease resistance exists within a farmed population of
rainbow trout. Aquaculture 2002, 209, 59 - 76.

43. Gitterle, T.; Salte, R.; Gjerde, B.; Cock, J.; Johansen, H.; Salazar, M.; Lozano, C.; Rye, M. Genetic (co)variation
in resistance to White Spot Syndrome Virus (WSSV) and harvest weight in Penaeus (Litopenaeus)
vannamei. Aquaculture 2005, 246, 139-149, doi:https://doi.org/10.1016/j.aquaculture.2005.02.011.

44. Yéfez, ].M.; Lhorente, ].P.; Bassini, L.N.; Oyarzin, M.; Neira, R.; Newman, S. Genetic co-variation between

resistance against both Caligus rogercresseyi and Piscirickettsia salmonis, and body weight in Atlantic
salmon (Salmo salar). Aquaculture 2014, 433, 295-298,
doi:http://dx.doi.org/10.1016/j.aquaculture.2014.06.026.

45. Phuthaworn, C.; Nguyen, N.H.; Quinn, J.; Knibb, W. Moderate heritability of hepatopancreatic parvovirus

titre suggests a new option for selection against viral diseases in banana shrimp (Fenneropenaeus merguiensis)
and other aquaculture species. Genet. Sel. Evol. 2016, 48, 64.

46. Nguyen, N.H.; Ninh, N.H.; Hung, N.H. Evaluation of two genetic lines of Pacific White leg shrimp
Liptopenaeus vannamei selected in tank and pond environments. Aquaculture 2020, 516, 734522.

47. Gjedrem, T.; Rye, M. Selection response in fish and shellfish: a review. Reviews in Aquaculture 2018, 10, 168-
179, doi:https://doi.org/10.1111/raq.12154.

48. Nguyen, N.H.; Premachandra, H.; Kilian, A.; Knibb, W. Genomic prediction using DArT-Seq technology for
yellowtail kingfish Seriola lalandi. BMC Genomics 2018, 19, 107.

49. Trang, T.T. Genetic and genomic approaches to select for improved disease resistance against White spot

syndrome virus in Whiteleg shrimp (Litopenaeus vannamei). 2020.


https://doi.org/10.20944/preprints202312.0368.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2023 doi:10.20944/preprints202312.0368.v1

18

50. Sahoo, P.K.; Mahapatra, K.D.; Saha, ].N.; Barat, A.; Sahoo, M.; Mohanty, B.R.; Gjerde, B.; @degard, J.; Rye,
M.; Salte, R. Family association between immune parameters and resistance to Aeromonas hydrophila
infection in the Indian major carp, Labeo rohita. Fish Shellfish Immunol. 2008, 25, 163-169,
doi:https://doi.org/10.1016/j.£si.2008.04.003.

51. Van Sang, N.; Dung, T.T.P.; Phuong, V.H.; Nguyen, N.H.; Thinh, N.H. Immune response of selective

breeding striped catfish families (Pangasiandon hypophthalmus) to Edwardsiella ictaluri after challenge.
Aquaculture 2023, 572, 739515, doi:https://doi.org/10.1016/j.aquaculture.2023.739515.

52. Stremsheim, A.; Eide, D.M.; Fjalestad, K.T.; Larsen, H.].S.; Reed, K.H. Genetic variation in the humoral
immune response in Atlantic salmon (Salmo salar) against Aeromonas salmonicida A-layer. Vet. Immunol.
Immunopathol. 1994, 41, 341-352, doi:https://doi.org/10.1016/0165-2427(94)90106-6.

53. Srisapoome, P.; Chatchaiphan, S.; Bunnoy, A.; Koonawootrittriron, S.; Na-Nakorn, U. Heritability of

immunity traits and disease resistance of bighead catfish, Clarias macrocephalus Giinther, 1864. Fish
Shellfish Immunol. 2019, 92, 209-215, doi:https://doi.org/10.1016/.fsi.2019.05.060.
54. Reed, K.H.; Fevolden, S.E.; Fjalestad, K.T. Disease resistance and immune characteristics in rainbow trout

(Oncorhynchus mykiss) selected for lysozyme activity. Aquaculture 2002, 209, 91-101,
doi:https://doi.org/10.1016/50044-8486(01)00810-9.

55. Sahoo, P.K,; Rauta, P.R.; Mohanty, B.R.; Mahapatra, K.D.; Saha, ].N.; Rye, M.; Eknath, A.E. Selection for
improved resistance to Aeromonas hydrophila in Indian major carp Labeo rohita: Survival and innate

immune responses in first generation of resistant and susceptible lines. Fish and Shellfish Immunology 2011,
31, 432-438, doi:http://dx.doi.org/10.1016/j.fsi.2011.06.014.

56. Nguyen, N.H.; Rastas, P.M.A.; Premachandra, H.K.A.; Knibb, W. First High-Density Linkage Map and
Single Nucleotide Polymorphisms Significantly Associated With Traits of Economic Importance in
Yellowtail Kingfish Seriola lalandi. Frontiers in Genetics 2018, 9, doi:10.3389/fgene.2018.00127.

57. Montesinos-Lopez, O.A.; Montesinos-Lopez, A.; Pérez-Rodriguez, P.; Barrén-Lépez, J.A.; Martini, J.W.;

Fajardo-Flores, S.B.; Gaytan-Lugo, L.S.; Santana-Mancilla, P.C.; Crossa, ].].B.g. A review of deep learning
applications for genomic selection. BMC Genomics 2021, 22, 1-23.

58. Yin, L; Zhang, H.; Tang, Z.; Yin, D.; Fu, Y.; Yuan, X,; Li, X.; Liu, X.; Zhao, S. HIBLUP: an integration of
statistical models on the BLUP framework for efficient genetic evaluation using big genomic data. Nucleic
Acids Res. 2023, 51, 3501-3512, doi:10.1093/nar/gkad074.

59. Vu, N.T,; Phuc, T.H.,; Oanh, K.T.P.,; Van Sang, N.; Trang, T.T.; Nguyen, N.H. Accuracies of genomic
predictions for disease resistance of striped catfish to Edwardsiella ictaluri using artificial intelligence
algorithms. G3 Genes | Genomes | Genetics 2022, doi:https://doi.org/10.1093/g3journal/jkab361.

60. Nguyen, N.H.; Vu, N.T,; Patil, S.S.; Sandhu, K.S. Multivariate genomic prediction for commercial traits of

economic importance in Banana shrimp Fenneropenaeus merguiensis. Aquaculture 2022, 555, 738229,
doi:https://doi.org/10.1016/j.aquaculture.2022.738229.
61. Daetwyler, H.D.; Calus, M.P.; Pong-Wong, R.; de los Campos, G.; Hickey, ].M. Genomic prediction in

animals and plants: simulation of data, validation, reporting, and benchmarking. Genetics 2013, 193, 347-
365.

62. Powell, D.; Knibb, W.; Nguyen, N.H.; Elizur, A. Transcriptional Profiling of Banana Shrimp Fenneropenaeus
merguiensis with Differing Levels of Viral Load. Integr. Comp. Biol. 2016, 56, 1131-1143,
doi:10.1093/icb/icw029.

63. Cerenius, L.; Lee, B.L.; S6derhaill, K. The proPO-system: pros and cons for its role in invertebrate immunity.
Trends Immunol. 2008, 29, 263-271, doi:10.1016/}.it.2008.02.009.

64. Kong, HJ.; Cho, HK,; Park, EM.; Hong, G.E.; Kim, Y.O.; Nam, B.H.; Kim, W.J.; Lee, S.J.; Han, H.S.; Jang,
LK,; et al. Molecular cloning of Kazal-type proteinase inhibitor of the shrimp Fenneropenaeus chinensis.
Fish Shellfish Immunol. 2009, 26, 109-114, doi:10.1016/j.fs1.2008.03.023.

65. Donpudsa, S.; Ponprateep, S.; Prapavorarat, A.; Visetnan, S.; Tassanakajon, A.; Rimphanitchayakit, V. A
Kazal-type serine proteinase inhibitor SPIPm?2 from the black tiger shrimp Penaeus monodon is involved in
antiviral responses. Dev. Comp. Immunol. 2010, 34, 1101-1108, doi:10.1016/j.dci.2010.06.001.

66. VanEvery, H.; Franzosa, E.A.; Nguyen, L.H.; Huttenhower, C. Microbiome epidemiology and association
studies in human health. Nature Reviews Genetics 2023, 24, 109-124, doi:10.1038/s41576-022-00529-x.

67. Rothschild, D.; Weissbrod, O.; Barkan, E.; Kurilshikov, A.; Korem, T.; Zeevi, D.; Costea, P.I.; Godneva, A.;
Kalka, I.N.; Bar, N.; et al. Environment dominates over host genetics in shaping human gut microbiota.
Nature 2018, 555, 210-215, doi:10.1038/nature25973.


https://doi.org/10.20944/preprints202312.0368.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2023 doi:10.20944/preprints202312.0368.v1

19

68. Wallace, R.J.; Sasson, G.; Garnsworthy, P.C.; Tapio, L; Gregson, E.; Bani, P.; Huhtanen, P.; Bayat, A.R.;
Strozzi, F.; Biscarini, F.; et al. A heritable subset of the core rumen microbiome dictates dairy cow
productivity and emissions. Science Advances 2019, 5, eaav8391, doi:doi:10.1126/sciadv.aav8391.

69. Calle-Garcia, J.; Ramayo-Caldas, Y.; Zingaretti, L.M.; Quintanilla, R.; Ballester, M.; Pérez-Enciso, M. On the
holobiont “predictome’ of immunocompetence in pigs. Genet. Sel. Evol. 2023, 55, 29, d0i:10.1186/s12711-023-
00803-4.

70. Ni, Z.; Wolk, M.; Jukes, G.; Mendivelso Espinosa, K.; Ahrends, R.; Aimo, L.; Alvarez-Jarreta, J.; Andrews, S.;
Andrews, R.; Bridge, A.; et al. Guiding the choice of informatics software and tools for lipidomics research
applications. Nat. Methods 2023, 20, 193-204, doi:10.1038/s41592-022-01710-0.

71. Aguet, F; Alasoo, K,; Li, Y.I; Battle, A.; Im, H.K.; Montgomery, S.B.; Lappalainen, T. Molecular quantitative
trait loci. Nature Reviews Methods Primers 2023, 3, 4, d0i:10.1038/s43586-022-00188-6.

72. Bohara, K.; Joshi, P.; Acharya, K.P.; Ramena, G. Emerging technologies revolutionising disease diagnosis
and monitoring in  aquatic animal Thealth. Reviews in  Aquaculture 2023, n/a,
doi:https://doi.org/10.1111/raq.12870.

73. Biazi, V.; Marques, C. Industry 4.0-based smart systems in aquaculture: A comprehensive review. Aquacult.
Eng. 2023, 103, 102360, doi:https://doi.org/10.1016/j.aquaeng.2023.102360.

74. Aramburu, O.; Blanco, A.; Bouza, C.; Martinez, P. Integration of host-pathogen functional genomics data

into the chromosome-level genome assembly of turbot (Scophthalmus maximus). Aquaculture 2023, 564,
739067, doi:https://doi.org/10.1016/j.aquaculture.2022.739067.

75. Gallaga-Maldonado, E.P.; Montaldo, H.H.; Castillo-Juarez, H.; Campos-Montes, G.R.; Martinez-Ortega, A.;
Quintana-Casares, J.C.; Montoya-Rodriguez, L.; Betancourt-Lozano, M.; Lozano-Olvera, R.; Vazquez-

Peldez, C. Crossbreeding effects for White Spot Disease resistance in challenge tests and field pond
performance in Pacific white shrimp Litopenaeus vannamei involving susceptible and resistance lines.
Aquaculture 2020, 516, 734527, doi:https://doi.org/10.1016/j.aquaculture.2019.734527.

76. Kamran, M.; Razzaq, H.; Noorullah, M.; Ahmad, M.; Zuberi, A. Comparative analysis of genetic diversity,

growth performance, disease resistance and expression of growth and immune related genes among five
different stocks of Labeo rohita (Hamilton, 1822). Aquaculture 2023, 567, 739277,
doi:https://doi.org/10.1016/j.aquaculture.2023.739277.

77. Mallard, B.A.; Emam, M.; Paibomesai, M.; Thompson-Crispi, K.; Wagter-Lesperance, L. Genetic selection of
cattle for improved immunity and health. Jap. ]. Vet. Res. 2015, 63, S37-544.

78. Pooley, C.M.; Marion, G.; Bishop, S.C.; Bailey, R.I.; Doeschl-Wilson, A.B. Estimating individuals’ genetic
and non-genetic effects underlying infectious disease transmission from temporal epidemic data. PLoS
Comp. Biol. 2020, 16, 1008447, doi:10.1371/journal.pcbi.1008447.

79. Hulst, A.D.; Bijma, P.; De Jong, M.C.M. Can breeders prevent pathogen adaptation when selecting for
increased resistance to infectious diseases? Genet. Sel. Evol. 2022, 54, 73, d0i:10.1186/s12711-022-00764-0.

80. Doeschl-Wilson, A.; Knap, P.W.; Opriessnig, T.; More, S.J. Review: Livestock disease resilience: from
individual to herd level. Animal 2021, 15, 100286, doi:https://doi.org/10.1016/j.animal.2021.100286.

81. Bijma, P.; Hulst, A.D.; de Jong, M.C. The quantitative genetics of the prevalence of infectious diseases:

hidden genetic variation due to Indirect Genetic Effects dominates heritable variation and response to
selection. Genetics 2022, 220, 141.

82. Berghof, T.V.; Poppe, M.; Mulder, H.A. Opportunities to improve resilience in animal breeding programs.
Frontiers in genetics 2019, 9, 692.

83. Vicente-Santos, A.; Willink, B.; Nowak, K.; Civitello, D.J.; Gillespie, T.R. Host—pathogen interactions under
pressure: A review and meta-analysis of stress-mediated effects on disease dynamics. Ecol. Lett. 2023, 26,
2003-2020, doi:https://doi.org/10.1111/ele.14319.

84. Tellier, A.; Brown, ] K.; Boots, M.; John, S. Theory of Host-Parasite Coevolution: From Ecology to Genomics.
In Encyclopedia of Life Sciences; 2021; pp. 1-10.

85. Raberg, L. Human and pathogen genotype-by-genotype interactions in the light of coevolution theory. PLoS
Genet. 2023, 19, 1010685, doi:10.1371/journal.pgen.1010685.

86. Dexter, E.; Fields, P.D.; Ebert, D. Uncovering the Genomic Basis of Infection Through Co-genomic
Sequencing of Hosts and Parasites. Mol. Biol. Evol. 2023, 40, d0i:10.1093/molbev/msad145.

87. Thrall, P.H.; Barrett, L.G.; Dodds, P.N.; Burdon, ]J.J. Epidemiological and Evolutionary Outcomes in Gene-
for-Gene and Matching Allele Models. Frontiers in Plant Science 2016, 6, doi:10.3389/fpls.2015.01084.



https://doi.org/10.20944/preprints202312.0368.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2023 doi:10.20944/preprints202312.0368.v1

20

88. Napier, J.D.; Heckman, R.W.; Juenger, T.E. Gene-by-environment interactions in plants: Molecular
mechanisms, environmental drivers, and adaptive plasticity. The Plant Cell 2022, 35, 109-124,
doi:10.1093/plcell/koac322.

89. Hall, A.B.; Tolonen, A.C.; Xavier, R.J. Human genetic variation and the gut microbiome in disease. Nature
Reviews Genetics 2017, 18, 690-699, doi:10.1038/nrg.2017.63.

90. Hua, X,; Song, L.; Yu, G.; Vogtmann, E.; Goedert, ].J.; Abnet, C.C.; Landi, M.T.; Shi, ]. MicrobiomeGWAS: A
Tool for Identifying Host Genetic Variants Associated with Microbiome Composition. Genes 2022, 13, 1224.

91. Gangavarapu, K,; Latif, A.A,; Mullen, J.L.; Alkuzweny, M.; Hufbauer, E.; Tsueng, G.; Haag, E.; Zeller, M.;
Aceves, C.M,; Zaiets, K,; et al. Outbreak.info genomic reports: scalable and dynamic surveillance of SARS-
CoV-2 variants and mutations. Nat. Methods 2023, 20, 512-522, d0i:10.1038/s41592-023-01769-3.

92. Stark, K.D.C.; Pekala, A.; Muellner, P. Use of molecular and genomic data for disease surveillance in
aquaculture: Towards improved evidence for decision making. Preventive Veterinary Medicine 2019, 167, 190-
195, doi:https://doi.org/10.1016/j.prevetmed.2018.04.011.

93. Steenwyk, J.L.;Li, Y.; Zhou, X,; Shen, X.-X.; Rokas, A. Incongruence in the phylogenomics era. Nature Reviews
Genetics 2023, d0i:10.1038/s41576-023-00620-x.

94. John, N.; Joseph, A.; Sasi, A.; Mujeeb, B.; Baiju, J.E.; Syrus, E.C.; Paul, N.M. 1 Understanding Vaccine
Development in Aquaculture. In Fish Vaccines: Health Management for Sustainable Aquaculture; CRC Press:
2023; pp. 3-15.

95. Harshitha, M.; Nayak, A.; Disha, S.; Akshath, U.S.; Dubey, S.; Munang’andu, HM.; Chakraborty, A.;
Karunasagar, I.; Maiti, B. Nanovaccines to Combat Aeromonas hydrophila Infections in Warm-Water

Aquaculture: Opportunities and Challenges. Vaccines 2023, 11, 1555.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202312.0368.v1

