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Abstract
Multiple studies have linked lipid metabolism with intestinal bacterial structure in aquatic organisms.
However, the possibility of the gut microbiota participating in synthesizing bene�cial long-chain
polyunsaturated fatty acid (LC-PUFA) remains vague. We pro�led the gut microbiota of mud crab Scylla
olivacea fed with either a LC-PUFA rich diet (FO), a LC-PUFA-poor but C18-PUFA substrate rich diet (LOCO),
and diet with a similar pro�le as LOCO but with the inclusion of an antibiotic, oxolinic acid. Additionally,
the microbiota of wild-caught S. olivacea was also analyzed. Compared to diet FO treatment, crabs fed
diet LOCO contain a higher proportion of Proteobacteria, represented by Vibrio and Shewanella, two
known taxonomy groups with PUFA biosynthesis capacity. Annotation of metagenomic datasets also
suggests functional contribution by these two genera in terms of the KEGG pathway of unsaturated fatty
acids biosynthesis and the keto-acyl synthase domains in the microbiota of LOCO treatment. Diet
LOCOAB impeded the presence of Vibrio and Shewanella within the gut, and concurrently, the abundance
of PUFA biosynthesis pathway-related genes. However, there was an increase in the function of short-
chain fatty acids production within this diet, which was accompanied by a shift towards the abundance
of phyla Bacteroidota and Spirochaetota, represented by Sunxiuqinia and Carboxylicivirga and
Sediminispirochaeta, respectively. Collectively, these results exempli�ed bacterial communities and their
corresponding PUFA biosynthesis pathways in the microbiota of a farmed crustacean species.

Introduction
Long-chain polyunsaturated fatty acids (LC-PUFA), including eicosapentaenoic acid (EPA; 20:5n-3),
docosahexaenoic acid (DHA; 22:6n-3), and arachidonic acid (ARA; 20:4n-6), are essential for proper
cellular, neuronal, cardiovascular, and anti-in�ammatory activities [1]. While humans can biosynthesize
LC-PUFA from the C18 polyunsaturated fatty acids (PUFA), the consumption of n-3 LC-PUFA, mainly from
aquatic food products is necessary [2, 3]. The biosynthesis of LC-PUFA requires the fatty acyl desaturases
(Fads) and elongase of very long-chain fatty acid (Elovl) enzymes to desaturate and elongate the fatty
acyl chain, respectively [4]. The capacity for LC-PUFA biosynthesis varies among primary producers and
consumers and is dependent on ecosystem-based differences and the Fads/Elovl genetic machinery [5].
Due to the disparity in the availability of LC-PUFA between different types of ecosystems, species living in
terrestrial or freshwater habitats could acquire enhanced LC-PUFA biosynthesis machinery or
modi�cations of foraging behaviours [5]. In natural habitats, an incomplete LC-PUFA biosynthesis
pathway could possibly be compensated by selective feeding of prey with higher LC-PUFA content or
genetic modi�cation of LC-PUFA biosynthesis enzymes to enhance biosynthesis [6, 7].

Among invertebrates, studies have highlighted the capacity for LC-PUFA production in mollusks and
echinoderms with the discovery and validation of the Fads/Elovl orthologs [8, 9]. The extent of de novo
LC-PUFA biosynthesis in crustaceans is still unclear due to the vast diversity of this phyla. A complete
repertoire of Fads and Elovl for LC-PUFA biosynthesis was only recently shown in a harpacticoid copepod,
T. californicus [10]. In decapods, while the presence of functional Elovl has been reported from mud crab
Scylla olivacea [11, 12] and swimming crab Portunus trituberculatus [13], the actual existence of
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functional Fads remains contentious [14]. The vastly diversi�ed Crustacea subphylum includes the Scylla
mudcrabs, which have ecological and economical importance in mangroves of the Indo-Paci�c region
[15]. As aquaculture candidate species, Scylla crabs possess fast growth rate, large size, high
reproductive capacity, and adaptability to different farming systems. In many countries however, Scylla
farming still depends on freshly prepared wet feed [16]. Knowledge on the capacity for LC-PUFA
biosynthesis in Scylla will facilitate the formulation of effective formulated feeds.

The gut microbiome is integral for the overall gut function, immunity, and nutrient processing of the host
[17]. The relationships between gut microbiota and various aspects of lipid metabolism such as
deposition, digestibility, accumulation, adsorption, synthesis, and obesity have been investigated [18, 19].
Studies in invertebrates showed the in�uence of different dietary fatty acids on gut microbiota pro�le [20,
21]. There is a complex interplay between host dietary lipid intake, gut microbiota characteristics, and
tissue fatty acid composition [22]. It is increasingly recognized that PUFA-synthesizing bacteria genera
are present in the microbiota of aquatic animals [23, 24]. While decapods rely on endogenous
biosynthesis activities and/or exogenous dietary intake for the supply of LC-PUFA, it is not inconceivable
that the host gut microbiota may play a requisite role.

In view of our interest to elucidate a potential role of gut microbiota in LC-PUFA biosynthesis, we fed
experimental diets with limited or high levels of LC-PUFA, coupled with the inclusion of antibiotic to
juvenile mud crab S. olivacea for eight weeks. At end of the feeding trial, animals were dissected for
metagenome pro�ling of the gut microbiota and analysis of fatty acid composition of crab tissues.
Overall, the changes in the dynamics of the gut microbiota unveiled the involvement of bacterial groups
with LC-PUFA biosynthesis function in S. olivacea.

Material And Methods

Experimental Animals and Diets
Fresh male crabs (weight 124 ± 14.8g; carapace length 9 ± 0.3cm) were purchased from local �shermen.
Upon arrival, three crabs were dissected immediately to remove the digestive tract and designated as wild
crabs (WT). The remaining crabs were acclimatized for two weeks and fed a standard commercial diet.
Twenty-seven crabs in the inter-molt stage were randomly distributed in a density of one individual per
glass aquarium (0.60 m × 0.31 m × 0.30 m). These tanks were maintained in a recirculating system with
water parameters of 18-24 ppt salinity, 25-29°C, pH 7.5-8.3, and dissolved oxygen >5 mg/L and 80% water
change every 48 h.

Three isonitrogenous and isolipidic diets were formulated (Table S1). Diet FO utilized �sh oil, whereas
LOCO used a 1:1 blend of linseed oil and corn oil as primary lipid sources. Diet LOCOAB has a similar
formulation as LOCO, with the inclusion of 75 mg/kg oxolinic acid. This concentration was based on a
preliminary PCR ampli�cation of the 16S rRNA gene to quantify bacterial load [25] (Fig. S1). The fatty
acid composition of the three diets re�ects their dietary lipid source, with diet FO enriched in LC-PUFA and
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diets LOCO and LOCOAB enriched in C18 PUFA but devoid of LC-PUFA (Table S2). Nine replicate tanks
were allocated to each experimental diet. The crabs were fed twice daily till satiation for eight weeks. At
the end of the trial, three crabs were randomly collected from each treatment group for metagenomic and
fatty acid composition analyses. Method for fatty acid extraction and composition analysis are detailed
in Supplementary Note 1.

Sample Collection And Dna Extraction
Animals were euthanized at −20°C for 20 min, washed, and disinfected with 75% ethanol. Digestive tracts
were aseptically removed, followed by the collection of gut contents and intestinal mucosa into sterile
tubes. Genomic DNA was extracted using the DNeasy PowerSoil kit (Qiagen, Germany). The quality and
quantity of isolated DNA were assessed using agarose gel electrophoresis and NanoDrop
spectrophotometer (Thermo�sher Scienti�c, USA).

16s Rrna Amplicon Sequencing And Analyses
The V3-V4 variable region of the 16S rRNA gene was ampli�ed using the primers 341F (5’-
CCTACGGGNGGCWGCAG-3') and 806R (5’-GCACTACHVGGGTWTCTAAT-3'). Libraries for 16S rRNA
sequencing were prepared as described previously [26]. Sequencing was performed on an Illumina MiSeq
platform generating 250-bp paired-end reads. The 16S rRNA sequencing data were analyzed using the
QIIME pipeline (v1.9.1) [27]. Raw sequencing data were pre-processed using Trimmomatic (v0.36) to
remove adapter sequences and low-quality bases. Paired-end reads were merged using FLASH, and
chimeric sequences were removed using the UCHIME algorithm [28]. Sequences were clustered into
operational taxonomic units (OTUs) using UPARSE (v7.1) [29] with a 97% similarity cut-off. The
representative sequences from each OTU were taxonomically classi�ed against the SILVA database [30]
using Ribosomal Database Project classi�er (v2.2) [31] with a con�dence threshold of 70%. Alpha
diversity was estimated using richness (Chao1 index) and diversity (Simpson and Shannon index)
parameters. Non-metric multidimensional scaling (NMDS) of the Bray-Curtis distance and principal
coordinate analysis (PCoA) of the weighted UniFrac distance was applied to analyze the beta diversity.
An unweighted pair group method with arithmetic mean tree was constructed using QIIME. Venn diagram,
species accumulation, and rank abundance curves were generated using the R project for statistical
computing. A linear discriminant analysis (LDA) effect size (LEfSe) [32] was performed to present the
enrichment of bacterial taxa between groups.

Shotgun Metagenomic Sequencing And Analyses
Sequencing libraries were prepared using the TruSeq Nano DNA library preparation kit (Illumina, USA) and
sequencing was performed on an Illumina NovaSeq 6000 platform at 150-bp paired-end. The raw
sequencing data were processed to �lter low-quality reads and adapters using Trimmomatic. Taxonomic
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classi�cation by k-mer based lowest common ancestor approach was performed using Kraken2 (v2.0.6)
[33]. De novo assembly of the clean reads was carried out using Megahit (v1.1.1) [34] with minimum
contig length set to 500 bp. The genome of a closely related species, Portunus trituberculatus [35], was
used as reference sequence to remove host contigs from the metagenome assemblies. Open reading
frames (ORFs) were predicted using MetaProdigal (v2.6.3) [36], and the ORFs were clustered using CD-
HIT (v4.8.1) [37] at 95% identity and 90% coverage. Annotation of the unique gene set was performed
through BLASTp against the NCBI non-redundant protein (NR), Clusters of Orthologous Groups, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases at an e-value threshold of 1e-5. Antibiotic
resistance genes in the metagenomes were predicted by a search against the Comprehensive Antibiotic
Resistance Database [38]. The hits to keto-acyl synthase sequences were retrieved from BLASTp of the
unique gene set to the NCBI NR database. Maximum likelihood analysis of KS was carried out using
RAxML (v8.2.12) [39] with 1,000 bootstraps and GAMMA+VT model.

Results

Crab Survival and Growth
There was no mortality in dietary treatments of FO and LOCO throughout the feeding trial, while 77%
survival occurred in diet LOCOAB treatment (Table S3). Diet LOCOAB also resulted in lower percentage of
molting and speci�c growth rate as compared to diets FO and LOCO. This also resulted in higher feed
conversion ratio value in LOCOAB treatment, despite similar feed intake between crabs from different
dietary treatments.

Overview Of The Metagenomic Sequencing Data
A total of 559 million paired-end reads, with an average of 47 million reads per sample was generated
from shotgun metagenomic sequencing of the WT, FO, LOCO, and LOCOAB samples (Table 1). After
trimming, 537 million clean reads were assembled into 52,275-85,353 contigs with a total length of 94-
174 Mb and N50 contig length of 2,615-5,843 bp. A non-redundant protein-coding gene set containing
~1.89 million ORFs was predicted from the 12 metagenomes.
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Table 1
Summary of the shotgun metagenomic sequencing data of S. olivacea gut microbiota from wild-caught

crabs (WT), crabs fed diet FO, LOCO, or LOCOAB.
Samples No. of raw

reads
No. of
clean
reads

No. of
contigs

N50
(bp)

Assembly
size (Mb)

No. of
ORFs

Average ORF
length (bp)

WT1 43,931,876 42,488,724 53,513 2,615 95.30 126,021 665

WT2 48,522,778 46,858,652 56,482 3,018 105.76 137,920 673

WT3 49,736,880 48,278,740 52,275 2,815 93.95 124,356 666

FO1 54,927,728 52,825,174 85,353 5,395 173.66 218,756 699

FO2 44,267,802 42,378,718 71,426 5,843 156.65 193,531 716

FO3 40,904,536 39,423,340 64,900 5,791 147.33 180,376 723

LOCO1 48,501,854 46,462,276 66,117 4,796 133.61 169,367 702

LOCO2 45,912,916 44,165,248 61,136 4,742 126.62 159,463 709

LOCO3 47,387,810 45,414,300 65,324 4,939 132.59 167,666 705

LOCOAB1 49,051,030 46,775,560 63,356 2,894 110.96 142,647 676

LOCOAB2 42,311,286 40,324,828 60,475 2,642 102.10 133,164 669

LOCOAB3 43,761,230 41,718,530 58,772 2,824 101.76 131,813 672

The 16S rRNA amplicon sequencing produced 2.95 million reads from the 12 individual samples, ranging
from 212,812 to 292,709 reads for each sample (Table 2). These sequences were delineated into 18,514
OTUs, corresponding to an average of 1,543 OTUs per sample. For community richness and diversity
comparison, alpha diversity parameters were calculated from the proportion of OTUs. The Chao 1 index,
an indicator of microbiota community richness, varied from 1,410 to 2,124. Among the different
treatments, FO and LOCO samples exhibited higher OTUs and Chao1 index values than WT and LOCOAB.
Similarly, Shannon index value was also highest in FO. The Good's coverage estimator of sequencing
completeness ranged from 0.998 to 0.999, indicating high species coverage within the samples.
Additionally, the species accumulation curve appeared to �atten after 8, indicating that the number of
samples was su�cient to re�ect the species abundance (Fig. S2A). LOCO samples showed the widest
and smoothest curve in rank abundance analysis, indicating the highest species richness and,
concomitantly, the species uniformity among sample groups (Fig. S2B). Species richness and community
evenness were lowest in the LOCOAB samples.
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Table 2
Summary of the 16S rRNA sequencing data and alpha-diversity indexes of S. olivacea gut

microbiota from wild-caught crabs (WT), crabs fed diet FO, LOCO, or LOCOAB.
Samples No. of reads OTU Shannon Simpson Chao1 Good's coverage

WT1 292,709 1,489 2.85 0.24 1,820 0.999

WT2 268,093 1,482 3.03 0.19 1,822 0.999

WT3 220,682 1,332 2.75 0.25 1,709 0.998

FO1 212,812 1,648 3.92 0.05 1,977 0.998

FO2 244,073 1,746 3.90 0.06 2,019 0.998

FO3 262,948 1,815 4.04 0.05 2,107 0.999

LOCO1 214,435 1,752 3.80 0.08 2,053 0.998

LOCO2 241,125 1,800 3.45 0.14 2,124 0.998

LOCO3 247,755 1,874 3.75 0.10 2,123 0.999

LOCOAB1 264,262 1,214 3.38 0.10 1,440 0.999

LOCOAB2 217,363 1,144 3.29 0.11 1,410 0.999

LOCOAB3 261,232 1,218 3.42 0.09 1,462 0.999

The PCoA and NMDS analyses of beta-diversity were performed to visualize the differences in bacterial
communities among samples (Fig. 1A and 1B). Principal component 1 (PC1) and PC2 accounted for
72.34% and 17.38% of the composition variance, respectively, re�ecting the dissimilarity in the bacterial
community composition among different dietary groups. Additionally, the hierarchical clustering tree
showed a clear distinction among these groups while the replicates within each group are consistently
grouped (Fig. 1C). The Venn diagram showed 684 shared OTUs among the four groups and 389, 133,
165, and 153 unique OTUs within the WT, FO, LOCO, and LOCOAB groups, respectively (Fig. 1D).
Treatments FO and LOCO shared the highest number of OTUs (1,762), followed by WT and FO (1,245),
WT and LOCO (1,231), and lastly, LOCO and LOCOAB (1,166).

Gut Microbiota Taxonomic Composition
At the phylum level, Proteobacteria (21.8-57.4%), Firmicutes (11.8-38.8%), Bacteroidota (2.7-32.0%),
Fusobacteriota (1.3-11.1%), and Tenericutes (0.3-52.2%) were the core groups in all types of samples,
accounting for 86.2% of the total reads (Fig. 2A and 2B). The phylum Tenericutes was reclassi�ed into
the Bacilli class of Firmicutes following the SILVA database and therefore, not annotated in the 16S rRNA
amplicon analysis. The WT microbiota samples were dominated by Firmicutes and Tenericutes, while in
FO samples, Proteobacteria and Fusobacteria were the most abundant. Proteobacteria also dominated
the LOCO microbiota, while for diet LOCOAB treatment, Bacteroidota, Proteobacteria, and Spirochaetota
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were most abundant. Experimental diets treatment reduced the abundance of Firmicutes and Tenericutes,
increasing the proportion of Proteobacteria, Fusobacteria, Bacteroidota, Spirochaetota, and
Campylobacterota, respectively. The microbiota of LOCO treatment showed a higher Proteobacteria,
Firmicutes, and Tenericutes, and lower Bacteroidota, Fusobacteria, Spirochaetota, and Campylobacterota
abundance as compared to diet FO. Treatment with diet LOCOAB lowered the abundance of
Proteobacteria, Firmicutes, Tenericutes, and Fusobacteria, while Bacteroidota and Spirochaetota
increased.

The Proteobacteria phylum was mainly represented by Gammaproteobacteria, predominantly from the
Vibrionaceae family (Fig. S3 and S4). Fusobacteria in the FO microbiota was represented by the
Fusobacteriaceae family from the Fusobacteriia class. In WT samples, the Entomoplasmatales Incertae
Sedis family of Bacilli class was predominant in Firmicutes, and the Mycoplasmataceae family of
Mollicutes class was most abundant among Tenericutes. Within the Bacteroidota, the Marinilabilaceae
and Prolixibacteraceae families dominated the LOCOAB microbiota. At the genus level, both the 16S and
shotgun datasets showed the dominance of Candidatus Hepatoplasma in the WT microbiota (Fig. 2C
and 2D). Compared to animals fed experimental diets, there was a reduction in Candidatus
Hepatoplasma, alongside Mycoplasma, Photobacterium, Spiroplasma, Paraclostridium, Bacillus, and
Hypnocyclicus in the microbiota of experimentally fed animals. In contrast, the abundance of Vibrio,
Sediminispirochaeta, Sunxiuqinia, Ruegeria, Arcobacter, Malaciobacter, and Carboxylicivirga was
elevated. In diet LOCO, Vibrio, Candidatus Hepatoplasma, Shewanella, and Ferrimonas showed higher
abundance than diet FO, while the abundance of Sediminispirochaeta, Carboxylicivirga, Sunxiuginia,
Psychrilyobacter, Arcobacter, Malaciobacter, Propionigenium, and Halarcobacter was lower. For a more in-
depth comparison between diet LOCO and LOCOAB, the Statistical Analysis of Metagenome Pro�les
analysis was carried out (Fig. S5). In LOCOAB samples, genera such as Vibrio, Candidatus Hepatoplasma,
Ruegeria, Shewanella Mycoplasma, Spiroplasma, Photobacterium, and Psychrilyobacter were reduced,
while Sediminispirochaeta, Carboxylicivirga, Sunxiuqinia, and Oceanispirochaeta were elevated.

Supervised comparisons by LEfSe (LDA > 4.0) were also conducted to provide an overview of differences
in taxonomic pro�les for all dietary treatments (Fig. 3). The analysis identi�ed 50 differentially abundant
taxa ranging from the phylum to OTU level (12 in WT; 16 in FO; 7 in LOCO; 15 in LOCOAB).

S. olivacea Gut Microbiota Functions

A total of 84.4% of the unique gene sets from all microbiota samples were assigned into functional
groups (Table S4). These genes were further annotated to 44 pathways at KEGG level 2, with the highest
enrichment in global and overview maps (25.4%), followed by carbohydrate (8.3%) and energy (5.2%)
metabolisms (Fig. S6). The relative composition of these three categories at KEGG level 3 is illustrated in
Fig. S7.

A heatmap with normalized values of functional abundance was illustrated to compare the enriched level
2 categories between the four sample groups (Fig. 4A). The WT crab microbiota showed a higher relative
abundance of nucleotide metabolism, transcription, translation, folding, sorting and degradation,
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replication and repair, and signaling molecules and interaction pathways. The microbiota of crabs fed
experimental diets were enriched in global and overview maps, numerous metabolisms including lipid,
amino acid, other amino acids, cofactors and vitamins, terpenoids and polyketides, and biosynthesis of
secondary metabolites. Among the experimental diets, LOCO resulted in enrichment in cell motility,
cellular community-prokaryotes, membrane transport, signal transduction, and xenobiotics degradation
and metabolism. For diet LOCOAB, highest abundance of global and overview maps, and metabolisms of
major nutrients were obtained. In addition, the metagenome gene sets were also mapped against the
Comprehensive Antibiotic Resistance Database (CARD) to determine the occurrence of antibiotic
resistance genes (ARGs) in the S. olivacea gut microbiota (Fig. S8). We recovered ARGs from 15 main
families, corresponding to seven drug mechanisms in CARD.

In relevance to the main objective of this study, a heatmap illustration to compare the KEGG Level 3
categories within lipid metabolism between dietary treatments was built (Fig. 4B). Feeding crabs with
experimental diets enriched various lipid metabolism pathways, including fatty acid biosynthesis and
fatty acid degradation. Compared to diet FO, pathways on fatty acid degradation, synthesis and
degradation of ketone bodies, glycerophospholipid metabolism, ether lipid metabolism, linoleic acid
metabolism, arachidonic acid metabolism, and biosynthesis of unsaturated fatty acids were enriched in
the LOCO microbiota. Concomitantly, diet LOCOAB lowered the abundance of these functions while
causing an increase in sphingolipid metabolism, steroid hormone biosynthesis, fatty acid elongation, and
fatty acid biosynthesis.

Within lipid metabolism, the fatty acid biosynthesis and biosynthesis of unsaturated fatty acids are key
pathways towards the biosynthesis of LC-PUFA. Numerous genes encoding for the enzymes are present
in both pathways (Fig. S9 and S10). There was an increase in the abundance of several sequences
assigned to the KEGG function biosynthesis of unsaturated fatty acid in diet LOCO treatment. Among
these are acyl-CoA oxidase, stearoyl-CoA desaturase, and acyl-coenzyme A thioesterases, which were also
impeded in diet LOCOAB (Table S5). Conversely, there was higher abundance of fatty acid biosynthesis
genes in the microbiota of LOCOAB treatment. The complete pathways for acetate and butyrate
formation and a partial propionate pathway are present in S. olivacea gut microbiota (Fig. S11-S13).
Heatmap analysis showed the LOCOAB treatment increased the function of short-chain fatty acids
(SCFAs) production as compared to LOCO treatment (Fig. 4C).

In terms of bacteria taxa, genes involved in lipid metabolism were mostly contributed by Proteobacteria
and represented by the families Vibrionaceae, Rhodobacteraceae, and Shewanellacea (Fig. 5A). At the
genus level, lipid metabolism in WT microbiota was contributed by Vibrio, Shewanella, and Clostridium
(Fig. 5B). In diet LOCO, the Ruegeria and Shewanella genera contributed higher towards lipid metabolism
as compared to diet FO. While diet LOCOAB did not affect the contribution levels of these two genera,
there was an increase in contribution from Vibrio, Arcobacter, Clostridium, and Bacteroides.

Several marine species, in particular Shewanella and Vibrio, can synthesize PUFA de novo through an
anaerobic route, using the fatty acid synthase/polyketide synthase (FAS/PKS)-like enzyme system [40,
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41]. The gene cluster encoding this system consists of four ORFs, represented by the pfaABCD genes [42].
Since this pathway is not included in the KEGG database, we examined the S. olivacea gut shotgun
metagenomic data sets for the diversity and distribution of the keto-acyl synthase (KS) domain harbored
within the pfaA homolog. The KS sequences recovered in this study form a large monophyletic clade with
known KSs from Vibrio, Shewanella, and Photobacterium, showing conservation of the KS domain across
species (Fig. 6). A total of 362 KS sequences were recovered, with 36, 135, 127, and 64 sequences from
WT, FO, LOCO, and LOCOAB samples, respectively. Therefore, in contrast to SCFAs pathways, the inclusion
of oxolinic acid impeded the PKS pathway in S. olivacea.

In hepatopancreas, the highest levels of DHA were obtained with diet FO (Table S6). Diet LOCO resulted in
the deposition of α-linolenic acid, ALA and linoleic acid, LA, and also some known intermediates of the
LC-PUFA biosynthesis pathway such as 18:4n-3 and 22:5n-3, which implies some degree of LC-PUFA
biosynthesis. Interestingly, despite having the same lipid level and fatty acids pro�le, the percentage of
ALA and LA were signi�cantly higher in diet LOCOAB. Crabs fed diet FO also have the highest deposition
of all three LC-PUFA in muscle tissue. There was no signi�cant difference in LC-PUFA levels between diet
LOCO and LOCOAB.

Discussion
Regardless of treatment, Proteobacteria, Firmicutes, Bacteroidota, Fusobacteriota, and Tenericutes are the
main phyla in S. olivacea gut microbiota, paralleling previous studies in Scylla and Chinese mitten crab
inventories [43–45]. As facultative or obligate anaerobes, the consumption of oxygen within the gut by
Proteobacteria contributes to an anaerobic environment, which facilitates the proliferation of strict
anaerobes [46]. Firmicutes and Bacteroidota are known to participate in carbohydrates and
polysaccharides digestion [20, 47]. Members of the Fusobacteriota were implicated in synthesizing
vitamins and fermentation of amino acids [48, 49]. The prevalence of Tenericutes in the vertebrate
microbiota is linked to polysaccharides digestion [50, 51]. Similar to previous �ndings in crabs, the main
bacteria groups in wild-caught S. olivacea are Tenericutes and Firmicutes [43, 52]. Candidatus
Hepatoplasma, the predominant genus in the wild crabs in this study, is attributed to adaptation towards
limited food availability in S. paramamosain [43]. In the isopod intestinal tract, this genus conferred a
higher host survival rate during food scarcity [53]. We also observed lower proportions of Firmicutes,
Tenericutes, and Candidatus Hepatoplasma in crabs maintained by the experimental diets. From a dietary
perspective, this alteration could be due to a higher intake of dietary lipid as compared to the wild-caught
crabs.

The highest bacteria diversity index observed in the microbiota of treatment FO associates high dietary n-
3 LC-PUFA intake with gut microbiota diversity. The microbiota community in S. paramamosain and P.
vannamei were more diverse with FO-based diet than soybean oil-based diet treatment [20, 44]. In the �sh
intestine, dietary n-3 LC-PUFA was reported to reverse microbial dysbiosis by inhibiting pathogenic
bacteria, allowing the proliferation of healthy bacteria [54–56]. Higher gut microbiota diversity was also
reported in transgenic animals with high tissue n-3 PUFA content phenotype [57, 58]. A recent study on S.



Page 11/25

serrata microbiota diversity reported no signi�cant difference between wild-caught and farmed crabs [52].
However, this could be due to the use of trash �sh in farms, which may have a similar lipid pro�le with the
natural prey consumed by wild crabs.

Compared to diet FO, there was an apparent spike in the abundance of Proteobacteria, mainly represented
by the Vibrio genus, in the microbiota of crabs fed diet LOCO. In a marine �sh fed vegetable oil (VO)-rich
diet, a higher proportion of Vibrio in the intestine microbiota was reported [55]. The gut microbiota pro�les
of several farmed decapod species also highlighted the dominance of this genus [59]. Although Vibrio
can be pathogenic, gut Vibrio can confer bene�cial effects on the host through the secretion of bene�cial
digestive enzymes [60]. In swimming crabs, high dietary lipid levels also induced the relative abundance
of Proteobacteria and Vibrio [61]. It is worth noting that crab-fed diet LOCO also displayed a higher
abundance of another Proteobacteria representative, the Shewanella genus. Pertinent to our main
objective, these two genera are known to possess PUFA-biosynthesis capacity [40, 62–64]. Therefore, we
showed for the �rst time the increased abundance of two known PUFA biosynthesis bacteria genera in
the microbiota of Scylla mud crabs fed a diet with limited LC-PUFA but higher availability of C18 PUFA,
which are substrates for LC-PUFA biosynthesis.

In addition to taxonomy pro�ling of bacterial communities, we assessed major shifts in the function of
crabs microbiota of different dietary treatments. The prominence of global and overview maps,
carbohydrate, amino acid, and carbohydrate metabolisms in our samples paralleling the observation in
white shrimp Litopenaeus vannamei [59]. We also observed a higher abundance of sequences related to
genetic information processing and nucleotide metabolism in wild-caught crabs compared to those that
underwent the feeding trial, which could indicate higher stress conditions in natural habitats. In tandem,
the enrichment of global and overview maps and the pathways for various metabolisms such as lipid,
amino acid, other amino acids, cofactors and vitamins, terpenoids and polyketides, and biosynthesis of
secondary metabolites in experimentally fed crabs suggested optimal provision of dietary energy, protein,
and lipid. The higher dietary lipid intake in experimentally fed crab provides the substrates for higher lipid
metabolic activities, which are crucial to supply hydrophobic components of the cell membrane and the
generation of cellular energy [65, 66].

We demonstrate that diet LOCO resulted in the highest abundance of genes encoding for fatty acid
biosynthesis and biosynthesis of unsaturated fatty acids within the Scylla gut microbiota. This trend is
correlated with an increase in contribution towards lipid metabolism by Shewanella and Ruegeria. The
biosynthesis of fatty acids from acetyl-CoA through the type I or type II FAS system will be preceded by a
series of condensation, reduction, dehydration, and reduction reactions, leading to the formation of long-
chain fatty acids [63]. Besides the two above-mentioned pathways, our results showed an increase in
pathways related to SCFAs production in crabs fed diet LOCO as compared to diet FO treatment. In the
gut, non-digestible carbohydrates are fermented into SCFAs, primarily acetate, propionate, and butyrate.
These SCFAs can act as precursors for hepatic desaturation and elongation activities for further
conversion to LC-PUFA [67]. Signi�cant hits matching the KS domain were also obtained from FO or
LOCO-fed S. olivacea metagenome datasets, indicating enrichment of the PKS-like pathway. This
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alternative LC-PUFA biosynthesis pathway was initially discovered in marine microorganisms and
subsequently reported to be widespread in prokaryotes from various niches, including intestinal
microbiota [40, 68, 69]. The number of KS sequences detected in our samples is noticeably higher than
those obtained from environmental metagenomes [70], which supports the speculation that aquatic
animals' guts are hotspots for LC-PUFA biosynthesis. The higher abundance of genes encodings for the
PKS-pathway functions in diet LOCO treatment is associated with the higher composition of Shewanella
and Vibrio, two known genera with the capacity for EPA and DHA biosynthesis through the PKS system
[40, 41]. Overall, our results suggest elevated abundance in genes related to various pathways for LC-
PUFA biosynthesis in S. olivacea fed diet LOCO.

Oxolinic acid, a broad-spectrum antibiotic commonly used in aquaculture [71], was utilized in this study
as a non-invasive and unbiased approach to hypothetically impede the proliferation and function of gut
bacterial with a role in LC-PUFA biosynthesis. A similar approach was used to limit the contribution of
microbiota bacterial groups with speculated roles in lipid metabolism [67, 69]. We observed a reduction in
gut microbiota diversity in S. olivacea fed diet LOCOAB, consistent with previous �ndings [69, 72]. There
was a reduction in the proportion of Proteobacteria, caused mainly by a decrease in Vibrio and
Shewanella. In contrast, oxolinic acid promoted the proliferation of the phyla Spirochaetota and
Bacteroidota, which were represented by Sediminispirochaeta, Carboxylicivirga, and Sunxiuginia. Function
wise, the inclusion of oxolinic acid impeded the recovery of gene sets from several lipid metabolism
pathways, including biosynthesis of unsaturated fatty acids and PKS pathway. However, higher
abundance of sequences for SCFAs synthesis, primarily acetate and butyrate, were obtained. This
increase could be associated with the abundance of Bacteroidota, a known acetate producer in the
microbiota [73].

In Chinese mitten crab, the gut microbial community in�uences the host fatty acid composition [74].
Elsewhere, PUFA-biosynthesizing zooxanthellae symbionts were shown to affect the LC-PUFA
composition of their respective coral hosts [75, 76]. Therefore, we relate the compounding changes in
structure and function of S. olivacea microbiota fed the different experimental diets to their respective
hepatopancreas and muscle PUFA composition. We found lower LC-PUFA content in hepatopancreas and
muscle of crab fed diet LOCO or LOCOAB as compared to diet FO. This reiterates previous �ndings on the
fatty acid pro�les of mud crabs fed VO-based diets [77, 78]. Therefore, the LC-PUFA biosynthesis activities
driven by the in vivo enzymatic capacity of S. olivacea or gut bacterial communities in the VO-based diets
are unable to produce tissue deposition levels of LC-PUFA which are comparable to diet FO. Despite
metagenome datasets showing a reduction in the composition of Vibrio and Shewanella, and several
unsaturated fatty acids biosynthesis activities in the microbiota of crab fed diet LOCOAB, there was no
signi�cant reduction in levels of muscle LC-PUFA when compared to the values of LOCO treatment. As
aforementioned, there was an increase in the function of SCFAs production within the microbiota of
LOCOAB crab, which could be a source of LC-PUFA for the host. Secondly, although the composition of
Proteobacteria and Vibrio were reduced in the microbiota of LOCOAB treatment, these two groups still
occupied a signi�cant proportion of the overall microbiota diversity and therefore, might still contribute in
terms of LC-PUFA biosynthesis. In sesarmid crabs, antibiotic treatment did not result in a signi�cantly



Page 13/25

lower level of DHA, presumably due to incomplete removal of gut bacteria [69]. Additionally, the
possibility of representatives from the phylum Bacteroidota contributing to LC-PUFA biosynthesis could
not be ruled out. The persistence of EPA and ARA in the muscle tissues of LOCOAB crabs could also be
due to the lower utilization of these PUFAs as substrates for eicosanoid production. This reason is
partially supported by the observed decrease in arachidonic acid metabolism in the metagenome dataset
from LOCOAB. Lastly, the lack of molting observed in LOCOAB crabs during the whole feeding trial could
also mean the conservation of LC-PUFA in tissues [79].

Conclusion
Overall, our study shed light on the LC-PUFA biosynthesis activities within the gut microbiota of S.
olivacea. The microbiota of crabs with high C18 PUFA and limited LC-PUFA intake showed an increase in
Vibrio and Shewanella, which are known for LC-PUFA biosynthesis, alongside an increase in various lipid
metabolism pathways. Although the use of an antibiotic-supplemented experimental feed did not lower
the deposition of LC-PUFA in crab muscle, changes within the bacterial taxa groups and several lipid
functions suggest some degree of persistency in LC-PUFA biosynthesis activities. Taken together, these
�ndings showed the effect of dietary PUFA intake on the microbiota composition, accentuating a
contribution by gut microbiota in LC-PUFA biosynthesis activities.
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Figure 1

The bacterial community composition and relatedness of S. olivacea gut microbiota from wild crabs
(WT); �sh oil (FO); linseed oil and corn oil (LOCO); and linseed oil, corn oil and oxolinic acid (LOCOAB)
samples. (A) Principal coordinate of the weighted UniFrac distance and (B) non-metric multidimensional
scaling of the Bray-Curtis distance analyses of the OTUs. (C) Unweighted pair group method with
arithmetic mean clustering tree of the OTUs. (D) Venn diagram showing the number of shared and unique
OTUs among different crab samples. 
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Figure 2

The composition of gut microbiota in S. olivacea from wild crabs (WT); �sh oil (FO); linseed oil and corn
oil (LOCO); and linseed oil, corn oil and oxolinic acid (LOCOAB) samples. Phyla analyzed by (A) 16S rRNA
amplicon and (B) shotgun metagenomic sequencing. Genera analyzed by (C) 16S amplicon and (D)
shotgun sequencing. Phyla with percentage value of less than 0.1% are included in "Others", and only the
top 15 highly abundant genera are shown. 
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Figure 3

The linear discriminant analysis EffectSize analysis displaying the differences in gut microbiota of S.
olivacea. (Red) taxa enriched in wild crabs (WT); (green) taxa enriched in �sh oil (FO); (blue) taxa enriched
in linseed oil and corn oil (LOCO); and (purple) taxa enriched in linseed oil, corn oil and oxolinic acid
(LOCOAB) microbiota. 
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Figure 4

Heat map representing (A) KEGG level 2 pathways in cellular processes, environmental information
processing, cellular information processing and metabolism pathways, (B) level 3 pathway in lipid
metabolism, and (C) pathway related to short-chain fatty acids production of S. olivacea gut
metagenomes. The colour code indicates relative abundance, with higher and lower abundance marked
by red and blue, respectively. 
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Figure 5

The contribution of S. olivacea gut microbiota to KEGG level 2 lipid metabolism at (A) phyla, families and
(B) genera levels. The phyla and families distributions were determined based on average from 12
metagenomes. The relative abundance of genera was determined by dividing the abundance of genera
annotated to lipid metabolism by the total bacterial abundance. 
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Figure 6

Maximum likelihood phylogenetic tree of keto-acyl synthase (KS) protein sequences inferred using
RAxML (GAMMA+VT model, 1000 bootstraps). KSs were aligned using MUSCLE, and the alignments
were trimmed using trimAl (v1.2). The best model for the amino acid alignment was evaluated using
ProTest (v3.4.2) based on Akaike criterion. The Saccharopolyspora erythraea EryAI KS sequence was
used as the outgroup. The phylogenetic tree was edited using the Interactive Tree of Life
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(http://itol.embl.de). Sequences from WT, FO, LOCO and LOCOAB samples are indicated by red, blue,
orange, and green strips, respectively. Reference strain sequences are shown in bold and bootstrap values
≥ 90 are indicated by dots.
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