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Abstract: The gastrointestinal (GI) microbiota is a group of complex and dynamic microorganisms
present in the GI tract of an organism that live in symbiosis with the host and benefit the host with
various biological functions. The communities of GI microbiota are formed by various aerobic,
anaerobic, and facultatively anaerobic bacteria in aquatic species. In spiny lobsters, common GI
microorganisms found in the GI tract are Vibrio, Pseudomonas, Bacillus, Micrococcus, and Flavobacterium,
where the structure and abundance of these microbes are varied depending on the environment. GI
microbiotas hold an important role and significantly affect the overall condition of spiny lobsters,
such as secreting digestive enzymes (lipase, protease, and cellulase), helping in digesting food intake,
providing nutrition and synthesising vitamins needed by the host system, and protecting the host
against infection from pathogens and diseases by activating an immune mechanism in the GI tract.
The microorganisms in the water column, sediment, and diet are primarily responsible for altering,
manipulating, and shaping GI microbial structures and communities. This review also highlights the
possibilities of isolating the indigenous GI microbiota as a potential probiotic strain and introducing
it to spiny lobster juveniles and larvae for better health management.

Keywords: beneficial microbes; Panulirus; Vibrio; probiotics; aquatic invertebrate

1. Introduction

The gastrointestinal (GI) microbiota is composed of microorganisms mainly colonised
by aerobic and anaerobic bacteria in the GI tract of an organism [1]. The GI microbiota
engages in a symbiotic relationship with higher organisms in the GI tract and plays a
supporting role and contributes to beneficial functions, including nutrition, digestion, the
immune system, and the synthesis of vitamins [1–3]. Antonie Van Leeuwenhoek discovered
bacteria when he found “strange little animals” microscopically, which led to the encounter
of GI microbes in 1681 [4]. Nevertheless, the focus on GI microbiota research only began
a few centuries later, when researchers discovered an anaerobic bacterium, Escherichia, in
the human GI tract. With the advancement in biotechnologies and microbiology studies,
scientists began to shift from human GI microbiota research to various kinds of terrestrial
and aquatic life in order to understand the role of the GI microbiota in animals [4].

According to Wang et al. [5], the earliest studies on the intestinal and GI microbiota
community in aquatic vertebrates date back to 1920. A review stated that the population of
the GI microbiota in aquatic animals is lower compared to terrestrial animals and human
beings [6,7]. This statement was later proved wrong by Zhou et al. [8], where the cultivable
GI microbes were less than 0.1% of the total microbial community in the GI tract of fish.
The trend of studying fish GI microbiota is still ongoing, and the current focus is on the
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application of GI microbes in aquaculture, such as prebiotics and probiotics [5]. These
applications aim to improve fish health, boost the fish immune system, and enhance food
security [5,9–11].

The presence of microorganisms in the digestive tract of invertebrates has long been
recognised, where gut microbes are found in almost every invertebrate, including An-
nelida, Echinoidea, Mollusca, aquatic detritivores, corals, and crustaceans [12,13]. Like
any other terrestrial animal and aquatic vertebrates, crustaceans contain a wide diversity
of indigenous GI microbiota, which is vital in maintaining the host immune system, di-
gestion, enzymatic reactions, nutrition, and better growth performances [14,15]. Based
on a review [12], an earlier example survey on the intestinal microbiota community was
revealed [16,17]. Conclusively, the predominant genera found in the intestinal tract of
crustaceans were Vibrio spp., Pseudomonas spp., and Coryneforms spp. [16]. This statement is
supported by recent findings on the microbial community in the intestinal tract of different
crustaceans, such as prawns, shrimps, crabs, and lobsters [15,18–21].

2. Overview of GI Microbiota in Spiny Lobsters

The presence of microflora in the intestine of lobsters was reported in the early
1970s [22]. Upon finding various microflora in the stomach and intestine of the European
lobster Homarus vulgaris (H. Milne-Edwards, 1837), the researchers proceeded to investigate
the bacterial flora in the internal organs responsible for an infectious disease known as
Gaffkaemia. The intestine of the European lobster consists of the bacterial community, fungi
community, and some yeast-like organisms [22]. Further studies have isolated and identi-
fied a wide variety of intestinal microorganisms in European lobsters [23], which included
Micrococcus spp., Sarcina spp., Candida spp., Brevibacterium spp., Bacillus spp., Paracolon spp.,
Flavobacterium spp., Achromobacter spp., Pseudomonas spp., and Vibrio spp. [23].

Extensive studies of intestinal microflora in the late 1980s were conducted in which
eight strains of Gram-positive cocci were isolated from the gut of the spiny lobster Pan-
ulirus japonicus (von Siebold, 1824). The strains were unable to grow in complete aerobic
conditions, but they possessed similar morphology and characteristics: they were Gram-
positive, non-spore-forming cocci, and they grew under anaerobic conditions. In the latter,
decreasing oxygen tension and unchanged carbon dioxide tension conditions needed to
be fulfilled for the strains to continue growing. The biochemical test results and a com-
parison of the overall characteristics enabled the strains to be identified as Gram-positive
cocci and anaerobic Streptococcus spp. [24]. Further studies analysed the gut microflora of
marine crustaceans, the Japanese spiny lobster P. japonicus, and six coastal crabs: Atergatis
floridus (Linnaeus, 1767), Schizophrys aspera (H. Milne-Edwards, 1831), Tiarinia cornigera
(Latreille, 1825), Pachygrapsus crassipes (Randall, 1839), Thalamita prymna (Herbst, 1803),
and Plagusia dentipes (De Haan, 1835) [16]. A total of 720 strains were isolated from the
gut of the Japanese spiny lobster with Vibrio spp. as the dominant group (600 strains),
followed by Pseudomonas (20 strains), Staphylococcus (40 strains), Coryneforms (20 strains),
and anaerobic Gram-positive cocci (40 strains). These isolated strains differed from the
microbial composition [16] reported in a previous study [23], and factors such as different
host species, diets, surrounding environment, and temperature may explain the discrepan-
cies. Sugita et al. [16] also found that the sampling time and temperatures had significant
effects on crustacean gut microbiota populations. The results suggest that the gut microbial
community in crustaceans may not be as stable as in marine fishes, where the surrounding
water temperature easily influences the gut microbial community.

Further exploration of gut microflora in the intestinal tract performed by Ueda et al. [25]
led to the isolation of more types of bacteria. As expected, Vibrio was the dominant genera,
followed by Pseudomonas, Flavobacterium, Micrococcus, Staphylococcus, and Corynebacterium.
More importantly, Flavobacterium and Micrococcus were newly discovered in the gut of
spiny lobsters. The bacteria Streptococcus was also successfully isolated from the gut of the
spiny lobster under obligate anaerobic and facultative anaerobic conditions [25]. While
comparing the GI microflora of the spiny lobster with other coastal animals (crustaceans,
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gastropods, and fishes), Vibrio was found to be dominant in the GI tract of all coastal
animals. Nevertheless, different Vibrio spp. were dominant in different types of coastal
animals. Thus, Ueda et al. [25] concluded that the microflora diversity in the intestinal tract
is specific to each type of animal [25].

As the spiny lobster has become an important component in the fish trade, the import
and export trade has drastically increased in the 20th century. Thus, the intestinal bacte-
rial diversity in spiny lobsters during the transportation process has been investigated.
Immanuel et al. [14] isolated and identified the intestinal bacteria of an unpacked spiny
lobster P. homarus (control) and a packed spiny lobster with a time interval of 2 to 14 h.
The intestinal bacterial loads and compositions of the unpacked spiny lobster (control)
were significantly different in the samples isolated by the researchers. In contrast, the
intestinal bacterial load and composition of the comparable samples depicted no significant
difference. The bacterial species found in the spiny lobster intestine were Pseudomonas
aeruginosa (dominant), followed by Vibrio parahaemolyticus, Bacillus circulans, Escherichia coli,
Photobacterium damselae, Flavobacterium columnar, and Micrococcus luteus. Given that the
spiny lobster has become a prospective aquaculture species, most spiny lobster intestinal
research has shifted to aquaculture-related fields to overcome the challenges in the culture
of spiny lobsters. These studies aimed to understand the microbial community in the
aquaculture system of spiny lobster larvae; the application of probiotics, prebiotics, and
synbiotics for lobster culture improvement; and the isolate-potential probiotics for spiny
lobsters [26–29].

3. Development of GI Microbiota in Spiny Lobsters

The microbiota forms a diverse and complex ecological environment in the GI tract
of lobsters. It is suggested that the development of spiny lobster GI microbiota could be
influenced by several factors, such as lobster eggs, larval rearing system, aquatic environ-
ment, and feed intake. In an earlier exploration of the bacteria of lobster eggs, a filamentous
bacterium, Leucothrix mucor, was found attached to the eggs of aquatic crustaceans, causing
severe infections and high mortalities [30–32]. In the early 20th century, Gil-Turnes and
Fenical [33] discovered a single, rod-shaped, Gram-negative epibiotic bacterium covering
the lobster egg with a mosaic-like pattern, which is believed to protect against infection by
the fungi Lagenidium spp. Bacteria from the family Vibrionaceae are some of the most com-
mon bacteria in the GI tract of lobster. The discoveries of Photobacterium in the eggs of spiny
lobsters suggest that the GI microbes may develop within the eggs carried on the pleopods
of the female spiny lobster [34]. The microbial isolates from the early phyllosoma stages of
reared spiny lobsters consist of Vibrio spp., Photobacterium spp., and Pseudomonas spp. [35].
According to Bourne et al. [18], histology results revealed no sign of bacteria proliferating
on the first day after hatching, as most bacteria colonising the gut of phyllosomas were only
seen on the 20th day post-hatching. The microbial community present in the water column
of the spiny lobster aquaculture system could directly affect the microbial community
inside phyllosomas. The bacteria isolated from the water column of the spiny lobster
phyllosoma aquaculture tank mainly comprised Vibrio spp., followed by Pseudomonas spp.,
Photobacterium spp., and Bacillus spp. [18,26]. A filamentous bacterium was observed in
the live and late dead stages of phyllosomas via Scanning Electron Microscope (SEM). By
using fluorescent in situ hybridisation (FISH), the filamentous bacteria were identified
as Thiothrix spp. The presence of Thiothrix spp. may potentially affect the phyllosoma’s
moulting process and weaken its immune ability in the early stages [35].

The microbial community of wild phyllosomas shows significant differences in bac-
terial loads and diversity compared to reared phyllosomas [36]. There was no sign of
filamentous bacteria or infectious symptoms in wild phyllosomas, and the isolated bacteria
were also different compared to reared phyllosomas. This contrasting result indicates
that microbial diversity is influenced by the surrounding environment [15,36,37]. The gut
microbiota diversity is more complex and dynamic in juvenile spiny lobsters. For juvenile
spiny lobsters, the intestinal microbiome found were phyla Mollicutes, Gammaproteobac-
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teria, Aphaproteobacteria, Saprospirae, Bacteroidia, Deltaproteobacteria, Actinobacteria,
and Flavobacteria [38]. A study conducted by Meziti and Kormas [39] on the gut bacteria
community of the Norway lobster reflected a similar result, which supports the findings of
Ooi et al. [38].

4. Composition of GI Microbiota in Spiny Lobsters

The microbiome composition of aquatic species is diverse and specific according
to their surrounding environment and feeding habits. The microbiota found in the GI
tract of aquatic species includes bacteria, fungi, viruses, and yeast [1,40]. According
to Talwar et al. [41], approximately 108 bacterial cells, which cover over 500 species of
bacteria, inhabit the GI tract of fish. Aerobic, facultatively anaerobic, and obligate anaerobic
bacteria are the common bacteria colonising the GI tract of fish [7,41]. With the help of next-
generation sequencing (NGS), research has shown that the composition of fish GI microbiota
comprises Proteobacteria, Fusobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and
Verrucomicrobia [5]. Meanwhile, the major bacteria phylum colonising the GI tract in
aquatic crustaceans is Proteobacteria (Gram-negative, facultative, or obligate anaerobic
bacteria) [42]. Specifically, the bacteria load present in the GI tract of the spiny lobster
ranges from 106 to 109 per gramme of GI tract. The bacteria under the phyla Proteobacteria
and Bacteroidetes were commonly found in the GI tract and haemolymph of various lobster
species, including P. ornatus (Fabricus, 1798), P. versicolor (Latreille, 1804), P. japonicus,
P. homarus (Linnaeus, 1758), Homarus americanus H. Milne-Edwards, 1837, and H. gammarus
(Linnaeus, 1758) [14,15,25,43–45]. Previous studies also shows that bacteria communities
isolated from GI tract of lobster are varies according to region (Table 1).

Apart from bacteria, fungi were found to inhabit the GI tract of aquatic species. Never-
theless, there are limited studies on the GI interaction of fungi and bacteria communities
in aquatic species. Fungi are the key decomposers in the ecosystem, and they regenerate
in a wide variety of places, such as substrata, wood, sand, algae, coral, and other living
things [46,47]. Fungi usually engage in commensal, mutualistic, and parasitic relationships
with other aquatic species [48]. The association between the parasite and pathogen forms
is most prevalent in marine organisms [48]. Marine fungi that cause diseases to fish and
shellfish can be grouped into oomycetes (water mould): Lagenidium spp., Haliphthoros spp.,
Halocrusticida spp., Halioticida spp., Atkinsiella spp., and Pythium spp.; and diasporic fungi:
Fusarium spp., Ochroconis spp., Exophiala spp., Scytalidium spp., Plectosporium spp., and
Acremonium spp. [49]. The common fungal pathogens affecting lobsters are Lagenidium spp.,
Haliphthoros spp., and Halocrusticida spp., which infect eggs and larvae, and Zasmidium
musae, which causes significant problems in lobster seed production [48,50].

Recent studies discovered that Penicillium spp. and Aspergillus spp. produce an-
tibacterial and antifungal compounds, which are suggested to be responsible for their
pathogenicity [51]. A previous study revealed that Penicillium spp. were isolated from
the GI tract of wild and reared spiny lobsters [45]. Besides the antimicrobial properties of
Penicillium spp., the researchers found that the Penicillium strain can produce a low concen-
tration of α-amylase, which helps in indigestion [45]. Similarly, a recent study discovered
that the fungal genus Malassezia was ecologically hyper-diverse [52]. Malassezia is a domi-
nant component in human skin niches (both healthy and disease), and it has been found in
various habitats, such as deep-sea sediments, corals, the GI tract of Japanese eels, the GI
tract of lobsters, the exoskeleton of shellfish, and nematodes [53]. Yeast is also often found
in healthy vertebrate and invertebrate aquatic species, comprising those from indigenous
and terrestrial environments [54]. Meanwhile, Rhodotorula, Candida, Debaryomyces, and
Cryptococcus were the least significant yeast genera isolated from aquatic animals [55]. The
proliferation of yeasts in fish mucus is normally considered commensalism, where only a
few pathogenetic cases are reported [56].

Yeast can also be found abundantly in the GI tract and the internal fluids of marine
invertebrates, such as crab, shrimp, lobster, and sponges [48]. In the case of spiny lobsters,
the preliminary study by Volz et al. [57] isolated yeast from the intestine while assuming
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the presence of yeast was due to the accidental ingestion of yeast from the environment,
which did not cause any pressure to the hosts. The findings were supported by Kumar
et al. [45], who isolated a yeast strain with probiotic properties in the midgut of wild and
reared spiny lobsters in a range of 102–103 colony-forming units (CFU). Yeast was also
found to have the ability to colonise the GI tract of aquatic animals, supply vitamins to the
host, and help in immune response [55,56].

Marine viruses are transmitted into the host via infection in more than 90% of mi-
croorganisms present in the marine system and often cause mortality and diseases to
the host [58]. Viral communities can regulate host population dynamics and participate
in the biogeochemical cycle and carbon sequestration in the marine environment [59].
Viruses inhabiting the GI tract of spiny lobsters are often pathogenic. For instance, PaV1
(Panulirus argus virus 1) and WSSV (white spot syndrome virus) are viruses in the GI
tract of spiny lobsters. PaV1 was first discovered in the juvenile Caribbean spiny lobster
P. argus (Latreille, 1804) in Florida in 1999 [60]. PaV1 is also currently the only naturally
occurring pathogenetic virus affecting various lobster species [61]. The pathogen, infected
haemocytes, and spongy connective tissue cells, including hepatopancreases, GI tract,
heart, gills, and ovary tissues, were identified using fluorescence in situ hybridization
(FISH) [62]. Zamora-Briseno et al. [63] reported that spiny lobsters infected with PaV1 have
a higher Vibrio composition compared to healthy spiny lobsters, which suggests that PaV1
has the ability to alter GI tract microbial composition. Alongside PaV1, a non-naturally
occurring virus known as WSSV was also discovered in the GI tract and infected Pan-
ulirus spp. and Homarus spp. [64–66]. WSSV is a double-stranded DNA from the family
Nimaviridae. The virus infects almost all crustacean species and causes mass mortalities
of aquaculture species, leading to significant impacts on global crustacean aquaculture
industries [61,67]. Given that WSSV is non-naturally occurring and highly infectious to
most crustacean species, the potential emergence of WSSV into the wild environment may
disrupt ecosystem balance and cause fisheries loss [61].

Table 1. Bacteria community in the GI tract of lobsters from year 1972–2020.

Lobster Country Bacteria References

Homarus americanus Canada Micrococcus, Sarcina, Candida, Brevibacterium, Bacillus, Paracolon,
Flavobacterium, Achromobacter, Pseudomonas, and Vibrio [23]

Panulirus japonicus Japan Streptococcus [24]

Panulirus japonicus Japan Vibrio spp., Pseudomonas spp., Staphylococcus spp., and
Coryneforms spp. [16]

Panulirus japonicus Japan Vibrio, Pseudomonas, Flavobacterium, Micrococcus, Staphylococcus,
Corynebacterium, Streptococcus, and Bacteroidaceae [25]

Panulirus homarus India
Pseudomonas Aeruginosa, Vibrio parahaemolyticus, Bacillus

circulans, Escherichia coli, Photobacterium damselae, Flavobacterium
columnare, and Micrococcus luteus

[14]

Panulirus ornatus Australia Vibrio, Photobacterium, and Pseudomonas [35]

Panulirus ornatus Australia
Mollicutes, Gammaproteobacteria, Alphaproteobacteria,

Saprospirae, Bacteroidia, Deltaproteobacteria, Antinobacteria,
and Flavobacteria

[38]

Panulirus homarus India Enterobacter, Acinetobacter, Bacillus, Vibrio, Pseudomonas,
Micrococcus, and Moraxella [15]

Homarus gammarus Cornwall, UK
Vibrio, Synechococcus, Spongiimonas, Spirochaeta, Shewanella,
Roseovarius, Psychromonas, Psychrilyobacter, Photobacterium,

Kiloniella, Candidatu, Arcobacter, Allofrancisella, and Aliivibrio
[44]

Panulirus argus Mexico Vibrio, Sphingomonas, Cetobacterium, Candidatus Hepatoplasma,
and Candidatus [63]

5. Role of GI Microbiota in Spiny Lobsters

Indigenous intestinal microbiota influences the physiological function of the host
GI tract. These influences are evident in scientific articles reporting intestinal microflora
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abnormalities in a variety of organisms, including germ-free animals, animals, and hu-
mans [68,69]. As observed in higher organisms, humans, terrestrial animals, or aquatic
animals, the presence of GI microbiota in spiny lobsters influences the host and brings
various benefits to its host [1]. The symbiosis between the GI microbiota and the host is
important to ensure the nutrition and health of the host [70]. The human GI tract comprises
1000 culturable microflora species, where 92 species are from eukarya, 8 from archaea,
and 957 from bacteria. The complex and diverse microflora community in the GI tract
of humans co-exists and contributes to the prevention of metabolic diseases [4]. The GI
microbiota in the human body possesses both beneficial and harmful traits [71]. It has
been proven that GI microbes are associated with obesity, inflammatory bowel disease,
cancers, diabetes, autism, and asthma [72–76]. The role of fish GI microbiota is based on the
host’s dietary needs. Herbivorous fishes, such as grass carp, are associated with cellulolytic
bacteria, which help in plant fibre intake. Meanwhile, nitrogen-fixing bacteria are the
dominant species in the GI tract of wood-eating fish [77,78]. The GI bacteria of carnivorous
fish species consist of mostly lipase- and protease-synthesising bacteria [77,78]. In aquatic
invertebrates, an earlier experiment by Harris [13] proved that the presence of GI bacteria
has specific roles and functions.

5.1. Role of GI Microbiota in Digestion

Spiny lobsters feed on live fish, molluscs, other crustaceans, aquatic worms, and some
aquatic plants; hence, they are categorised as omnivores. Shrimps and prawns are also clas-
sified as omnivores, as their GI microbiota is similar to that of spiny lobsters. The GI tract
of spiny lobsters is colonised by bacteria such as Vibrio, Pseudomonas, Aeromonas, Pseudoal-
teromonas, Photobacterium, and Plesiomonas [13,17,79,80]. Studies on the digestive relevance
of GI microbiota are mostly conducted on freshwater and seawater fish, while crustaceans,
especially spiny lobsters, have received little attention. The microbiota present in the GI
tract of spiny lobsters mostly consists of proteolytic bacteria, amylolytic bacteria, lipolytic
bacteria, and cellulolytic bacteria [45,81]. Other bacteria, such as the Flavobacterium found
in the GI tract of spiny lobsters, are capable of hydrolysing complex polysaccharides [82,83].
All these bacteria are essential to spiny lobsters, as they help in producing enzymes to
digest lipase, protease, amylase, and chitin. Spiny lobsters attach to their carnivorous
feeding preferences (molluscs, crustaceans, polychaete worms, and echinoderms), which
form high proteolytic enzyme activities (trypsin, chymotrypsin, and carboxypeptidase A)
and low lipase activities in the digestive tract [84]. Kumar [45] compared the microbial
diversity in the intestine of wild and laboratory-reared spiny lobsters P. versicolor. The
researchers found that cellulolytic bacteria were dominant in the foregut of normal spiny
lobsters, while proteolytic bacteria were dominant in the foregut of laboratory-reared spiny
lobsters. These results indicate that the feeding behaviour of spiny lobsters could change
the enzyme-synthesising bacteria in the GI tract.

5.2. Role of GI Microbiota in Nutrition

Indigenous GI microbiotas possess important roles in the well-being of their host and
contribute to nutrient acquisition in humans, terrestrial animals, and aquatic animals [85,86].
The ability of GI-associated microbes to digest and synthesise vitamins from daily diets
has mostly been documented in human and animal studies, whereas limited information
is available regarding insects, fish, and aquatic invertebrates [68,85,87,88]. More than 90%
of the mammalian population on the planet are herbivores, and these animal species are
unable to produce enzymes to digest carbohydrates and cellulose. Thus, GI microbes are
crucial in the degradation and digestion of food [89].

The GI bacteria ferment dietary carbohydrates into short-chain fatty acids (SCFA),
which support the host by providing energy and facilitating the absorption of Sodium (Na)
and water into cell tissues. Cellulolytic bacteria present in the GI tract assist the host to
completely hydrolyse cellulose into glucose, which is the compound available to the host.
This process involves the action of exoglycanases, endoglucanases, and β-glucosidases [90].
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The host absorbs protein in amino acids degraded by the proteolytic bacteria in the GI tract.
The synthesis of B vitamins (complex of 10 water-soluble compounds) is also facilitated by
GI microbes. This process is well-documented in fish, where the amount of vitamin B12
varies according to species [91,92]. Based on Nayak [86], the production of vitamin B12 is
closely related to the abundance of anaerobic bacteria compared with aerobic bacteria in the
GI tract of fish. The GI microbiota is also involved in nutrient-material uptake stimulation,
especially in cholesterol metabolism and trafficking in aquatic animals [5,93]. The use of
gnotobiotic models demonstrated that germ-free zebrafish larvae failed to degrade and
absorb proteins in the intestine, but these functions were performed effectively in the
later development stages following the enrichment of the GI microbiota [94]. To date, the
nutritional role of the GI microbiota in spiny lobsters remains unclear. The GI microbiota–
host interaction could be better understood by utilising gnotobiotic models. Previous
studies on gnotobiotic daphnia and gnotobiotic artemia provide a possibility for a better
understanding of the interaction and the importance of GI microbiota in spiny lobsters [95].

5.3. Role of GI Microbiota in Immune System

Gut-associated lymphoid tissues (GALTs) are GI microbiota responsible for the im-
mune system, in which intestinal microbiota is important for the complete development
of mature immune cells [96,97]. The intestinal epithelium will secrete and be covered by
a layer of mucus, which acts as the first line of defence against harmful microbes. The
symbiosis between GALT, mucus, and indigenous intestine microbes will mature the host’s
gut-associated immune system [86]. According to Lee and Mazmanian [98], the approach
on germ-free animals provides a better understanding of the interaction between host GI
microbes and the immune system, where the protection from intestinal mucosa is defective
in germ-free mice. The gut-associated immune system mechanism (Payer’s patches, lymph
nodes, and lamina propria) is smaller and inactive in germ-free animals, while exposure to
antigenic stimuli could reverse the action [98–100].

The functions of T cells in protecting the host from various infections are also pro-
moted by the GI microbiota. For instance, Bacteroides fragilis promotes T cells to protect
against Helicobacter hepaticus infection, while Bifidobacterium infantis diminishes Salmonella
typhimurium intestinal infection [99]. More than 70% of the total body of Immunoglobin A
(IgA) across the mucosa membrane surface is secreted by the GI microbiota, especially in
the intestine [101–103]. IgA is an important component of first-line defence and interacts
with specific receptors and immune mediators for protective functions [104].

Intestinal immunity in aquatic animals is less advanced compared to terrestrial animals.
Nonetheless, aquatic animals are exposed to higher microbial infection challenge, as they
inhabit a microbial-rich environment [105,106]. The immunity-associated mechanism of
fish is composed of gut-associated lymphoid tissue (GALT), skin-associated lymphoid
tissue (SALT), gill-associated tissue (GIALT), and nasopharynx-associated lymphoid tissue
(NALT), which were recently uncovered [106]. According to Gomez and Balcazar [2], the
gut-associated immune system of aquatic vertebrates and terrestrial vertebrates are similar
in that the epithelial cells and mucosa act as a selective barrier and promote T cells and
B cells to produce IgA as an intestinal defence mechanism. Indigenous GI microbiota
may suppress the foreign microbiota and prevent the colonisation and proliferation of
pathogens through the colonisation-resistance process [107]. The indigenous microbes
secret and release antimicrobial peptides to win over the competition between the pathogen
and the niche space [108].

The immune mechanism in aquatic invertebrates is different compared to vertebrates.
In crustaceans, the hard exoskeleton, made of cuticle, acts as the first line of defence against
microbial infection [109]. Conversely, when pathogens successfully invade the body or the
tissue of invertebrates, the innate immune system will instantly activate and eliminate the
intruding pathogen [110]. The innate immune system differs between invertebrates and
vertebrates, as evidenced in the lack of antibodies and the critical molecular and cellular
players, such as B lymphocytes and T lymphocytes, in aquatic invertebrates [111].
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The innate immune system of invertebrates is classified into two groups: humoral im-
munity (haemolymph agglutination, prophenoloxidase system (proPO), and antimicrobial
peptides) and cellular immunity (phagocytosis, encapsulation, and haemocyte nodula-
tion) [112–114]. There is a paucity of data regarding the role of GI microbes in the immune
system of invertebrates. A recent study found that the gut microbiota of shrimp plays a
vital role in maintaining host health, and the colonisation-resistance process may occur in
the digestive tract of shrimp [42]. The research conducted by Tepaamorndech et al. [115]
revealed that the introduction of the bacteria strain Bacillus aryabhattai into the GI tract of
shrimp could suppress the population of Vibrio spp. and stimulate innate immunity and
antioxidant activities.

6. Factors Influencing GI Microbiota in Spiny Lobsters

The complex and diverse microbiota communities that inhabit the GI tract are different
and unbalanced in every species due to other external factors. Factors such as environmen-
tal, geographical, dietary, genetic, and disease infection are responsible for shaping the GI
microbiota communities of an organism [44,63,116–118]. Sullam et al. [3] demonstrated the
influence of water salinity, trophic level, and host phylogeny on GI microbial composition.
The researchers found similarities in the gut microbiota composition between herbivores,
fishes, and mammals. Wild-captured and domestic-cultured black tiger shrimps Penaeus
monodon (Fabricius, 1798) shared some bacterial members. Conversely, differences in habitat
provide evidence of internal environmental pressure in selective intestinal bacteria [119].

6.1. Environmental Factors

Microbial loads in the aquatic environment are richer than in terrestrial, air, and soil,
where aquatic microbes significantly affect the formation of GI microbes in an aquatic
organism [120]. Aquatic environmental factors, such as temperature, pH, salinity, chemical
oxygen demand (COD), and dissolved oxygen (DO), significantly impact the abundance
of the GI microbiota community [121]. Sun et al. [121] isolated and compared the bacteria
from the water column, sediment, and intestine of different aquatic species. Resultantly, the
significant phyla were Proteobacteria, Bacteroidetes, Cyanobacteria, Acidobacteria, Actinobacteria,
and Firmicutes. The findings indicated that the primary sources of intestinal bacteria include
the surrounding water column, sediment, and the type of environments, such as freshwater
and seawater. These sources demonstrated significant impacts on the microbial composition
in the intestine. Another study on the intestine of oriental river prawns documented three
significant phyla, with Proteobacteria being the dominant (23–60% of the total population),
followed by Firmicutes and Actinobacteria [122]. Concurrently, in a seawater environment,
Proteobacteria typically make up more than 80% of the total population of microbes in the
intestine of oriental river prawns in a seawater environment, followed by Firmicutes and
Bacteroidetes [122].

Previous studies have also focused on the intestinal bacteria communities of wild-
caught and domesticated-breed P. monodon. The major phyla inhabiting the GI tract in-
volved Proteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria, with Proteobacteria being
the most abundant phyla in both wild-caught and domesticated-breed P. monodon [18,123].
Wild-caught and domesticated-breed P. monodon shared similar types of bacteria but dif-
fered in terms of bacterial richness [122]. Accordingly, wild-caught P. monodon was signifi-
cantly richer than domesticated-breed [122]. The microbial phyla found in the intestine of
crayfish from Jingzhou, Yangzhou, and Xuyi included Tenericutes, Bacteroidetes, Firmicutes,
Proteobacteria, and RsaHF231. Crayfish samples collected from Yangzhou demonstrated
a higher abundance of Firmicutes than those collected from Jingzhou and Xuyi, thus re-
flecting that the development of intestinal microbiota may be influenced by geographical
location [118].

Holt et al. [44] demonstrated the impact of spatial and temporal axes on the gut
microbiome in European lobsters. The GI bacteria community in sea-based container
culture (SBCC) lobsters demonstrated significantly higher diversity compared to land-
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based culture (LBC) lobsters. Specifically, the major genera found in SBCC were Vibrio,
Spongiimonas, Candidatus Hepatoplasma, Aliivibrio, and Photobacterium, while in LBC, they
were Carboxylicivirga, Arcobacter, Psychrilyobacter, Candidatus Hepatoplasma, and Vibrio. The
structure and composition of GI microflora of wild spiny lobsters were also different based
on their geographical locations. Wild spiny lobsters caught from the coastal area of India
had intestinal microflora made up of genera Enterobacter, Acinetobacter, Bacillus, Vibrio, Pseu-
domonas, Micrococcus, and Moraxella. In contrast, spiny lobsters caught from water around
Mexico formed GI microflora with genera Vibrio, Sphingomonas, Cetobacterium, Candidatus
Hepatoplasma, and Candidatus [15,63]. The differences in GI microflora composition may be
due to genetic background, biological habits, feeding background, water properties, and
seasonal impact [5,121,124].

6.2. Dietary Factor

Dietary habits and nutrition intake significantly influence the composition and struc-
ture of the GI microbiota [122]. Protein intake, lipids, probiotics, and prebiotics from diets
are essential in the manipulation of GI microbes [1]. Several studies have uncovered the
relationship of diets with intestinal microbiota in swimming crabs, abalones, shrimps,
crayfish, and spiny lobsters [63,80,120,121,125]. The abundance of microbial communities
in the GI tract could be altered by changing the dietary lipid level (Table 2). Proteobacteria
were dominant in the GI tract of juvenile swimming crabs Portunus trituberculatus (Miers,
1876) fed with medium- and high-fat diets, whereas phyla Fusobacteria were dominantly
fed low-fat diets [21]. The type of lipid source was also recorded as altering the composition
of bacteria in the intestine of Pacific white shrimps [80]. Pacific white shrimps fed with
soya oil (SO) and beef tallow (BT) reflected a lower Rhizobiaceae count in the intestine than
shrimps fed with a combination diet of linseed oil, SO, and BT (SBL). Pacific white shrimps
fed with SO and BT recorded more Aeromonadaceae and Enterobacteriaceae than shrimps
fed with SBL.

Table 2. Dietary lipid level shaping GI tract microbial communities [21].

Diets Phyla Families Relative
Abundance % Dominant

High-fat diet
(15.1%)

Proteobacteria Vibrionaceae 41.8
VibrionaceaeFusobacteria Leptotrichiaceae 1.1

Tenericutes Mycoplamataceae 19.6

Medium-fat diet
(9.9%)

Proteobacteria Vibrionaceae 67.4
VibrionaceaeFusobacteria Leptotrichiaceae 9.5

Tenericutes Mycoplamataceae 20.0

Low-fat diet
(5.8)

Proteobacteria Vibrionaceae 7.0
LiptotrichiaceaeFusobacteria Leptotrichiaceae 60.8

Tenericutes Mycoplamataceae 29.3

Meziti et al. [39] reported that the relationship of the Norway lobster’s gut microbes
with diets and tank water was insignificant. Bacterial diversity in starved Norway lobster
samples was higher than in samples fed with frozen mussels and formulated pellets.
Bacteria in the GI tract of squat lobsters vary according to their feeding habits [126]. For
instance, squat lobsters fed on wood were colonised by cocci, small-rod, spiral-shaped,
chain-shaped, and filamentous bacteria, while those fed on whale-bone-containing boxes,
wood, and turtle-shell substrates were colonised by both small and long fusiform-rod,
thin-rod, and relatively low-cocci bacterial [126].

Mannan oligosaccharide (MOS) is one of the popular dietary supplements that boost
the growth and health of marine species, such as fish, shrimps, and lobsters. Vibrio spp.
are some of the most common bacteria found in lobsters, crabs, and shrimps due to their
essential role in nutrient cycling; however, some Vibrio spp. are pathogenic and promote the
transmission of diseases [127,128]. Juvenile spiny lobsters (P. ornatus) fed with the MOS diet
have 10 times higher aerobic bacteria in the gut than those lobsters fed with trash fish [129].



Fishes 2022, 7, 108 10 of 17

Likewise, the population of Vibrio spp. was approximately seven times higher than in
lobsters fed with trash fish. Spiny lobster (P. homarus) juveniles fed with MOS significantly
reduced the number of Vibrio spp. in the GI tract compared to formulated diets and bycatch
diets, which is different from the findings of Sang and Fotedar [129,130]. European lobsters
(H. gammarus) fed with MOS and Bacillus spp. demonstrated a decreasing population of
Vibrio spp. in the GI tract. Although a Bacillus spp. + MOS diet significantly improved the
overall condition of the lobsters, the researcher found that the richness and diversity of
GI microbiota were reduced [27]. Future studies should consider developing a method to
improve the overall condition of spiny lobsters without affecting the species richness and
diversity of their GI microbiota.

7. Application of Gastrointestinal Microbiota

Microbiotas inhabiting the GI tract of living organisms possess numerous benefits,
such as enhancing the immune system, secreting digestive enzymes, and promoting nutri-
tion. The significant application of GI microbiota is in the synthesis of probiotics [131]. The
concept of probiotics was first introduced by Liley and Stillwell in 1965, where the word
“probiotic” was derived from the combination of two Greek words, “pro” and “bios”, which
means “for life” [132]. Apart from being applied in probiotics, GI microbiotas are employed
in various sectors in the livestock, food, beverage, and pharmaceutics industries [133]. GI
microbiotas, such as lactic acid bacteria (LAB), are often used as food preservatives in the
food and beverage industries due to their ability to synthesise bacteriocin, which inhibits
the growth of foodborne pathogens [134]. LAB is also an essential component in shaping
the flavour and texture of food through the fermentation process and preventing food
spoilage [134]. Other than LAB, yeast (one of the symbionts in the GI tract) is also important
in making alcoholic products, baking, and dairy product processes [134]. In industrial
sectors, the enzymes synthesised by the GI microbiota (cellulase, lipase, and amylase) are
used in pulp and paper making, textile making, detergent, and cosmetics [134]. Bifidobac-
terium and Lactobacillus are the major groups of bacteria colonising the GI tract and are
often isolated as probiotics [135]. According to Sreeja and Prajapati [136], Bifidobacterium
and Lactobacillus are often used in pharmaceutical sectors and are clinically proven to affect
the prevention of diarrhoea, relieve constipation, improve the immune system, and reduce
abdominal bloating.

The application of GI microbiota as a probiotic is also widely used in finfish and
shellfish aquacultures as an alternative to antibiotics [131,132,137,138]. Spiny lobsters are
one of the most promising aquaculture species due to their high market price and stable
market demands. The use of probiotics in the spiny lobster aquaculture aims at a closed-life
cycle production and developing an economically viable method of raising lobsters from
eggs through market size. The earlier record of using probiotics in lobsters was conducted
by Daniels et al. [27], in which commercial probiotics (Bacillus spp.) significantly improved
the growth, survivability, and post-larvae condition of European lobsters compared to the
control group. The effect was elevated by combining probiotic (Bacillus spp.) and mannan
oligosaccharides (MOS) as a diet, where it significantly improved the weight gain, carapace
length, length–weight ratio, specific growth rate (SGR), food conversion ratio (FCR), and
post-larval condition compared to the group only fed with Bacillus spp. or MOS. Based on
the current trend, researchers are working on isolating probiotic strains from the GI tract of
spiny lobsters to address various diseases and to minimise the mortalities of spiny lobsters
during larval stages.

Goulden et al. [127] shortlisted two potential probiotics (Vibrio sp. PP05 and Pseudoal-
teromonas sp. PP107) out of 500 marine bacteria, which demonstrated antagonistic effects
toward Vibrio owensii (pathogen causing epizootics). Vibrio sp. PP05 and Pseudoalteromonas
sp. PP107 also reflected significant protection against the phyllosomas of ornate spiny
lobsters when challenged with V. owensii, and the survivability was not significantly dif-
ferent compared to the unchallenged group. Nguyen et al. [29] isolated and characterised
the bacteria possessing bacteriocin-like activities from lobsters, tiger shrimps, snubnose
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pompanos, and cobia as potential probiotics for ornate spiny lobster juveniles against Vibrio
owensii. Based on in vitro testing, the cell-free supernatants of Proteus spp., Enterococcus
faecalis, Bacillus cereus, and Bacillus pumilus inhibited the activities of V. owensii, thereby
indicating the potential for using these bacteria as probiotics in lobster culture. For in vivo
testing, B. pumilus, B. cereus, and Lactobacillus plantarum were added to the feed of juvenile
spiny lobsters challenged with V. owensii. Resultantly, the juvenile spiny lobsters fed with
these probiotics demonstrated promising growth, survivability increment, and lower feed
conversion rate.

Apart from being significant pathogens of various diseases, V. owensii and V. harveyi
are also commonly detected in cultured shrimps and spiny lobsters [139,140]. In spiny
lobster cultures, V. harveyi is responsible for the infection of spiny lobsters with luminous
vibriosis, causing high mortality rates up to 75% [141]. The introduction of L. plantarum as a
probiotic could increase the resistance to V. harveyi infection by modifying the composition
of lactic bacteria and reducing the V. harveyi bacteria count in the haemolymph and GI
tract [142]. Likewise, the administration of Bacillus subtilis as a probiotic in a rearing
environment has proven to increase weight gain, SGR, FCR, and enzymatic activities and
reduce mortalities [143]. Thus, the use of bacteria strains from the genus Bacillus and
Lactobacillus as probiotics to control disease outbreak in lobster hatchery aquacultures is
important and has significantly improved and matured in recent years [144].

8. Conclusion and Future Prospect

Given the increasing trend of the present research topic in microbiology, the commu-
nities and function of GI microbiota have been studied extensively in humans, mammals,
and aquatic vertebrates to ameliorate health and overall conditions. Studies of the GI
microbiota in aquatic invertebrates mainly focus on aquaculture species, such as Pacific
white shrimps (Litopenaeus vannamei), black tiger shrimps (Penaeus monodon), and giant
freshwater prawns (Macrobracium rosenbergii). Meanwhile, the GI microbial function and
characteristics are still underreported in a wide range of aquatic invertebrates species,
such as spiny lobsters. Moreover, research on the composition of microflora in the GI
tract of aquatic invertebrates focuses mainly on bacteria. Some studies revealed that fungi,
yeast, and viruses concurrently inhabit the GI tract of spiny lobsters. The advantages of GI
bacteria have been proven in several studies, but fungi and yeast inhabiting the GI tract are
often overlooked. Recent studies revealed that some marine fungi and yeast inhabit the GI
tract of aquatic vertebrates, and invertebrates possess antimicrobial properties. Thus, more
studies are needed to elucidate the function and the fungus–host interaction in the GI tract
of aquatic vertebrates and invertebrates.

Future research should also consider the interaction between spiny lobster GI micro-
biota and its host. The GI microbiota has become an essential factor in the success of the
spiny lobster culture, as it plays important biological functions, such as nutrition and dis-
ease resistance. An extensive research gap has been identified in spiny lobster GI microbial
studies from the early 20th to 21st centuries. The focus of GI microbiota studies resumed in
the last decades to exploit the probiotic possibilities in spiny lobster aquaculture and to
provide sufficient nutrition and enhance their survivability in larval stages. Studies relating
to the important underlying mechanisms of indigenous GI microbial communities towards
the host, the host–microbes relation in the GI microbiota of spiny lobsters, the effect the GI
microbiota has on the host, and more mature and advanced probiotic approaches to the
spiny lobster are important in future GI microbe research.
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associated lymphoid tissue, gut microbes and susceptibility to experimental autoimmune encephalomyelitis. Benef. Microbes 2016,
7, 363–373. [CrossRef] [PubMed]

98. Lee, Y.K.; Mazmanian, S.K. Has the Microbiota Played a Critical Role in the Evolution of the Adaptive Immune System? Science
2010, 330, 1768–1773. [CrossRef] [PubMed]

99. Kamada, N.; Seo, S.-U.; Chen, G.Y.; Núñez, G. Role of the gut microbiota in immunity and inflammatory disease. Nat. Rev.
Immunol. 2013, 13, 321–335. [CrossRef] [PubMed]

100. Pollard, M.; Sharon, N. Responses of the Peyer’s Patches in Germ-Free Mice to Antigenic Stimulation. Infect. Immun. 1970, 2,
96–100. [CrossRef] [PubMed]

101. Hapfelmeier, S.; Lawson, M.A.E.; Slack, E.; Kirundi, J.K.; Stoel, M.; Heikenwalder, M.; Cahenzli, J.; Velykoredko, Y.; Balmer, M.L.;
Endt, K.; et al. Reversible Microbial Colonization of Germ-Free Mice Reveals the Dynamics of IgA Immune Responses. Science
2010, 328, 1705–1709. [CrossRef]

102. Macpherson, A.J.; Uhr, T. Induction of Protective IgA by Intestinal Dendritic Cells Carrying Commensal Bacteria. Science 2004,
303, 1662–1665. [CrossRef]

103. Peterson, D.A.; McNulty, N.P.; Guruge, J.L.; Gordon, J.I. IgA Response to Symbiotic Bacteria as a Mediator of Gut Homeostasis.
Cell Host Microbe 2007, 2, 328–339. [CrossRef]

104. Woof, J.M.; Kerr, M.A. The function of immunoglobulin A in immunity. J. Pathol. 2006, 208, 270–282. [CrossRef]
105. Dawood, M.A.O. Nutritional immunity of fish intestines: Important insights for sustainable aquaculture. Rev. Aquac. 2021, 13,

642–663. [CrossRef]
106. Salinas, I. The Mucosal Immune System of Teleost Fish. Biology 2015, 4, 525–539. [CrossRef] [PubMed]
107. Qi, X.-Z.; Tu, X.; Zha, J.-W.; Huang, A.-G.; Wang, G.-X.; Ling, F. Immunosuppression-induced alterations in fish gut microbiota

may increase the susceptibility to pathogens. Fish. Shellfish Immunol. 2019, 88, 540–545. [CrossRef] [PubMed]
108. Butt, R.L.; Volkoff, H. Gut Microbiota and Energy Homeostasis in Fish. Front. Endocrinol. 2019, 10, 9. [CrossRef] [PubMed]
109. Sánchez-Salgado, J.L.; Pereyra, M.A.; Alpuche-Osorno, J.J.; Zenteno, E. Pattern recognition receptors in the crustacean immune

response against bacterial infections. Aquaculture 2021, 532, 735998. [CrossRef]
110. Abbas, M.N.; Kausar, S.; Cui, H. The biological role of peroxiredoxins in innate immune responses of aquatic invertebrates. Fish.

Shellfish Immunol. 2019, 89, 91–97. [CrossRef]
111. Nyholm, S.V.; Graf, J. Knowing your friends: Invertebrate innate immunity fosters beneficial bacterial symbioses. Nat. Rev. Genet.

2012, 10, 815–827. [CrossRef]
112. Hauton, C. The scope of the crustacean immune system for disease control. J. Invertebr. Pathol. 2012, 110, 251–260. [CrossRef]

http://doi.org/10.1016/b978-0-12-384730-0.00126-9
http://doi.org/10.1016/j.aquaculture.2006.10.019
http://doi.org/10.3389/fmicb.2018.02000
http://www.ncbi.nlm.nih.gov/pubmed/30210475
http://doi.org/10.1111/j.1365-2109.2010.02546.x
http://doi.org/10.1128/iai.25.1.139-145.1979
http://doi.org/10.1111/j.1439-0442.1974.tb01150.x
http://doi.org/10.1080/08910600310014980
http://doi.org/10.1111/j.1365-2095.2012.00943.x
http://doi.org/10.1016/0044-8486(91)90028-6
http://doi.org/10.1111/j.1472-765X.2007.02258.x
http://doi.org/10.1073/pnas.0400706101
http://doi.org/10.1016/j.ydbio.2006.05.006
http://doi.org/10.1016/j.aquaculture.2019.734800
http://doi.org/10.1038/nature11551
http://www.ncbi.nlm.nih.gov/pubmed/22972296
http://doi.org/10.3920/BM2015.0159
http://www.ncbi.nlm.nih.gov/pubmed/26839070
http://doi.org/10.1126/science.1195568
http://www.ncbi.nlm.nih.gov/pubmed/21205662
http://doi.org/10.1038/nri3430
http://www.ncbi.nlm.nih.gov/pubmed/23618829
http://doi.org/10.1128/iai.2.1.96-100.1970
http://www.ncbi.nlm.nih.gov/pubmed/16557807
http://doi.org/10.1126/science.1188454
http://doi.org/10.1126/science.1091334
http://doi.org/10.1016/j.chom.2007.09.013
http://doi.org/10.1002/path.1877
http://doi.org/10.1111/raq.12492
http://doi.org/10.3390/biology4030525
http://www.ncbi.nlm.nih.gov/pubmed/26274978
http://doi.org/10.1016/j.fsi.2019.03.035
http://www.ncbi.nlm.nih.gov/pubmed/30885744
http://doi.org/10.3389/fendo.2019.00009
http://www.ncbi.nlm.nih.gov/pubmed/30733706
http://doi.org/10.1016/j.aquaculture.2020.735998
http://doi.org/10.1016/j.fsi.2019.03.062
http://doi.org/10.1038/nrmicro2894
http://doi.org/10.1016/j.jip.2012.03.005


Fishes 2022, 7, 108 16 of 17

113. Huang, Y.; Ren, Q. Research progress in innate immunity of freshwater crustaceans. Dev. Comp. Immunol. 2020, 104, 103569.
[CrossRef]

114. Radhakrishnan, E.V.; Phillips, B.F.; Achamveetil, G. Lobsters: Biology, Fisheries and Aquaculture; Springer: Singapore, 2019.
115. Tepaamorndech, S.; Chantarasakha, K.; Kingcha, Y.; Chaiyapechara, S.; Phromson, M.; Sriariyanun, M.; Kirschke, C.P.; Huang, L.;

Visessanguan, W. Effects of Bacillus aryabhattai TBRC8450 on vibriosis resistance and immune enhancement in Pacific white
shrimp, Litopenaeus vannamei. Fish. Shellfish Immunol. 2019, 86, 4–13. [CrossRef]

116. Fan, P.; Bian, B.; Teng, L.; Nelson, C.D.; Driver, J.; Elzo, M.A.; Jeong, K.C. Host genetic effects upon the early gut microbiota in a
bovine model with graduated spectrum of genetic variation. ISME J. 2020, 14, 302–317. [CrossRef] [PubMed]

117. Senghor, B.; Sokhna, C.; Ruimy, R.; Lagier, J.-C. Gut microbiota diversity according to dietary habits and geographical provenance.
Hum. Microbiome J. 2018, 7–8, 1–9. [CrossRef]

118. Zhang, Z.; Liu, J.; Jin, X.; Liu, C.; Fan, C.; Guo, L.; Liang, Y.; Zheng, J.; Peng, N. Developmental, Dietary, and Geographical Impacts
on Gut Microbiota of Red Swamp Crayfish (Procambarus clarkii). Microorganisms 2020, 8, 1376. [CrossRef] [PubMed]

119. Rungrassamee, W.; Klanchui, A.; Maibunkaew, S.; Chaiyapechara, S.; Jiravanichpaisal, P.; Karoonuthaisiri, N. Characterization of
Intestinal Bacteria in Wild and Domesticated Adult Black Tiger Shrimp (Penaeus monodon). PLoS ONE 2014, 9, e91853. [CrossRef]

120. Giatsis, C.; Sipkema, D.; Smidt, H.; Heilig, H.G.H.J.; Benvenuti, G.; Verreth, J.; Verdegem, M. The impact of rearing environment
on the development of gut microbiota in tilapia larvae. Sci. Rep. 2015, 5, 18206. [CrossRef]

121. Sun, F.; Wang, Y.; Wang, C.; Zhang, L.; Tu, K.; Zheng, Z. Insights into the intestinal microbiota of several aquatic organisms and
association with the surrounding environment. Aquaculture 2019, 507, 196–202. [CrossRef]

122. Tzeng, T.D.; Pao, Y.Y.; Chen, P.C.; Weng, F.C.H.; Jean, W.D.; Wang, D. Effects of host phylogeny and habitats on gut mi-crobiomes
of oriental river prawn (Macrobrachium nipponense). PLoS ONE 2015, 10, e0132860. [CrossRef]

123. Chaiyapechara, S.; Rungrassamee, W.; Suriyachay, I.; Kuncharin, Y.; Klanchui, A.; Karoonuthaisiri, N.; Jiravanichpaisal, P.
Bacterial Community Associated with the Intestinal Tract of P. monodon in Commercial Farms. Microb. Ecol. 2012, 63, 938–953.
[CrossRef]

124. Al-Harbi, A.; Uddin, M.N. Seasonal variation in the intestinal bacterial flora of hybrid tilapia (Oreochromis niloticus × Oreochromis
aureus) cultured in earthen ponds in Saudi Arabia. Aquaculture 2004, 229, 37–44. [CrossRef]

125. Zhao, J.; Ling, Y.; Zhang, R.; Ke, C.; Hong, G. Effects of dietary supplementation of probiotics on growth, immune responses, and
gut microbiome of the abalone Haliotis diversicolor. Aquaculture 2018, 493, 289–295. [CrossRef]

126. Hoyoux, C.; Zbinden, M.; Samadi, S.; Gaill, F.; Compère, P. Diet and gut microorganisms ofMunidopsissquat lobsters associated
with natural woods and mesh-enclosed substrates in the deep South Pacific. Mar. Biol. Res. 2012, 8, 28–47. [CrossRef]

127. Goulden, E.F.; Hall, M.R.; Bourne, D.G.; Pereg, L.L.; Høj, L. Pathogenicity and Infection Cycle of Vibrio owensii in Larviculture of
the Ornate Spiny Lobster (Panulirus ornatus). Appl. Environ. Microbiol. 2012, 78, 2841–2849. [CrossRef]

128. Raissy, M.; Moumeni, M.; Ansari, M.; Rahimi, E. Occurrence of Vibrio spp. in Lobster and Crab from the persian gulf. J. Food Saf.
2012, 32, 198–203. [CrossRef]

129. Huu, H.D.; Jones, C.M. Effects of dietary mannan oligosaccharide supplementation on juvenile spiny lobster Panulirus homarus
(Palinuridae). Aquaculture 2014, 432, 258–264. [CrossRef]

130. Sang, H.M.; Fotedar, R. Effects of mannan oligosaccharide dietary supplementation on performances of the tropical spiny lobsters
juvenile (Panulirus ornatus, Fabricius 1798). Fish. Shellfish Immunol. 2010, 28, 483–489. [CrossRef] [PubMed]

131. Dawood, M.; Koshio, S.; Abdel-Daim, M.; Van Doan, H. Probiotic application for sustainable aquaculture. Rev. Aquac. 2019, 11,
907–924. [CrossRef]

132. Lara-flores, M. The use of probiotic in aquaculture: An overview. Int. Res. J. Microbiol. 2011, 2, 471–478. Available online:
http://www.interesjournals.org/IRJM/ (accessed on 8 April 2022).

133. Singh, B.; Bhat, T.K.; Singh, B. Exploiting Gastrointestinal Microbes for Livestock and Industrial Development-Review. Asian-
Australasian J. Anim. Sci. 2001, 14, 567–586. [CrossRef]

134. Sharma, S.G.; Sharma, N.R.; Sharma, M. Microbial Diversity, Interventions and Scope; Springer: Singapore, 2020.
135. Bermudez-Brito, M.; Diaz, J.P.; Muñoz-Quezada, S.; Llorente, C.G.; Gil, A. Probiotic Mechanisms of Action. Ann. Nutr. Metab.

2012, 61, 160–174. [CrossRef]
136. Sreeja, V.; Prajapati, J.B. Probiotic Formulations: Application and Status as Pharmaceuticals—A Review. Probiotics Antimicrob.

Proteins 2013, 5, 81–91. [CrossRef]
137. Ayisi, C.L.; Apraku, A.; Afriyie, G. A Review of Probiotics, Prebiotics, and Synbiotics in Crab: Present Research, Problems, and

Future Perspective. J. Shellfish Res. 2017, 36, 799–806. [CrossRef]
138. Kumar, V.; Roy, S.; Meena, D.K.; Sarkar, U.K. Application of Probiotics in Shrimp Aquaculture: Importance, Mechanisms of

Action, and Methods of Administration. Rev. Fish. Sci. Aquac. 2016, 24, 342–368. [CrossRef]
139. Austin, B.; Zhang, X.-H. Vibrio harveyi: A significant pathogen of marine vertebrates and invertebrates. Lett. Appl. Microbiol.

2006, 43, 119–124. [CrossRef] [PubMed]
140. Raissy, M. Molecular detection of Vibrio spp. in lobster hemolymph. Afr. J. Microbiol. Res. 2011, 5, 1697–1700. [CrossRef]
141. Diggles, B.K.; Moss, G.A.; Carson, J.; Anderson, C.D. Luminous vibriosis in rock lobster Jasus verreauxi (Decapoda: Palinuridae)

phyllosoma larvae associated with infection by Vibrio harveyi. Dis. Aquat. Org. 2000, 43, 127–137. [CrossRef]

http://doi.org/10.1016/j.dci.2019.103569
http://doi.org/10.1016/j.fsi.2018.11.010
http://doi.org/10.1038/s41396-019-0529-2
http://www.ncbi.nlm.nih.gov/pubmed/31624342
http://doi.org/10.1016/j.humic.2018.01.001
http://doi.org/10.3390/microorganisms8091376
http://www.ncbi.nlm.nih.gov/pubmed/32911609
http://doi.org/10.1371/journal.pone.0091853
http://doi.org/10.1038/srep18206
http://doi.org/10.1016/j.aquaculture.2019.04.026
http://doi.org/10.1371/journal.pone.0132860
http://doi.org/10.1007/s00248-011-9936-2
http://doi.org/10.1016/S0044-8486(03)00388-0
http://doi.org/10.1016/j.aquaculture.2018.05.011
http://doi.org/10.1080/17451000.2011.605144
http://doi.org/10.1128/AEM.07274-11
http://doi.org/10.1111/j.1745-4565.2012.00368.x
http://doi.org/10.1016/j.aquaculture.2014.05.013
http://doi.org/10.1016/j.fsi.2009.12.011
http://www.ncbi.nlm.nih.gov/pubmed/20034574
http://doi.org/10.1111/raq.12272
http://www.interesjournals.org/IRJM/
http://doi.org/10.5713/ajas.2001.567
http://doi.org/10.1159/000342079
http://doi.org/10.1007/s12602-013-9126-2
http://doi.org/10.2983/035.036.0329
http://doi.org/10.1080/23308249.2016.1193841
http://doi.org/10.1111/j.1472-765X.2006.01989.x
http://www.ncbi.nlm.nih.gov/pubmed/16869892
http://doi.org/10.5897/ajmr11.434
http://doi.org/10.3354/dao043127


Fishes 2022, 7, 108 17 of 17

142. Vieira, F.; Buglione, C.; Mouriño, J.; Jatobá, A.; Martins, M.; Schleder, D.; Andreatta, E.R.; Barraco, M.; Vinatea, L. Effect of
probiotic supplemented diet on marine shrimp survival after challenge with Vibrio harveyi. Arq. Bras. De Med. Veterinária E Zootec.
2010, 62, 631–638. [CrossRef]

143. Zokaeifar, H.; Babaei, N.; Saad, C.R.; Kamarudin, M.S.; Sijam, K.; Balcazar, J.L. Administration of Bacillus subtilis strains in the
rearing water enhances the water quality, growth performance, immune response, and resistance against Vibrio harveyi infection
in juvenile white shrimp, Litopenaeus vannamei. Fish. Shellfish Immunol. 2014, 36, 68–74. [CrossRef]

144. Middlemiss, K.; Daniels, C.L.; Urbina, M.A.; Wilson, R.W. Combined effects of UV irradiation, ozonation, and the probiotic
Bacillus spp. on growth, survival, and general fitness in European lobster (Homarus gammarus). Aquaculture 2015, 444, 99–107.
[CrossRef]

http://doi.org/10.1590/S0102-09352010000300019
http://doi.org/10.1016/j.fsi.2013.10.007
http://doi.org/10.1016/j.aquaculture.2015.03.028

	Introduction 
	Overview of GI Microbiota in Spiny Lobsters 
	Development of GI Microbiota in Spiny Lobsters 
	Composition of GI Microbiota in Spiny Lobsters 
	Role of GI Microbiota in Spiny Lobsters 
	Role of GI Microbiota in Digestion 
	Role of GI Microbiota in Nutrition 
	Role of GI Microbiota in Immune System 

	Factors Influencing GI Microbiota in Spiny Lobsters 
	Environmental Factors 
	Dietary Factor 

	Application of Gastrointestinal Microbiota 
	Conclusion and Future Prospect 
	References

