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The aquaculture industry faces many challenges regarding the intensification of
shrimp rearing systems. One of these challenges is the release of excessive
amounts of nitrogen and phosphorus into coastal areas, causing disruption in
nutrient cycling and microbial equilibrium, which are important for coastal
productivity. Biosecurity within the shrimp rearing systems can also be
compromised by disruption to the nutrient fluxes, and as consequence the
microbiome of the system. In certain conditions, these changes could lead to
the blooming of potentially pathogenic bacteria. These changes in the external
microbiome of the system and the constant fluctuations of nutrients can affect
the intestinal microbiome of shrimp, which is involved in the growth and
development of the host, affecting nutrient absorption, regulating metabolic
processes, synthesising vitamins, modulating the immune response and
preventing growth of pathogenic bacteria. It has been suggested that specific
changes in the intestinal microbiome of Litopenaeus vannamei may be an avenue
through which to overcome some of the problems that this industry faces, in
terms of health, growth and waste. Recent research, however, has focussed
mainly on changes in the intestinal microbiome. Researchers have overlooked
the relevance of other aspects of the system, such as the microbiome from the
benthic biofilms; zooplankton, plankton and bacterioplankton; and other sources
of microorganisms that can directly affect the microbial status of the intestinal
and epiphytic communities, especially in rearing systems that are based on
intensification and microbial maturation processes, such as a biofloc system. It
is therefore necessary to place holobiome studies into context, including the
‘holobiome of the aquaculture system’ (microbiomes that make up the culture
system and their interactions) and not only the intestinal microbiome. Thus, we
describe factors that affect the shrimp microbiome, the methodology of study,
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from sampling to bioinformatic workflows, and introduce the concept of the
‘holobiome of the aquaculture system’ and how this enables us to promote the
intensification, biosafety and eco-efficiency of shrimp farming. The holobiome
perspective implies a greater investment of resources and time for research, but it
will accelerate the development of technology that will benefit the development
and sustainability of the aquaculture industry.

KEYWORDS

litopenaeus vannamei, microbiome, intensification, biofloc, holobiome of
aquaculture systems

1 Introduction

Shrimp has become one of the most economically important
seafoods worldwide. The most important and in demand species
in this industry is the white leg shrimp (L. vannamei). Its
production in aquaculture systems has increased to be even
more important in economic and volume terms than fishing
production (FAO, 2020; Garcia-Lopez et al., 2020).

High demand for shrimp production and stagnation in
fisheries has favoured the expansion of shrimp culture
systems, and therefore its intensification has become necessary
(Crab et al, 2007; Zhang et al, 2021b). This intensification
process has pushed the industry to develop novel technologies
such as recirculation systems (RAS) and biofloc (Dauda, 2020),
with an excellent ecofriendly process, not only for higher
productivity but also for sustainable development beside other
benefits revised recently (Jamal et al., 2020). The development of
this technology has faced other challenges as developing new
pathogen-resistant genetic strains (Alday-Sanz et al.,, 2020),
improving feed formulation (Kuhn et al., 2016; McLean et al.,
2020), dietary supplements (Ringo and Song, 2016), and the use
of microbial consortia to improve water quality (Kumar et al.,
2017). All these innovations have improved the shrimp
production, however, it is still necessary to deal with problems
related to the environmental impact of intensified rearing
systems, such as the deterioration of local water quality,
biosecurity (such as antibiotic resistant bacteria), disease
emergence, water acidification and eutrophication. All these
problems result in unpredictable culture efficiency and mean
that the industry is less sustainable (Henriksson et al., 2018;
Suantika et al., 2018; Dauda, 2020; Davis et al., 2021), making it
harder to assess investment, determine financial return and/or to
include circular economy strategies. These challenges are all
related to the system of microbial management (microbiome),
which is not only important, but intrinsically linked to the
sustainability and productivity of intense rearing systems.

The microbiome can be described as the bacteria, archaea,
viruses and microbial eukaryotes that occupy a physical,

Frontiers in Marine Science

02

chemical and biologically defined habitat, and involves their
genomes and metabolic activity (Whipps et al., 1988; Pereira-
Marques et al,, 2019; Berg et al, 2020). In the context of
biosecurity, two main issues have been explored within
microbiome studies, the resistome (set of antibiotics resistant
genes), and virulence factors (tools that pathogenic
microorganisms use to avoid host immune defences and to
improve survival) (Guevarra et al, 2021). From a wider
perspective, an ecological approach allows us to understand
the importance of the intestinal microbiome, as this is the link
between the organism and the whole system.

The intestinal microbiome is composed of a great number
and diversity of microorganisms. Some microbial groups are
present in the gut in the long-term, and others are transient,
but even the transient groups could play a significant ecological
role in the system (especially during larval development). Host-
microbiome interaction also has a direct impact on the
development and physiology of the host via a mutualist
interaction through metabolic collaborations, affecting nutrient
absorption, regulating metabolic processes, synthesising vitamins,
modulating the immune response and limiting the colonisation of
pathogenic bacteria (Buford, 2017; Fetissov, 2017; Read and
Holmes, 2017; Garcia-Lopez et al.,, 2020). This host-
microbiome interaction cannot be seen as stationary, as it is
highly dynamic, in part because the gut microbiome composition
is continuously affected by both biotic and abiotic factors
(Bentzon-Tilia et al., 2016; Butt and Volkoff, 2019). Under
intensive conditions, the level of nutrients increases and
changes depending on the type of intensive system (RAS or
biofloc), modifying the microbial communities present in the
water, feed or in farming organisms, and increasing the biotic
pressure in the system (Dittmann et al., 2017; Bass et al., 2019;
Guo et al., 2020). These modifications to the microbial
equilibrium could turn out to be positive in terms of
sustainability, biosecurity or productivity, however the opposite
may be true if the system is not resilient, or the load of nutrients
surpasses the capacity of the microbial community (microbiome)
to metabolise those nutrients (Schryver and Vadstein, 2014). As a
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consequence, understanding the microbiome, and in particular
the host-associated microbiota, could lead to the better microbial
management of the system, which could help to solve some of the
problems in aquaculture (Dittmann et al., 2017; Landsman et al.,
2019a), such as reducing the presence of specific pathogens
(Cheng et al., 2020; Mazon-Suastegui et al., 2020), optimising
growth (Fan et al, 2019a; Guo et al,, 2020) and reducing the
amount of feed and waste by optimising nutrient utilisation
(Hamidoghli et al., 2020; Zhang et al., 2021a). Recent research
on L. vannamei microbiome has been focused on the
optimisation of the intestinal microbiome and its recognition as
a vital organ responsible for functions such as digestion, nutrient
absorption and immune response (Li et al., 2018).

In order to achieve the proper microbial management of the
system and to use the microbiome ecological concept as a
platform from which to improve shrimp production, it is
necessary to study the aquaculture system as a whole,
including all the elements integrated within it. This integrative
vision and/or perspective of the system is based on the
“holobiome” concept; under this concept it is necessary to
consider that each element of the system not only directly
affects target culture species, but also the micro/macro-habitats
that function as the nuclei of the different microbiomes, which
by themselves retain a level of interaction and influence between
them. In other words, the holobiome includes all the genomic
information within the system, and this concept recognises that
the genomic information will be displayed depending on the
micro/macro habitat landscapes available at a certain point in
time, under specific environmental conditions, therefore,
acknowledging that the system is highly dynamic rather than
static, and that all the genomic information that will be
expressed under certain conditions belongs to a specific
systemic momentum. As a consequence, merely studying the
intestinal microbiome (traditional research approach) inside any
intensive system could overlook what is really happening in a
highly dynamic system. We therefore want to bring a critical
analysis to the gut microbiome approach, and explain how this
vision may not enable a more holistic approximation of the
system. Finally, we will try to discuss how the holobiome concept
in the aquaculture industry could contribute to a better
understanding of how intensified systems work, so that in the
future we could better approximate the productivity, biosecurity
and eco-efficiency of shrimp rearing systems.

2 The L.vannamei gut microbiome
studies as an approach to
understanding the complexity of
rearing systems

Keeping a stable and functional microbiome in the digestive
system is important for the host’s health and optimal growth.
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The host microbiome can be affected by intrinsic and extrinsic
factors, which alter composition, diversity and function, and
affect health, feeding, energy storage and adult size (Zhang et al.,
2016; Butt and Volkoff, 2019). Extrinsic factors modulate the
microbiomes of aquatic organisms with greater ease than in
terrestrial organisms. This is due to the direct interactions of
aquatic organisms with the surrounding environment,
composed of water, food, and faeces (Schryver and Vadstein,
2014; Sun et al, 2019). At the same time, the environment
microbiome is affected by changing physical-chemical
conditions which in turn will modify the host microbiome as
well as their interactions. We could therefore expect that any
change in a closed-system, such as intensive aquaculture rearing
systems, will affect the host microbiome, but how each variable
will affect the host microbiome is hard to assess, and therefore
this approach faces certain challenges.

In general, the study of the microbiome can be divided into
four basic components: microbial composition (microbiota),
determining genomic features, microbial metabolic activity
and interactions (Dai et al., 2017; Butt and Volkoff, 2019;
Huang et al., 2020b). Other approaches that also involve part
of the microbiome have been added in newer studies, however,
especially in aquaculture studies, such as the resistome (the
whole set of antibiotic resistance genes) and genetic virulence
factors (Figure 1). Specifically, L. vannamei microbiome studies
have been focused almost exclusively on the description of
changes in the bacterial composition of the digestive system
through the use of amplicon sequencing. These types of studies
have contributed to connecting certain environmental factors to
changes in the microbial community in the gut of L. vannamei,
including stress by sulphide (Suo et al., 2017; Duan et al., 2019a;
Jiang et al., 2019b), different pH in the rearing water (Duan et al.,
2019b; Yu et al., 2020), stress by ammonium and nitrite (Duan
etal., 2018; Jiang et al., 2019b), water salinity (Zhang et al., 2016;
Fan et al., 2019b), stress due to copper (Qian et al., 2020), water
temperature (Jun-xia et al., 2004), feed composition and the use
of supplements (Duan et al., 2017; He et al., 2017; Qiao et al,,
2017; Vargas-Albores et al., 2017; Fan et al., 2019a; Cheng et al,,
2020; Elizondo-Gonzalez et al., 2020; Gainza and Romero, 2020),
disease (Rungrassamee et al., 2016; Wang et al., 2019b; Zhou
et al,, 2019a; Dai et al., 2020; Liang et al., 2020), and the culture
system type (Hostins et al., 2017; Deng et al., 2019; Landsman
et al,, 2019a; Omont et al., 2020); whereas the intrinsic factors
involved include the genetic strain (Landsman et al., 2019b; Liu
etal., 2019b), ontological development stage (Xiong et al., 2018b;
Garibay-Valdez et al., 2020), and the physiological condition of
the host (Dai et al., 2017; Xiong et al., 2017).

To date there has been little information on the study of
micro eukaryotic communities in the gastrointestinal tract of L.
vannamei. This group is diverse and important, since it is
positively related to digestive enzyme activity, and positively
affects shrimp growth (Dai et al., 2017). It has also been shown
that they are closely related to host immune modulation
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Perspectives for the study of a microbiome.*The resistome and
virulence factors are focused studies within the genetic
characteristics of the microbiota

pathways (Li et al., 2019), and their composition is shaped by
host disease conditions (Xiong et al., 2018b; Dai et al., 2019).

The integration of multiple omic data such as metagenomics
(He et al, 2020; Huang et al, 2020b), meta-transcriptomics
(Duan et al,, 2019a), metabolomics (Guo et al., 2020; Huang
et al., 2020b) and metaproteomics is necessary to gain a full
understanding of the shrimp microbiome and its implications in
aquaculture optimisation. We will thus be able to elucidate the
nature of microbial interaction networks between microbial
species and the host in different conditions (Sergaki et al,
2018; Rise et al., 2019).

2.1 Technical challenges in the current
state of analysis of L. vannamei
microbiome

2.1.1 Sample collection, manipulation
and storage

It is necessary to integrate new data with current knowledge
to homogenise and highlight the available results on the L.
vannamei microbiome, reducing biases. First, the term
‘microbiota’ refers to the complete group of prokaryotic and
eukaryotic microorganisms in a specific niche (e.g., midgut)
(Pereira-Marques et al.,, 2019; Berg et al., 2020), and this is
important as most research is focused only on bacteria, and
misuses the term ‘microbiota’. Other things that need to be
considered in gut microbiome analyses are where the samples

Frontiers in Marine Science

04

10.3389/fmars.2022.975042

were taken from and what this represents. On the other hand, it
must be considered that penaeid intestines change throughout
the ontological development until the mature stage is reached,
and comprise sections varying in morphology and function,
(Lovett and Felder, 1989), so that each section has a distinctive
selective pressure on the respective microbiota (Xiong et al,
2015; Li et al,, 2019). The digestive system of adult penaeids such
as L. vannamei involves three sections: the anterior intestine is
subdivided into the oesophagus and anterior (cardiac) and
posterior (pyloric) stomach chambers (the latter is connected
with the hepatopancreas); the midgut starts in the union with the
hepatopancreas, crossing most of the abdomen; and lastly, the
hindgut includes the rectum and anus (Dall, 1967; Ceccaldi,
1989). A separate study of these structures can provide better
information about the effect of a variable of interest. This could
be impractical, however, especially for younger specimens. A
potential solution is to identify where the sample is taken, and
then always use that section for future studies. This is
particularly helpful for the conjunction between the intestinal
tract and the hepatopancreas, because the intestinal and
hepatopancreas microbiomes have been described as differing
in composition (Cornejo-Granados et al., 2017; Li et al,, 2019;
Wang et al., 2020b). Another aspect to consider is whether the
gut has intestinal content or not, given that transitory non-
adhered microbiota may affect the composition of the associated
microbiota (Vargas-Albores et al., 2017; Wang et al., 2020a).
The pooling of samples is common in studies of the
intestinal microbiota of L. vannamei, where two or more
dissected intestine samples are combined, mainly to increase
microbial nucleic acid extraction yield (Rungrassamee et al.,
2016; Xiong et al, 2018b), to minimise biological variation
among specimens (Xiong et al., 2015), and to increase the
opportunity to observe differences across treatments (Schleder
et al,, 2020). Although this strategy may be useful and practical,
it could reduce the accuracy of conclusions. It is necessary to
understand that these groupings are not a substitute for
biological representability, given that a single sample has low
statistical power (Creer et al., 2016). Conversely, in other studies,
the tissue is subsampled to conduct diverse analyses in the same
sample (Chen et al.,, 2017), including the study of the microbiota.
True biological variation can be affected by technical
variation, for example due to the sample collection technique
or DNA extraction methods (Debelius et al., 2016). Obtaining an
accurate profile of the microbiota therefore requires an initial
evaluation of the variation caused by technical sources
(Rosenthal et al., 2014). When tissue subsampling is
performed, it must be considered that microbial populations
have a functional adaptation to particular niches (Lloyd-Price
et al, 2017), making it unlikely that bacterial communities are
uniformly distributed within the volume from a faecal sample
(Wesolowska-Andersen et al.,, 2014). On the other hand, the
DNA extraction method used in studies of the shrimp
microbiome is not usually justified or validated for marine
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organisms, and several of these techniques are reported in
studies of the human intestinal microbiome but applied to
stool samples (Yuan et al.,, 2012) and not tissue, as is the case
in shrimp. These differences in sample types affect extraction
yields, can produce bias, and affect reproducibility (Xue et al.,
2018). In order to efficiently extract microbial DNA from the
shrimp gut, its components must therefore be lysed: muscle,
connective tissue, cylindrical epithelium (Dall, 1967),
peritrophic membrane that includes proteins and chitin
(Wang et al., 2012), and the structural composition of
microbial cells. Sensitive information on the sample should be
recorded (before, during and after sampling), as well as the
experimental procedures, all this information conforming the
sample metadata (covariates), which are used in combination
with sequencing data to conduct statistical modelling and
correlation analyses that allow the microbiome structure and
function under particular settings to be explained (Goodrich
et al, 2014; Jovel et al, 2016; Nayfach and Pollard, 2016).
Moreover, the dynamism of aquaculture systems due to
seasonal or environmental factors means that a proportion of
the microbiome will remain in a changing state, which creates
the need to conduct longitudinal instead of cross-sectional
studies to obtain direct information about the causal covariates
of microbiome dynamics (Quince et al., 2017).

Microbial DNA of high quality and integrity is required for
high-throughput sequencing. The collection and preservation of
samples is a critical step in this process (Bellali et al., 2019). Good
practices include the cleansing of specimens (with sterile water
and 70% alcohol) previous to collection to minimise
contamination by the surface of the organism (Hou et al,
2018b; He et al,, 2020); and continuing with standardised
tissue dissection protocols, such as those described by
Landsman et al. (2019b). In the case of RNA, preservation of
the nucleic acids within the sample is recommended in liquid
nitrogen or at -80°C in combination with a stabiliser such as
RNA-later ® (Creer et al., 2016; Garcia-Lopez et al., 2020). The
most common practice to preserve DNA is direct storage at (or
less than) -20°C, as DNA is less labile than RNA or the use of
absolute ethanol. When genetic material cannot be extracted in a
three month window, lyophilisation previous to frozen storage
has allowed the long term preservation of human faeces with
later good DNA quality for studies based on amplicons (Kia
etal., 2016). Finally, glycerol could be used in frozen samples as a
cryoprotectant agent to avoid the loss of susceptible taxa such as
Bacteroidetes, as has been observed in sheep rumen samples
(McKain et al., 2013).

2.1.2 High-throughput sequencing in the
assessment of microbial communities

Studying the taxonomic profile of microbial communities by
molecular methods based on high-throughput sequencing
requires the extraction of high-quality metagenomic DNA
(Handelsman J., 2004). DNA can be extracted using standard
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molecular biology protocols (Huang et al., 2016a; Pilotto et al.,
2018; Mazon-Suastegui et al., 2020), extraction kits (Chai et al.,
2016; Dai et al., 2018; Shao et al., 2019) or a combination of both
(Gainza et al., 2018; Gainza and Romero, 2020). The selection of
DNA extraction method is important, as no method will be
optimal in all types of samples. This has been true for processing
meconium samples (Stinson et al., 2018), human faeces
(McOrist et al., 2002; Claassen et al., 2013) and mouse faeces
(Ferrand et al., 2014). The selection must be based on the
subjacent composition of the cells present in the sample in
order to achieve the efficient extraction of most of the present
taxa. Works by Jiang et al. (2019a) and Xue et al. (2018) are the
first approaches to consider screening for optimal extraction
protocols in the study of bacterial biota in L. vannamei. These
studies suggest using the Qlamp fast DNA stool minikit
(Qiagen), EZZN.A. ® Bacterial DNA kit (Omega Bio-tek) and
EZN.A. ® stool DNA kit (Omega Bio-tek). The two works only
tested six methods not widely used in the literature.
Optimisation should thus be considered during the
incorporation of additional treatments with chitinase, given
that chitin is a component present in shrimp samples. It may
be worth testing the efficiency of the “repeated bead beating plus
column” method (Yu and Morrison, 2004) or similar methods
adapting the composition of the sample. It has been reported
that adding a bead-beating step will improve the yield and
representativity of the microbial profiles (Quince et al., 2017;
Yang et al., 2020a). Differentiation between live and death
microbial cells is another important challenge due to DNA
persistence in the environment after a cell has lost its viability,
which usually leads to the misestimation of the microbial
composition (Nocker et al., 2007). Strategies to overcome this
problem include the use of propidium monoazide (Nocker et al.,
2006) prior to DNA/RNA extraction.

During the extraction of nucleic acids, it is common to
obtain DNA from both the host and microbiome, due to the high
abundance of the host DNA in the sample. This affects the yield
of microbial DNA recovery during extraction, masking the
microbial signal during sequencing and interfering with the
interpretation of results (Lim et al., 2014; Heravi et al., 2020).
This problem can be particularly important in the detection of
low abundant taxa. According to Pereira-Marques et al. (2019),a
proportion of host DNA as high as 60% in the initial extraction is
enough to allow the detection of taxa with a relative abundance
as low as 0.2% through shotgun sequencing. The host DNA issue
may be solved by the enrichment of microbial DNA prior to
implementing background (eukaryotic) depletion techniques
(Quince et al, 2017). Methods include hypotonic lysis (Lim
et al., 2014), NEBNext microbiome DNA enrichment kit (New
England Biolabs Inc.), Molzym ultra-deep microbiome prep
(Molzym), QIAamp DNA microbiome kit (Qiagen) and the
HostZERO microbial DNA kit (Zymo Research) (Heravi et al,
2020). In the particular case of shrimp samples, an easy way to
avoid extracting host DNA in high quantity is using shrimp
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faeces, which contains ~10% of host DNA (Pereira-Marques
et al, 2019). The peritrophic membrane protects the faecal
microbiome from contamination with the environment. Faeces
can then be recovered using the methodology described by
Cordova-Murueta et al. (2003).

Amplicon sequencing of hypervariable regions of the
ribosomal operon has been widely used in the identification of
microbial taxonomic groups in all sorts of environments, and the
L. vannamei microbiome is no exception. This is because these
regions are universally distributed in prokaryotic and eukaryotic
organisms, and have hypervariable regions that allow taxonomic
labelling, as well as conserved regions that allow the design of
primers (Barb et al., 2016; Martinez-Porchas and Vargas-
Albores, 2017). Genes that code for specific functions can also
be used when the goal is to characterise microbial communities
with a particular metabolic capacity. The preparation of the
amplicon sequencing libraries and the sequencing should use a
high-fidelity polymerase and a low number of amplification
cycles (Goodrich et al., 2014).

The hypervariable regions V1-V9 of the 16S rRNA gene have
been evaluated to identify bacterial taxa in various environments
(Wang and Qian, 2009). Cornejo-Granados et al. (2018)
compared non-overlapping amplicons from seven hypervariable
regions (V2, V3, V4, V6-V7, V8, and V9) to study the bacterial
biota of the hepatopancreas and intestine in cultures of L.
vannamei, reporting that at the family level Vibrionaceae
(35.6%), Enterobacteriaceae (20.1%), Pseudoalteromonadaceae
(5.9%), Pseudomonadaceae (3.3%) and Rhodobacteraceae (1.3%)
were the most abundant taxa in the intestine of healthy shrimp
and Enterobacteriaceae (70.2%), Pseudomonadaceae (18.1%),
Vibrionaceae (6.9%), Pseudoalteromonadaceae (0.6%) and
Moraxellaceae (0.5%) were the most abundant in the
hepatopancreas of healthy shrimp. The most commonly used
amplicon is that covering the V3-V4 regions (Cheng et al., 2020;
Garcia-Lopez et al., 2020; Holt et al., 2020; Liang et al., 2020;
Zhang et al., 2021b), which has been reported to better recover the
original diversity of the sample (Garcia-Lopez et al.,, 2020). It is
important to mention that using the V3-V4 region of 16S rRNA
gene is highly convenient, because it has low intragenomic
heterogeneity in bacteria, reducing the overestimation of taxa
with a higher gene copy number, and decreasing the error in
diversity metrics (Sun et al, 2013). The length of the V3-V4
amplicon (~460 bp) is convenient for the Illumina MiSeq
sequencing platform, and taxonomic annotation using the
Ribosomal Database Project (Cheng et al., 2020; Elizondo-
Gonzalez et al, 2020), Greengenes (Huang et al., 2020b; Yu
et al,, 2020) or Silva (Wang et al., 2020a; Wang et al., 2020b)
databases are the most commonly used in the study of the
bacterial microbiota of L. vannamei.

The eukaryotic biota in L. vannamei intestines has been
identified with the V2-V3 and V4 regions of the 18S rDNA gene,
using the Illumina MiSeq platform and SILVA database (Dai
et al., 2017; Xiong et al., 2018b; Dai et al., 2019). With these
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settings the microeukaryotes were characterised (Santos et al,
2010) and a fraction of the mycobiota using the region ITSI of
rDNA with the platform Illumina HiSeq and the UNITE
database to identify only the mycobiota in L. vannamei,
reporting that the phyla Ascomycota and Basidiomycota are
the most abundant in intestine and hepatopancreas, and that
there is a greater abundance of the genera Didymella and
Filobasidium in the gut, and Pyrenochaetopsis in the
hepatopancreas in healthy shrimp (Li et al., 2019).

Different programs and specialised algorithms are needed to
obtain biologically meaningful information from amplicon
sequencing data (Goodrich et al., 2014). Together these are the
“bioinformatic workflow”. Currently, most bioinformatic
workflows include a step grouping sequences into operational
taxonomic units (OTUs) or amplicon sequence variants (ASVs)
(Schloss, 2021). The latter strategy has better differentiation of
biological sequences, is reproducible, represents the biological
variation in the sample, provides better taxonomic resolution,
decreases diversity bias and has a higher predictive ability for
health biomarkers compared to OTUs (Callahan et al., 2017;
Prodan et al., 2020). However, the ASV approach has
limitations, such as in the comparison of independent data
from sequencing different loci, the separation of one genome
into several ASVs due to intragenomic variation of multiple
copies of the targeted locus (commonly observed in the 16S
rRNA gene) and its intragenomic heterogeneity, as well as the
formation of ASVs containing sequences from multiple species,
which is more common in the OTU approach (Sun et al., 2013;
Callahan et al., 2017; Schloss, 2021). Most of the bioinformatic
workflows used in studies of L. vannamei microbiota are based
on OTU analysis, which makes comparison between studies
difficult. The availability and constant improvement of programs
and algorithms results in the heterogeneity of their
implementations, with the possibility of consequently
introducing limitations and biases. The DADA2 program is
recommended for studies requiring the finest taxonomic
resolution (e.g., to differentiate closely related strains) and the
USEARCH-UNOISE3 program because it provides better
overall performance combining high sensitivity and specificity
(Prodan et al., 2020).

Although amplicon sequencing is the most commonly used
strategy for studying microbiota composition, it has certain
limitations and biases in the reconstruction of the community
structure. Some caveats that have to be kept in mind include:
differential affinity of primers to conserved regions, the
resolution of each variable region among taxa and even
exclusion of certain members of the microbial community,
amplification artefacts such as the formation of chimeric
sequences, and overestimated abundance of certain taxa by
multicopy marker genes (Carlos et al., 2012; Thomas et al,
2012; Koslicki et al., 2014). These limitations can be addressed by
the use of a whole metagenome shotgun approach, which allows
the genetic content of archaea, bacteria, protists, virus, phages

frontiersin.org


https://doi.org/10.3389/fmars.2022.975042
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Gutiérrez-Pérez et al.

and eukaryotes to be simultaneously obtained. A good
representation of the community structure and the metabolic
potential of the most abundant organisms could be obtained if
the sample is sequenced with enough coverage (Jovel et al., 2016;
Ortiz-Estrada et al., 2019). Implementing this technique to study
the microbiome of L. vannamei has shown that the genera
Shewanella, Chitinibacter, Rhodobacter, Gemmobacter, Bacillus
and Roseburia are more abundant in the intestines of healthy
shrimp than those with WES; that metabolic pathways such as
mineral absorption, aminobenzoate degradation, lipoic acid
metabolism and phenylpropanoid biosynthesis significantly
decrease in shrimp with WEFS; and when complemented by
metabolome studies, that there are 35 compounds which are
significantly different between the two conditions described
(Huang et al., 2020b). However, this approach also has some
drawbacks, such as the higher cost, the analysis of higher data
volume, hardware requirements for data processing and
problems optimising the genomic assembly of low abundant
taxa (Carlos et al., 2012; Ortiz-Estrada et al., 2019). The
taxonomic assignment and the annotation of genes is limited
by the information contained in the databases, so it is also
necessary to continue the characterisation and assignment of
functions to poorly described and neglected microorganisms
(Sergaki et al., 2018; Rise et al., 2019).

While bioinformatic workflows used for amplicon
sequencing data commonly involve quality control, read
merging (when paired-end strategy is used), OTU or ASV
formation, identification and removal of chimeric sequences,
taxonomic assignment and diversity analysis (Goodrich et al,
2014), the bioinformatic workflow for analysing metagenomic
data involves steps for the quality control of reads and host
sequence removal, assembly (optional), taxonomic and
functional annotation and statistical analysis (Nayfach and
Pollard, 2016; Martinez-Porchas and Vargas-Albores, 2017).
Currently only He et al. (2020) and Huang et al. (2020b) have
analysed metagenomic data to study the intestinal microbiome
of L. vannamei. We recommend Thomas et al. (2012) and
Quince et al. (2017) for more details about the processing of
metagenomic data, considerations, software and algorithms.
Bioinformatic tools such as PICRUSt (Douglas et al, 2018),
Tax4Fun (Affhauer et al, 2015) and Vikodak (Nagpal et al.,
2016) have been developed to generate information on the
metabolic potential of microbial communities from amplicon
profiles, however, this functionality is assigned by inference and
does not accurately represent the function inherent in the
sample, as limitations inherent in taxonomic labelling affect
functional inference. Implementing these tools to study the
bacterial biota of L. vannamei revealed that although the
intestinal microbiota of shrimp and sediment have a similar
profile in the dominant bacterial genera, they show significant
differences in functional pathways (Huang et al., 2018). Another
study concluded that the abundances of genes involved in
metabolism were significantly lower in shrimps with white
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faeces syndrome (WEFS) than in the healthy shrimp (Hou
et al,, 2018a) and results by Xiong et al. (2018a) showed that
the predicted functional composition of gut microbiota changes
over the shrimp developmental stages.

3 The holobiome as a necessary
concept for studying the
aquaculture system

We define the “holobiome of the aquaculture system” as all
the microbiomes interacting in a culture system: the planktonic
microbiome, sediment microbiome, feed microbiome and the host
microbiome. This network of microbiomes and their interactions
affects the eco-efficiency and production of the aquacultured
species which are affected by the system’s endogenous and
exogenous factors (Figure 2). As the result of this definition, the
first step in studying the holobiome of an aquaculture system is to
develop an integrative experimental design that considers the
recovery of the most representative microbiomes of every one of
the components of the system, as well as relevant information
(metadata) associated with the environmental conditions when
those components were collected. The subsequent steps include to
build a sampling program to collect the necessary samples,
undertake the corresponding analyses for the study of
microbiomes, obtain the corresponding data, analyse it, and
finally establish the meaning of the interactions of the
microbiomes within the system.

This approach will identify the components of the system
whose microbiomes have a closer interaction and effect on the
intestinal microbiome of the cultured organism, and the
associated covariates. With this information, strategies can be
developed to optimise cultivation systems through the
management of microbiomes.

3.1 How the holobiome of the
aquaculture system concept is related
to intensification

The economical and productive performance of shrimp
farming systems depends mostly on the system type and the
production strategies. Aquaculture systems can be classified
depending on the organism density, from low to high as:
extensive, semi-intensive, intensive and hyperintensive (Pillay,
1997). Fishery stagnancy and human population growth (Crab
et al., 2007) has led to the need for efficient resource utilisation,
leading to a tendency for aquaculture production intensification
(Pomeroy et al,, 2014). In the L. vannamei case, its fast growth,
good survival in high density seeding, and high tolerance
to diseases make it a good candidate for intensive systems
(Liu et al., 2017). However, its production has been limited to
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FIGURE 2

Components of the "holobiome of the aquaculture system”. “Culture system microbiome” involves the planktonic microbiome, sediment
microbiome and biofloc microbiome; in "Host microbiome” can be included the skin, hepatopancreas and midgut microbiome among others;
“Vectors microbiome” involve those components that can actively introduce exotic microbiomes; "Holobiome of the aquaculture system” are
intended to identify beneficial microorganisms, commensals, symbionts, pathogens and potential pathogens.

semi-intensive systems due to the increased risk of viral and/or
bacterial infections which has damaged the industry in certain
locations of the world (Araneda et al., 2008; Dauda, 2020; Zhang
et al., 2021b) with great implications for the economic
development of coastal environments.

How can the concept of “the holobiome of the aquaculture
system” affect and improve the intensification process of L.
vannamei farming? First, we have to recognise that the
aquaculture system is per se an ecosystem that interacts
intrinsically with the environment, and the microbial biota. By
ruling out a group (microalgae and/or yeast or another) we can
therefore easily get lost in trying to measure the effect of different
intensification variables, such as the density of organisms, the
use of probiotics, prebiotics, symbiotics, and functional feeds, on
global shrimp productivity and its economy. It is thus necessary
from this holistic perspective of the system to first understand
how the system works as a whole, and not just the parts. To do
so0, we need to consider more practical aspects of the holobiome
concept, such as how to determine diet supplements, how the
holobiome is affected by different nutrients that enter the system
via the feeds, and how to formulate feeds that will improve the
performance of the holobiome in favour of system productivity.
Different studies have proven that diets supplemented with
bacteria, such as Bacillus PC465 (Chai et al., 2016) or
Streptomyces sp. RL8 (Mazon-Suastegui et al., 2020), or
supplemented with prebiotics, such as Sargassum filipendula
and Undaria pinnatifida (Schleder et al., 2020) or different
organic acids (He et al, 2017) produce changes in the gut
microbiome of shrimp that reduces mortality by white spot
syndrome virus and/or infection by V. parahaemolyticus. Other

Frontiers in Marine Science

08

intensification practices such as the use of natural microbial
consortia and the use of biofloc culture systems (Guo et al., 2020)
have shown similar results, in contrast to expensive microbial
approaches. As an example, Zhang et al. (2021a) studied the
effect of fermented feed, using different amounts of a microbial
consortia. They obtained higher growth parameters, smaller feed
conversion ratios and significant differences in the structure of
shrimp’s intestinal bacterial biota. It is therefore necessary to
understand that affecting the gut microbiome of shrimp relies
not only on specific supplements and/or strains, but should be
considered as a whole complex system.

One of the main factors of intensive systems is stock density
(number of shrimps per m?). The density of shrimp also plays a
relevant role because it directly affects not only the microbial
load of the system as total biomass, but also its diversity. From
this perspective each shrimp counts as a potential niche for the
microbial biota that forms part of the holobiome. At a low
density of farming ~25-200 shrimpem™, the composition of
microbial communities in the water poorly affects intestinal
communities and their metabolic profiles (Xiong et al., 2015;
Cardona et al., 2016; Huang et al., 2016a; Chen et al.,, 2017;
Huang et al., 2018). By using biofloc technology (by changing the
C/N ratio) when high seeding densities are used, it opens an
opportunity to shape the intestinal microbiome structure
towards a highly diverse community, reducing the niches that
are available for pathogenic bacteria. Under biofloc conditions,
Hou et al. (2018b) reported that the intestinal bacterial biota
shares the same composition with that in the water column and
in the sediment, but with different taxa proportions. The value of
this work lies in the recognition that other microbial
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components of the system (those in water and sediment) are
related to the shrimp gut microbiome, closing the gap between
the inner biota and that found in the environment. Similarly,
Deng et al. (2019) reported the effect of the culture density (400
m>2, 600 m> and 800 m™>) in biofloc systems on the microbial
community, and observed that by increasing stock density it is
possible to affect the biofloc microbial community, which could
affect its functionality, and that in return the microbial
composition in the bioflocs could significantly modify the gut
microbiome of shrimp. We can only conclude that water,
bioflocs, feed, sediment and shrimp microbiota are more
closely interlinked in intensified systems, not only by specific
taxa, but by diversity and richness. In support of that, Huang
et al. (2020a) reported that different sizes of biofloc (related to
age) affected the microbiota of shrimp differently. They found
that the larger bioflocs (> 20 pm), which are older, were more
similar to the intestinal bacterial biota of the shrimp. Those
bioflocs are easier to grab by the shrimp, and they can therefore
feed on them, compared with the small ones, and as a
consequence, those bioflocs were more similar to the gut
microbiota of shrimp. A good example of how different parts
of the system will have an effect on the holobiome, is the fact that
the microbiota of bioflocs is affected not only by the stock
density and the type of biofloc system, but also by the C/N
ratio. These two variables depend strongly on the biofloc
microbial composition, which will change the holobiome.

Guo et al. (2020) studied the effect of different C/N ratios over
the shrimp’s intestinal bacterial biota, reporting that C/N ratios of
15:1 changed the microbial structure of gut shrimp at the same time
as the biofloc volume was also increased due to the carbon
stimulation of microbial biomass. Those changes produced a
significant increase in the relative abundance of beneficial
bacteria, shrimp size and biomass. These results indicate that a
high C:N ratio drives the hyperintensive systems (high stock
density) into a more diverse ecosystem with higher microbial
biomass that directly affects the gut microbiome, especially
because shrimp is a well-known species that actively grazes
biofloc particles (Ekasari et al., 2014a), further research is needed
to understand if different C sources would have the same effect. BT
(biofloc technology) systems seem to be better intensified systems
for shrimp, and are based on controlling the microbial biomass
through the C:N ratio. This ratio can be modified depending on the
C source. Tinh and colleagues (2021) demonstrated that by using
cornstarch as a carbon source it was possible to significantly
increase certain factors, such as survival, feed conversion ratio
and weight gain. Other factors that can also modify the
microbiome structure of the system under BFT are the use of
microbial aggregation booster/inhibitor molecules (Fatimah et al,
2019), the addition of microbial consortia to culture systems
(Hostins et al., 2017; Huerta-Rabago et al., 2019), different carbon
sources and C/N ratios for biofloc development (Liu et al., 2019a;
Wei et al., 2020), and different biofloc nucleators (Vargas-Albores
et al, 2019). Understanding how all these variables affect the
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microbial composition from a systemic perspective is necessary
not only because it is possible to increase productivity goals under
intensive systems, but also because by using the concept of the
holobiome on those studies, it could be possible to more accurately
assess the relevance of adding different types of C, microbes and
microbial boosters, in order to make better decisions regarding
productivity, biosecurity and eco-efficiency, which are the three
pillars of a sustainable aquaculture.

Another system that allows an intensification process is the
Recirculating Aquaculture System (RAS). This type of technology
relies on using microbial biofilters to remove the toxic nitrogen
species in a rearing system. Although these systems are more
expensive and less commonly used by the main aquaculture
industry, they have been used to produce indoor cultivated
shrimp in colder zones of Europe. This type of system is an
alternative that involves the use of recirculating systems and a
bioreactor to process nitrogen (Kuhn et al.,, 2010). Under RAS
conditions, the biofloc production can be achieved in bioreactors
in order to use them as feeds that will promote a healthy intestinal
microbiome (Kuhn et al.,, 2016). In another approach Mangott
et al. (2020) observed that the addition of Ulva lactuca
macroalgae as feed for shrimp and as a bioremediation agent
inside a recirculating aquaculture system (RAS) promoted the
establishment of potentially beneficial bacteria in the water and in
the shrimp hepatopancreas, which is reflected in the productivity
variables (growth) as well as in the counts of potential pathogens.

As mentioned before, diverse factors generate changes in the
shrimp’s intestinal microbiome and the information available
does not allow to develop strategies for achieving a target
microbial structure to be established (Bass et al, 2019). For
instance, there are differences in the bacterial biota between
retarded growth shrimp, normal/standard growth and
overgrowth (Xiong et al., 2017), suggesting that shrimp’s
microbiome composition could be manipulated to impact on
the productivity, and the biome could actually be classified using
this criteria as deficient, standard or optimal (Figure 3). Studying
the system from the perspective of the holobiome would reveal
the conditions and microbial networks within the culture system
tos develop strategies for the active manipulation of the intestinal
microbiome that favours the productive systems. Building a
public database of different holobiomes under hyperintensive
conditions, rearing systems, stock density, environmental
features, C/N management, and feed additives/feed formulation
would be a good start to understand the patterns associated with a
better intensification process, eco-eficiency and biosecurity.

3.2 The holobiome of an aquaculture
system concept is necessary to achieve
biosecurity in rearing systems

Biosecurity in aquaculture consists of practices that
minimise the risk of introducing an infectious disease and
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Classification of the intestinal microbiome of L. vannamei according to its benefits in aquaculture production. Standard: microbiome in the
natural environment (undisturbed); Deficient: microbiome presenting with retarded growth, low survival rates, or pathology; Optimal:

microbiome that provides benefits over the standard to the host, favoring productivity, biosecurity and/or eco-efficiency of the aquaculture
system. Relative abundance can refer to phylotypes, transcripts or metabolic pathways. The letters A—C are used to relate and illustrate that

each classification has different relative abundances.

spreading it to the animals at a facility, and the risk that diseased
animals or infectious agents will leave a facility and spread to
other sites and to other susceptible species. These practices also
reduce stress to the animals, thus making them less susceptible to
disease (Yanong and Erlacher-Reid, 2012). A disease can be
defined as any harmful deviation from the normal functional
state of an organism (Scarpelli and Burrows, 2020). Diseases in
aquaculture systems generally develop quickly, and are
detectable only when critical points have been reached,
generally by an increase in the mortality rate and/or by visual
symptoms. This is because the water system is an excellent
carrier of pathogenic bacteria and viruses. The outcome of
disease outbreaks will depend on specific factors such as
species (immunological state, development stage,
susceptibility), environmental factors (physical-chemical and
microbiological status of the water), features of the potential
pathogens (biology, life cycle, approved options for treatment),
husbandry practices, and the correct implementation of
standard operating procedures and biosecurity protocols by
workers (Scarfe at al., 2008; Yanong and Erlacher-Reid, 2012;
Hernandez-Cabanyero and Amaro, 2020).

The main strategies used to solve problems with potential
pathogens in shrimp farming involve the use of high-health
larvae, organisms with low pathogen content, genetic
enhancement for disease resistance, biosecurity protocols and
reduced water replacement ratios given that water is one of the
most important factors in introducing pathogens (Pruder, 2004;
Moss et al,, 2012; Alday-Sanz et al., 2020). Great efforts have thus
been made to improve the gut health of shrimp, either by the
addition of microbial consortia (Kumar et al, 2017), synbiotics
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(Ringo and Song, 2016) or the use of biofloc systems (Ekasari et al.,
2014b; Dauda, 2020). Another approach to increasing biosecurity in
rearing systems is the identification and/or the characterisation of
potential pathogens. In general, in order to identify the cause of a
disease, it is usually necessary to isolate a single pathogen from host
tissues in which signs of disease are present, however, this approach
is time consuming and fails to provide a real understanding of the
niche of the pathogen inside the system and their ecological
interaction with the rest of the holobiome: this approach could
generate bias not only in the identification of a causative agent but
also in the information provided to understand the disease
development in a multimicrobial universe (Dai et al.,, 2018). New
research has demonstrated that some diseases result from
interactions of multi-specific/strain pathogens (Peters et al., 2012;
Dai et al,, 2018; Yao et al,, 2018; Huang et al.,, 2020b). In order to
better integrate the information that we can obtain from a rearing
system, it is therefore necessary to change the way we study diseases.
By using the concept of the holobiome we can consider the whole
microbial equilibrium as one, and we cannot isolate one
microbiome from another, because all those microbes are
connected in one big closed or semi-closed system. This situation
is even more important in BFT systems (hyperintensive), which are
closed systems that could be seen as bioreactors. As a consequence,
if a disease appears we would expect that the pathogen, though
interacting with a host, also plays an ecological role and has an effect
on the rest of the microbial community (holobiome).

Moreover, due to a pathogen-specific approach, most
biosecurity strategies are focused on pathogen elimination
from the culture, for example, by using antibiotics, which are
often insufficient (Bass et al., 2019), and/or may to eradicate
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entire bacterial genera that are common members of the
microbiome in the absence of disease, such as the Vibrio
genus, without the understanding the ecological and functional
roles they play in the host. One of the most important points
exemplifying the need for a shift in the model of one host-one
disease involves syndromic conditions such as WEFS in L.
vannamei. This disease cannot be explained by one single
pathogen, and studies have shown that during this disease, key
taxa of the gut are modified and/or altered, as are the networks of
some of the nodes (taxa), promoting a complex interaction in the
gut microbiome that makes it more difficult to treat this disease
(Dai et al., 2020). Studies of well-known pathogens could be re-
evaluated under the lens of the holobiome concept, and by doing
so, we could achieve a better understanding of how diseases from
bacterial and/or viral origins operate, so that in the future
biosecurity strategies could be more assertive (Vayssier-
Taussat et al., 2014). Mazon-Suastegui et al. (2020) reported
that by changing the gut microbiome of L. vannamei via new
microbial formulations in the feed, the infection of V.
parahaemolyticus was reduced. On the other hand,
understanding the pathological microbiomes involves
adaptation to the microbiome level of the Koch and Hill
postulates, as proposed by Huang et al. (2020b) to validate the
causality of the WFS. Genomic and metagenomic analyses of the
intestinal microbiome have shown that several pathogens live
and interact with other microorganisms as bacteria, protists,
fungi, viruses or phages, all generating and participating in
complex interactions (Berg et al., 2020). Studies on the healthy
or diseased states of the holobiome must focus on the nature of
the biotic and abiotic interactions in the whole system in an
ecological, chemical, physical, genetic and immunological
context, and they also have to consider that these states are
dynamic (Bass et al, 2019). Longitudinal studies will be
necessary for the establishment of biosecurity protocols that
avoid a certain disease outbreak, as exemplified by Chen et al.
(2017) and Rungrassamee et al. (2016) in V. parahaemolyticus
and V. harveyi infections respectively.

Given that disease progression and dispersion in aquaculture
systems is fast, and that it is necessary to be proactive instead of
reactive, new studies are needed to understand what happens
from a holobiome perspective before a disease reaches its peak,
and how microbial diversity is related to this. In general, studies
show that a less diverse microbiome is related to a higher risk of
diseases (Berg et al., 2020), however, Liang et al. (2020) and
Zhou et al. (2019a) for blue body syndrome and “cotton shrimp-
like” disease respectively in L. vannamei, report no difference in
intestinal bacterial diversity between sick and healthy organisms,
contrary to the greater diversity in sick L. vannamei animals with
acute hepatopancreatic necrosis disease reported by Cornejo-
Granados et al. (2017). The former studies reinforce the need to
study more than one microbiome and the disease conditions
given that the holobiome will provide more complete
information about the conditions present in this state,
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highlighting the fact that research must not only focus on the
bacterial component.

Antibiotics in aquaculture systems have been used to control
infectious diseases caused by bacteria, but their misuse, such as
the use of non-authorised antibiotics or their use in excess, has
created antibiotic resistant bacteria (ARBs) (Crab et al., 2012)
and is a human health risk, as the resistance can be transmitted
to human pathogens, making it a public health problem (Zaheer
et al., 2018). Bacteria may acquire resistance through a variety of
mechanisms such as the modification of extant genes, horizontal
gene transfer and the presence of low-levels of antibiotics in the
environment that promote the transfer of mobile genetic
elements (integrons, insertion sequences and plasmids)
(Martinez-Porchas and Vargas-Albores, 2017; Zhou et al.,
2019b) that might contain antibiotic resistant genes (ARGs).
ARGs have been identified in sediment, water from lakes, basins
and rivers, livestock manure (used in aquaculture as fertiliser),
wastewater treatment plants, drinking water and aquaculture
operations (Zhao et al, 2018). Given that aquaculture takes
water from rivers, estuaries or coastal areas, it is sensitive to
external contamination with ARGs and antibiotics released to
the environment by anthropogenic activities (Pomeroy et al.,
2014; Su et al., 2018). We also need to consider the presence of
insecticides such as imidacloprid, which is used in agriculture,
given that it also affects crustaceans by reducing their growth,
health status and favours a pathogenic microbiome in shrimp
intestines (Fu et al., 2022). Moreover, the tendency to intensify
aquaculture systems means that a high bacterial density is
promoted due to nutrient availability, together with the
antibiotics, providing adequate conditions to facilitate
horizontal gene transfer between bacteria (Liu et al.,, 2019d).
Studies in this area have shown that diverse ARGs remain in
commercial shrimp available at supermarkets (Liu et al., 2019¢),
and have been detected in water, sediment and shrimp intestines
in aquaculture systems (Zhao et al, 2018), and ARG-bearing
human-pathogenic bacteria have been detected in shrimp
farming operations (water, sediment and intestines) where
antibiotics were not used (Zhou et al, 2019b). These points
highlight the importance of studying the resistome in the
microbiome of the aquaculture systems, from effluent water
and in the intestines of organisms for good decision making
about antibiotic treatments, and searching for better strategies
for the microbiological management of cultures. On the other
hand, bacteria may become pathogenic by acquiring and using
DNA from other bacteria through plasmids, genomic islands,
transposons, insertion sequence elements and bacteriophages
(Bass et al., 2019). These acquisitions may involve virulence
factors, which are the tools that pathogenic microorganisms use
to avoid host defences and improve their survival. These include
pathogenicity islands, ARGs, toxins, and adhesins among others
(Ellul et al., 2021). A virulence factor approach is therefore key to
understanding pathologies, and can be useful in disease risk
assessment, as well as to elaborate regulation strategies in
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farming operations and to identify new drug-targets (Wu et al.,
2008; Zhang and Li, 2021). To understand the ecological
dynamics of the virulence factors in aquaculture systems it is
necessary to study them in the holobiome of the aquaculture
system, and they should be evaluated in all L. vannamei genetic
strains given that, as mentioned before, they involve differences
in their microbiome.

3.3 The holobiome of the aquaculture
system and eco-efficiency

The goal of efficient aquaculture systems is to maximise
benefits and services, and to provide appropriate economical
coastal development, and therefore, the industry has made big
efforts to reduce waste such as wastewater, feed, soil, and energy
in order to attain sustainability. Feeds are a key factor because
they are the main component that introduces a source of
nitrogen, phosphorus and other microelements inside the
system. From this perspective it is important to connect the
use of feeds and their effect on eco-efficiency of the system, and
even more important to consider how these affect the
holobiome. The holobiome works as a super metabolism that
goes beyond the target culture species, and therefore the use of
adequate feeds could not only provide nutrition to shrimp but
could also affect certain groups that will improve eco-efficiency,
which is crucial. One example of this is the C:N ratio; by
changing it either in the water or in feeds we will affect the
microbial groups represented in a system (either RAS or BFT), as
the organic matter breaks down inside the system forming new
nutritional niches and allowing different groups to build a
complex ecological network between them, and as
consequence, the nutrient fluxes will follow these changes.
Formulated feeds can increase the presence of certain
microbial groups, such as nitrifiers, denitrifiers, ammonia
oxidisers, phosphorus solubilising/immobilising bacteria and
microalgae, along with other relevant groups that will use any
residual to avoid bottlenecks of nutrient recycling that can cause
the generation of new niches for the establishment of potential
pathogenic bacteria.

In order to understand the importance of the holobiome of
the aquaculture system in the eco-efficiency we will use the feed
used in L. vannamei farming as a good example. Intensification
is characterised by high population densities in the cultures and
higher feed rations, which can represent up to 60% of production
costs (Hu et al,, 2019). This creates challenges, such as higher
nutrient loads in the system and discharges to the environment
(da Silva et al., 2013). Approximately 36% of the feed is disposed
of as organic waste, and nearly 75% of N and P is not utilised by
the organisms (Crab et al., 2007; Martinez-Cordova et al., 2015).
The most common protein source in aquaculture feed is
fishmeal, as it is highly digestible and contains essential amino
acids and necessary nutrients to fulfil the dietetic requirements
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of the cultures (Shiu et al., 2015). More economical and
sustainable approaches, however, mean that the industry has
been searching for alternative substitutes, such as plant-based
proteins, such as soya. However, their use under certain
conditions results in a decrease of digestibility and the lower
growth of organisms, because of the deficiency in essential
amino acids, high fibre content and anti-nutrients (tripsin
inhibitors, phytic acid, tannins, saponins and lectins) that also
affects the palatability of the food (Hua et al,, 2019; Hu et al,
2019; McLean et al., 2020). The use of microbial fermentation
has been proposed to solve this issue, as it improves the
nutritional quality of the plant-based proteins, their
digestibility and the profile of essential amino acids, and the
anti-nutrients decrease (Jannathulla et al., 2017; Jannathulla
et al., 2018) which contributes to better use. Fermentation
conditions and the different types of microorganisms used for
this purpose affect the nutritional quality and digestibility of
foods (Kang et al., 2010; Hamidoghli et al., 2020), which can
reduce inputs and waste (Jannathulla et al., 2018). This feed
fermentation process incorporates two important components
that will affect “the holobiome of the aquaculture system”, the
first is a microbial load and the second is the by-products derived
from fermentation.

These two components can produce changes in the intestinal
microbiome of organisms, in the same way as probiotics
(Mazon-Suastegui et al., 2020), additives (He et al, 2017) or
changes in the composition of diets (Qiao et al., 2017). Such
disturbances in the microbiomes of the culture system are
induced by niches generation via metabolic by-products or
antimicrobial compounds accumulation (Stanton et al., 2005),
affecting the recycling of system nutrients. The benefits of the
fermented feed in shrimp farming are: (i) economical-
environmental, (ii) nutritional, (iii) production, and (iv)
health. Fermented foods allow the full replacement of fishmeal
in the feed (McLean et al., 2020) and the use of organic waste
(Kang et al., 2010; McLean et al., 2020) to obtain microbially-
based protein that is nutritionally better than unfermented
plant-based protein sources (Shiu et al., 2015; Jannathulla
et al,, 2017). Studies have shown that the bio-processes of the
feeds allow the maintenance and improvement of the weight,
growth, FCA and survival rates, compared to feed with fishmeal
(Jannathulla et al., 2018; Hamidoghli et al, 2020); nut also
improves the nutritional status of the organisms, improving
the intestinal micro ecological environment, increases the
activity of antioxidant and digestive enzymes (Linan-Vidriales
etal, 2021; Zhang et al., 2021a) and also improves survival after
infection with pathogens such as V. parahaemolyticus (Cheng
et al., 2017; Hamidoghli et al., 2020).

Animal-based proteins can also be fermented to improve
their properties and benefits to cultures (Dawood and Koshio,
2020). In addition to the benefits due to the fermentation of the
protein sources, this process also has an effect on the microbial
composition in L. vannamei gut (Cheng et al., 2020; Zhang et al.,
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2021a), and therefore also represents a strategy based on
modulating the function of the holobiome of the aquaculture
system. Despite the input of the fermented feed to eco-efficiency
it does not solve the nitrogenated waste accumulation issue, such
as ammonia and nitrite, which affects the water quality and is
toxic for cultured organisms (Duan et al, 2018; Jiang et al,
2019b). To solve this problem, Hamidoghli et al. (2020)
evaluated the implementation of diets with fermented-based
proteins and also the addition of microbial consortia for water
treatment, reporting that the treatments with soy protein-corn
gluten and concentrated soy protein, fermented by Bacillus
subtilis and added microbial consortia, presented a
significantly lower concentration of ammonia and nitrite,
compared with the control. Other alternatives are the use of
biofloc systems (Hostins et al., 2017) which removes toxic
nitrogen compounds through bacterial heterotrophic
assimilation, oxidative chemoautotrophy or photoautotrophic
assimilation (Huang et al., 2020a; Martins et al., 2020). RAS uses
biofilters for metabolic refuse and ammonia removal from
aquaculture systems (Tidwell, 2012; Huang et al., 2016b),
avoiding the waste discharge to the environment. Additionally,
other nutrients/waste can be used to generate biofloc that can be
incorporated as food (Khatoon et al., 2016) optimising the use of
nutrients. This is an example of the multitrophic aquaculture,
where the waste of a species in residual water is captured and
assimilated by species of lower trophic levels, which is a more
sustainable option in traditional monoculture operations, seizing
resources and allowing a wide variety of products (Liu et al,
2014; Omont et al,, 2020). A derivation from this technology is
the aquaponic systems that comprise an aquaculture system and
hydroponic units, where the water enriched by nutrients
generated by the former is redirected to the latter, providing
nutrients for plant growth (Goddek et al., 2016), or the
decoupled multi-loop aquaponics systems (Goddek and
Korner, 2019). As an example of the advances in aquaponic
systems, Fierro-Sanudo et al. (2020) reviewed the co-culture of
shrimp with plants of economic importance. All alternatives
presented to improve the eco-efficiency of the systems have a
microbiological component and can be improved by assessing
the best conditions that provide microbiological compositions to
seize/reduce waste, but we need to consider the effect of other
microbiomes that comprise the system, as the interaction among
species in a community is critical and determines its functions
(Dai et al., 2017) and their response to perturbations (Dai et al.,
2019). In this scenario where the aquaculture expansion will also
be restricted by land, cost and water availability, the systems
described may allow a better use of all resources (Gooley and
Gavine, 2003; Emerenciano et al., 2013; Boyd et al.,, 2020).
Nevertheless, it is also necessary to consider the pros and cons
of the productive systems from an environmental impact
perspective, including the study of water and carbon
footprints, analyses of the organism life cycle (Fiore, 2017;
Henriksson et al., 2018), and data envelopment analysis
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(Cortes et al., 2021), as well as financial indicators (Rego et al.,
2017), with the goal of selecting the best practices for production.

4 What it is the relevance of the
eukaryotic microbiome in Penaeus
aquaculture? And moreover, what is
its role in the intensification systems
such as biofloc?

So far, the bacterial component in intensive aquaculture
systems has been studied more than their eukaryotic counterpart.
The development of wet-lab protocols as well as the improvement
of computational methods dedicated to the analysis of 16S rRNA
amplicon sequences has biased the field towards the study of the
prokaryotic component of microbial communities in all kinds of
biomes. In aquaculture systems, the eukaryotic microbiota has been
poorly analysed, making it too difficult to approach in applicative
research. In addition, there is a historical misconception of the role
of microalgae and protozoa in hyperintensive shrimp systems,
leading to a common practice of reducing their abundance through
the addition of high concentrations of carbohydrates (high C:N
ratio) to enhance heterotrophic bacteria growth.

On the other hand, studies that consider the role of
microeukaryotes in the system have revealed that the stability
of a biofloc system with zero or minimal water exchange
depends on the dynamic interaction between bacteria, fungi,
protozoans, nematodes and rotifers, where phytoplankton and
heterotrophic and nitrifying bacteria have the most crucial role
in N and C utilisation (Emerenciano et al., 2017). In addition,
microalgae are relevant for N and P absorption and provide
greater nutritional value to the bioflocs, especially in integrated
intensive aquaculture systems (Silva et al., 2022).

Phytoplankton plays an essential role in the biogeochemical
reactions in aquatic systems, recycling important elements for
life such as nitrogen, sulphur, and carbon. Researchers have
described that carbon release into the system is possible due to
microenvironments generated in the immediate region
surrounding microalgal cells. The production of secondary
metabolites favours the interaction between algae and certain
bacteria in a sophisticated metabolic cooperative process
(Rolland et al., 2016).

External factors like exposure to light impact the structure of
phytoplankton and the rest of the microbial community.
Exposure of hyperintensive systems to low light intensity
promotes the development of a healthier microbial community
compared with light-deprived systems. This results in higher
survival and biomass of L. vannamei, whereas the occurrence of
Vibrio spp. and heterotrophic bacteria decrease (Khoa et al,
2020). Supporting these observations, Yang and co-workers
(2020b) reported that factors such as bacterioplankton
fluctuations, temperature, dissolved oxygen, salinity and pH
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impact the phytoplankton community structure. The taxa most
associated with rearing systems are Chlorophyta, Bacillariophyta
and Pyrrophyta. During shrimp cultivation, the process goes
from a highly diverse microbial state to a diatom bloom state.

In a recent work, Zhu and co-workers (2022) studied the
sustainability of a multitrophic aquaculture system (rice-crayfish-
culture or RCFP) through a multi-kingdom analysis. The authors
observed fewer horizontal gene transfer events across kingdoms
(particularly of antibiotic-resistance genes) and concluded that the
system is a sustainable model more resilient to changes in certain
environmental factors such as pH, oxidation-reduction potential,
temperature and total N. Furthermore, they authors found that
the RCFP system was dominated by positive multi-kingdom
interactions in water, sediment and crayfish gut habitats.

The role of microbial eukaryotes in L. vannamei culture has
not been widely explored despite their importance in the
intensification of aquaculture systems. Whole metagenomics is
a powerful technique that could be used to fill the gap in
exploring the microbial composition and dynamics of complex
communities in aquaculture models.

5 Diversity and potential function
of viral communities in
aquaculture systems

Although viral diversity in aquatic ecosystems has been well
studied, our understanding of the role of virus populations in
aquaculture systems is rather limited. Viruses are the most
numerous biological entities on Earth, having a great impact
on the microbial dynamics, metabolism and biogeochemical
cycles in the aquatic ecosystems (Suttle, 2007; Chow and
Suttle, 2015). In aquaculture, a virus can impact the
holobiome in three ways: 1) infect the host as a pathogenic
virus, like white spot syndrome; 2) regulate the proliferation of
specific bacterial populations when the virus is active in the lytic
phase; and 3) contribute auxiliary metabolic genes (AMGs) that
supplement host metabolism when the virus is in the lysogenic
phase (Chu et al., 2022). Most of the studies on viruses associated
with aquaculture species have focussed on pathogenic viruses
(Orosco and Lluisma, 2017), and only a few studies have aimed
to understand viral diversity in prawn-culture environments.

Chu et al. (2022) reported that the order Caudovirales (i.e.
viruses infecting bacteria and archaea) was the most represented
in pond sediments (49% relative abundance). Using a predictive
host analysis, they found viruses linked to 25 bacterial and
archaeal phyla, with the most frequent being Proteobacteria,
Bacteroidetes and Chloroflexi. In the same study, the authors
reported up to 99 putative viruses encoding AMGs including
genes involved in photosynthesis, carbohydrate metabolism,
sulphur cycling and energy metabolism. Viral AMGs may help
the host to respond to environmental gradients and to increase
metabolic plasticity to better survive in their habitats.
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To better understand the tight association between the
virome and the prokaryotic fraction of the microbiota in a
particular habitat, one may also consider their concerted
contribution to modulate the ecosystem by carrying genetic
elements such as virulence factors and antibiotic-resistance
genes (Garcia-Lopez et al, 2019). The important role of
viruses as genetic engineers is reflected by the great amount of
DNA that is continuously transduced by phages across bacterial
cells. However, the contributions of viral communities in
aquaculture systems and related environments remain to be
investigated. Due to the lack of universal gene markers,
metagenomics will be required to study viral diversity and the
function. The major challenges to this endeavour are a lack of
information on the dynamics and biogeography of viral
communities and their potential biogeochemical impacts.
Moreover, a significant fraction of the virome remains to be
characterised, the so-called dark matter of biological diversity
(Chow and Suttle, 2015; Roux et al., 2015).

6 Discussion

The intestinal microbiome of aquatic organisms is intimately
linked to the environment that surrounds them. Accordingly, to
develop microbiological management strategies with a positive
impact on the productive systems, the intestinal microbiome of
culture species should be analysed from the ‘holobiome of the
aquaculture system’ perspective. In this sense, we have to start
gathering as much information as we can about the microbial
communities associated with the system, including the
prokaryotic, micro-eukaryotic and virome fractions. The non-
culturable species are the most challenging to describe using
conventional methods of microbiology. However, advances in
DNA sequencing technologies have improved our
understanding of the extent of microbial diversity in nature.
The use of deep sequencing to reconstruct metagenome
assembled genomes of uncultured species and the
development of methods like single-cell sequencing, are
examples of tools being explored to elucidate the potential
function and taxonomy profiles of the microbial community as
a whole, and to decipher particular syntrophic processes (Lasken
and McLean, 2014; Parks et al., 2017; Zhou et al., 2021).

The study of the ‘holobiome of the aquaculture system’ in
the culture of L. vannamei focuses primarily on the identification
of the functional and taxonomic characteristics of the intestinal
microbiome in cultures where some benefit in production is
observed. Knowledge of intestinal microbial composition or the
key taxa (taxonomic signatures) allow to test its ex sifu
replication, manipulating the species composition in the lab,
and validating through inoculation in the intestine of shrimp,
similarly to faecal transplantation (Wang et al., 2019a).
However, this approach tends to simplify the role of low-
abundance species and its contribution as reservoirs of
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functions in adverse conditions (Wang et al., 2017). To
incorporate to the analysis every single piece of information
associated with the system require the use of computational
methods such as machine learning and artificial intelligence,
applied in data modelling and condition predictions (Wirbel
et al, 2021). These kinds of algorithms work better with large
amounts of data, allowing the incorporation of physicochemical
data, nutritional conditions of the system, functional and
taxonomic profiles obtained using diverse omic approaches,
microbial interactions predicted and/or tested, etc.

To get the most of these technologies in the improvement of
production in aquaculture systems, it is necessary the
development of ad-hoc computational methods, the enrichment
of the databases to improve predictions and contextualise the data,
and to continue testing and validating in the lab. For instance,
results from prediction models could be replicated in biofloc
bioreactors maintaining conditions consistent with aquaculture
production parameters (i.e., pH, temperature, dissolved oxygen).
The validation of the structures could be carried out by supplying
the synthetic biofloc to the water of the culture systems or
incorporating it into the food, to finally evaluate if the resulting
intestinal microbiome is stable and beneficial for production.

The holobiome perspective implies a greater investment of
resources and time for research, but it will accelerate the
development of technology that will benefit the development
of the aquaculture industry, leading to its sustainability.
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