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ABSTRACT  Antarctic krill (Euphausia superba) plays crucial roles in the Southern Ocean
biological system, yet the ecological functions of their gut microbiota remain poorly
understood. The study investigated the composition and diversity of the gut microbiota
in E. superba using 16S rRNA gene sequencing, revealing a highly diverse and tissue-
specific microbiota. Further investigation through direct metagenomics and culture-
enriched metagenomics identified 12 metagenome-assembled genomes (MAGs), which
might represent novel species based on their phylogenetic positions, average nucleotide
identity (ANI), average amino acid identity (AAl), and relative evolutionary divergence
(RED) values. These MAGs were grouped into two distinct clusters according to their
completeness of metabolic modules. Although MAGs in cluster 2 showed lower read
relative abundance compared to those in cluster 1, they exhibited a greater number
of amino acid synthesis modules. The synthesis of glutathione, heme, ubiquinone,
vitamins, and betaine by MAGs suggested potential roles in enhancing survival of E.
superba in extreme environment. Moreover, the functional genes in the 12 MAGs had
abundant transcripts indicating they exhibited high metabolic activity in the E. superba
gut microbiota. These findings shed new light on the metabolic contributions of gut
microbiota in E. superba.

IMPORTANCE This study provided a comprehensive characterization of the gut
microbiome of Euphausia superba, revealing its diverse and functionally distinct
microbial community. Furthermore, 12 metagenome-assembled genomes (MAGs)
representing novel species were successfully identified. The metabolic analysis
demonstrated that these microbes contribute to host nutrient acquisition by synthesiz-
ing essential amino acids and vitamins. The identification of antioxidant and osmoregu-
latory compound synthesis modules suggested that gut microbiota might facilitate the
survival of E. superba in the harsh Antarctic environment. Those findings elucidated the
host-microbe interactions in polar marine ecosystems and provided new insights into
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he Antarctic krill (Euphausia superba), an endemic species of Antarctica with 300-500

million tons, is recognized as the largest biomass of wild animals on Earth (1). The
E. superba plays a crucial role in the Southern Ocean ecosystem, serving as a primary Received 14 March 2025
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primary producer-consumer link in the Southern Ocean food web, E. superba facilitates
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carbon-rich, and rapidly sinking fecal pellets are crucial for the sequestration of carbon
in the deep ocean. In highly productive regions such as the marginal ice zone, these
pellets account for 17%-61% of the total carbon flux (6). Recent studies have highligh-
ted the complex interactions between E. superba populations and their environment,
particularly in the context of climate change (7, 8).

E. superba harbors a diverse and complex microbial community, forming a stable
symbiotic network that constitutes a unique microecosystem. Studies have shown that
the bacterial communities in different tissues of E. superba exhibit significant specificity,
reflecting dynamic interactions with host (9). Furthermore, the composition and diversity
of microbial communities are distinct from the surrounding environment, indicating that
E. superba harbors specialized microbiota (9). These microbial communities also exhibit
spatial structuring influenced by geographical distance, suggesting that environmental
factors might shape microbial composition (10). Recent research has revealed that
the gut microbiota in E. superba likely play significant roles in nutrient acquisition by
enriching the host hydrolytic enzyme repertoire (11). Moreover, microbial isolates from
E. superba are identified, revealing their ability to produce antimicrobial and cytotoxic
compounds (12). Additionally, the Brucella sp. strain (WY7) and Pseudoalteromonas sp.
WY3, both isolated from E. superba, could contribute to the host survival through
secondary metabolite production (13, 14). However, the metabolic characteristics of E.
superba gut microbiota remain largely unexplored, particularly in understanding how
they assist the host in adapting to extreme environment.

During the 2022 Antarctic expedition aboard the Xue Long 2, a large number of E.
superba were successfully collected in the Southern Ocean, aiming to investigate their
gut microbiome. The study revealed the microbial diversity and identified the dominant
phyla in the E. superba gut microbiota. In total, 12 metagenome-assembled genomes
(MAGs) classified into these dominant phyla were identified, which might represent
novel species based on their unique evolutionary indices. Furthermore, these MAGs
were grouped into two distinct hierarchical clusters based on the completeness of
metabolic modules. Microbes appeared to contribute to the host metabolism, potentially
supplying amino acids and vitamins for E. superba. Additionally, microbes in both clusters
were involved in the synthesis of glutathione, heme, and ubiquinone functioned as
antioxidants that could help E. superba mitigate oxidative stress in harsh environmen-
tal conditions. Further metatranscriptomic analysis confirmed the active presence of
these 12 dominant bacterial species in the E. superba gut microbiota. By exploring the
metabolic characteristics of these microbes, the findings improved understanding of
specific diversity of the gut microbiota and shed light on the metabolic contributions of
these microbes to E. superba.

MATERIALS AND METHODS
Sample collection and sequencing

E. superba specimens were collected from the Southern Ocean (46.25°E, 66.60°S) by
the Xue Long 2 in February 2022 (Fig. 1A). The samples were rinsed with double-distil-
led water (ddH,0) and immediately preserved at —80°C onboard. Fifteen E. superba
were further processed in the laboratory by washing with ddH>O, dissecting under a
microscope, and rapidly excising the intestines. Among these, eight intestine samples
were finely chopped and ground into a powder in a sterile mortar using liquid nitrogen
for subsequent metagenomic analyses. Four intestine samples were pooled, homogen-
ized, and evenly distributed into three seawater bacterial culture media (Zobell Marine
Agar, Marine Agar 2216E, and Marine SC Medium) for a two-week incubation at 4°C. After
incubation, colonies were harvested from each plate for culture-enriched metagenomic
analyses (Fig. 1B).

Total DNA was extracted from these samples using the CTAB method and purified
with the Qiagen Genomic-tip 100/G kit (Qiagen, USA). The DNA quality was assessed by
gel electrophoresis, and the quantity was measured using a Qubit 2.0 Fluorometer (Life
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FIG 1 Sample location and schematic illustration of the study design. (A) The Antarctic krill (Euphausia superba) collected from the Southern Ocean (46.25°E,
66.60°S) by the Xue Long 2 in February 2022. (B) E. superba intestines extracted in the laboratory and subsequently used for 16S rRNA gene amplicon sequencing
to analyze microbial composition and networks, as well as for metagenomic and cultivation-based genomic analyses to investigate ecological functions of
metagenome-assembled genomes (MAGs).

Technologies, USA). High-quality DNA (1 pg per sample), from eight intestines and three
culture-enrichment samples, was prepared for whole-genome sequencing (WGS)
libraries using the MGIEasy Universal DNA Library Prep Set (MGI, China) and then
sequenced on the MGI2000 platform with PE x 150 bp to generate ~100 Gb per library.

The V4 regions of the 16S rRNA genes from eight intestine samples were amplified
with universal primers 515F (5'- GTGCCAGCMGCCGCGGTAA-3’) and 806R (5-GGACTAC
HVGGGTWTCTAAT-3’) to characterize the microbial composition. Libraries for 16S rRNA
gene amplicons were prepared using the TruSeq Nano DNA LT Kit (lllumina, USA) and
sequenced on the Illumina MiSeq platform with PE x 250 bp. The total RNA was isolated
from three other E. superba intestines and used to construct cDNA libraries with the
MGIEasy RNA Library Prep Set (MGI, China). Three cDNA libraries were sequenced on the
lllumina platform with PE x 150 bp to generate ~50 Gb, respectively.

Microbial composition and network analyses

The 16S rRNA genes amplicon was processed using QIIME2 pipeline (15). The amplicon
sequence variants (ASVs) were classified using SILVA_138 database (16), excluding those
associated with chloroplasts, mitochondria, and eukaryotes. The ASVs that appeared in
more than 20% of the samples and had more than four counts in those samples were
retained using Python (v3.8) script. The retained ASVs were utilized to assess microbial
composition and diversity indices (ACE, Fisher, Shannon, and Simpson) in the E. superba
gut microbiota. The 16S rRNA genes amplicon data from other tissues and the surround-
ing environments, previously reported in earlier studies, were re-analyzed using QIIME2
following the same processing pipeline (9). Then, the number of ASVs was normalized
for further comparative analyses. The matrix of co-occurrence correlations for the ASVs
was computed using psych package in R. These matrix values were imported into Gephi
(v0.10.1) to construct a microbial community network, leveraging the built-in diversity
analysis features (17).
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Metagenome assembly genomes and abundance profiling

The WGS reads from eight intestine samples underwent filtration to exclude the E.
superba genome sequences using the BWA (v0.7.17) with default parameters (18). The
host-deleted WGS, along with reads from three culture plates, were filtered using Fastp
(v0.22.0) with parameters ‘f 4 -F 4 -w 24 -c -q 20 -u 20-3 -1 50’ (19). The filtered reads were
then assembled using MEGAHIT (v1.2.9) with the settings ‘-min-contig-len 1000 --presets
meta-sensitive’ (20). The MetaWRAP (v1.2.1) facilitated the selection of MAGs with a
completeness threshold above 50% and contamination below 10% ('-c 50 -x 10’) (21). The
CheckM (v1.2.2) was employed to assess the completeness and contamination of these
MAGs (22). The taxa of MAGs were classified using the GTDB-Tk (v1.0.2) with default
settings (23). The MAGs were deduplicated using dRep (v3.2.2) with a 95% identity
threshold (24). Those direct metagenomic reads were mapped to MAGs using the BWA
(v0.7.17) with default parameters (18). Then, the read relative abundance of each MAG in
eight WGS data was calculated using CoverM (v0.6.1) with the -m relative_abundance’
option (https://github.com/wwood/CoverM).

Functional annotations and transcripts

The open reading frames (ORFs) from 12 MAGs were predicted using Prokka (v1.12)
(25). Functional annotation of ORFs was performed by searching Kyoto Encyclopedia
of Genes and Genomes (KEGG) and evolutionary genealogy of genes: Non-supervised
Orthologous Groups (eggNOG) database with e-value <1e-5. The hydrolytic enzymes
were identified through the carbohydrate-active enzymes (CAZy) database, employing
the HMM, dbCAN_sub, and DIAMOND methods with default settings (26). Meanwhile,
the KO number of E. superba genome was from our previous study (7). The com-
pleteness of material synthesis modules was assessed using the module-based results
from KEGG MAPER (https://www.kegg.jp/kegg/mapper/). The hierarchical clusters and
principal component analysis (PCA) were performed based on the completeness of
metabolic modules using Euclidean method in vegan package of R. The total mRNA
sequencing data were also filtered using the Fastp (v0.22.0) under ‘-w 24 -| 50’ (19). The
expression level of functional genes from 12 MAGs was estimated by transcripts per
million (TPM) values using CoverM (v0.6.1) with the '-m TPM’ option (https://github.com/
wwood/CoverM).

Phylogenetic distance analysis

A total of 106 Enterobacterales, 72 Pseudomonadales, 19 Rhodobacterales, 17 Actinomy-
cetales, and 4 Pirellulales from the Genome Taxonomy Database (GTDB) were undertaken
for phylogenomic analysis (Table S1). The 43 conserved aligned protein sequences
in these genomes were screened by CheckM (v1.2.2) (22), and trimmed using trimAl
(v1.4) with -automated1’ parameters, respectively (27). The trimmed sequences of 43
conserved aligned proteins were concatenated and utilized to construct the phyloge-
nomic tree using the IQ-TREE (v1.6.12) with maximum likelihood method (-m MFP -bb
1000 -alrt 1000’) (28). The phylogenomic trees facilitated the estimation of average
nucleotide identity (ANI) and amino acid identity (AAl) between 12 gut and related
MAGs using FastANI (v1.34) with “-minFraction 0.5" (29) and CompareM (v0.1.2) (-e 1e-5
--sensitive’) (https://github.com/dparks1134/CompareM), respectively.

RESULTS AND DISCUSSION
Microbial composition and diversity

A total of 2,651 ASVs were initially collected during the analysis. After applying rigorous
data filtration processes, 243 ASVs were retained for subsequent microbial community
and diversity analyses. Rarefaction curves showed that the number of ASVs reached
plateaus in all the samples, indicating that nearly all microbial species present in the
E. superba gut microbiota were captured (Fig. S1). In comparison to previous study, the
gut microbiota in E. superba harbored a significantly greater number of species than
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those identified in other sources, such as the stomach, feces, molt, digestive gland, and
environmental water (Wilcox-test, P < 0.05), underscoring the tissue-specific variation in
microbial composition (Fig. S2) (9). Diversity indices (ACE, Fisher, Shannon, and Simpson)
further revealed the richness and evenness of the E. superba gut microbiota, highlighting
the diverse gut microbial ecosystem (Fig. 2A). These tissue-specific microbial profile
and elevated diversity suggested that the E. superba possessed unique gut microbiota,
potentially shaped by the physiological requirements of the host.

The gut microbial communities of E. superba were predominantly composed of
Proteobacteria, Bacteroidota, Firmicutes, Planctomycetota, Campylobacterota, Actino-
bacteriota, Cyanobacteria, Desulfobacterota, Verrucomicrobiota, Chloroflexi, Acidobac-
teriota, Deinococcota, and Patescibacteria. These phyla except for Patescibacteria were
also identified as the core microbiome in the E. superba gut microbiota (Fig. 2B; Fig. S3).
Proteobacteria accounted for 30.7% of the E. superba gut microbiota, consistent with
their widespread dominance in marine ecosystems. This predominance highlighted the
significance of Proteobacteria in the E. superba gut, likely attributed to their metabolic
versatility and adaptation to the nutrient-rich environments (30). Other bacterial phyla,
including Bacteroidota, Firmicutes, and Actinobacteriota, also showed abundance in
other tissues, highlighting their prominence in the E. superba microbiomes (9, 10).
High abundances of Proteobacteria, Bacteroidetes, Firmicutes, and Actinobacteriota
were observed in the gut microbiome of marine mussels, playing key roles in energy
storage during dietary stress and food scarcity (31). The Proteobacteria and Bacteroidota
were also found to predominate in the Antarctic sponges microbiomes, regardless of
their specific habitat (32). The predominance of Firmicutes had also been reported in
bottlenose dolphins and fermenting sirenians, likely due to their ability to harvest energy
and nutrients from ingested food (33). Therefore, these abundant microbial phyla could
potentially support E. superba to thrive in unique extreme environment by contributing
to essential metabolic pathways.
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FIG 2 Microbial diversity and composition in the E. superba gut. (A) The alpha-index comprising ACE, Fisher, Shannon, and Simpson. * P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001. (B) The gut microbial composition at phylum observed in eight E. superba.
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At the order level, the dominant taxa (>1%) included Pseudomonadales, Bac-
teroidales, Rhizobiales, Flavobacteriales, Campylobacterales, Chloroplast, Pirellulales,
Chitinophagales, Holosporales, Burkholderiales, Peptostreptococcales_Tissierellales,
Bacillales, Enterobacterales, Lachnospirales, Rhodobacterales, Oscillospirales, Sphin-
gomonadales, Rickettsiales, Desulfobulbales, Verrucomicrobiales, Vicinamibacterales,
Entomoplasmatales, Thermales, Planctomycetales, Lactobacillales, and Micrococcales
(Fig. S4A). These orders, known for their roles in nutrient cycling, organic matter
degradation, and secondary metabolite production, suggested that those microbes
might support a range of ecological functions for host. Furthermore, a co-occurrence
network analysis was performed to explore the non-random aggregation patterns of gut
microbial communities in the E. superba (Fig. S4B; Table S2). Analysis of top 200 high-
abundance ASVs revealed significant correlations among 181 microbial nodes, forming
a network with 374 edges (Table S3). The strong interactions between microbial species
(o > 0.8, P < 0.05) supported the presence of complex and interdependent relationships
in the E. superba gut microbiota. The ASVs in the network primarily fall into 12 dom-
inant bacterial phyla, with Proteobacteria accounting for 33.1% of all nodes. Those
findings suggested strong interaction between Proteobacteria and other dominant
phyla, underscoring their role in shaping the gut microbial community structure within E.
superba.

Sequencing and assembly of microbiomes

A total of 575 Gb of WGS data were collected from eight intestine samples, which
included both host-derived and microbial reads. Following quality control and filtration
processes to remove host-derived and low-quality reads, 17 Gb of high-quality reads
were retained for co-assembly, resulting in the generation of 0.75 Gb of contigs for
MAG extraction. The substantial size of the E. superba genome presented considerable
challenges for metagenomic sequencing and data processing, as host-derived reads
frequently constituted the majority of raw sequencing data (7). The obstacle was
particularly pronounced in non-model organisms with large and complex genomes such
as human, where accurately separating microbial reads from holobiont was essential
for reliable metagenomic analysis (34). Therefore, the comprehensive filtering process,
including removal of host-derived sequences and enrichment of microbial reads, was
crucial for improving the accuracy of microbial genome assembly, functional annotation,
and ecological characterization.

To in-depth investigate the E. superba gut microbiota, culture media were used
to enrich microbes. 119 Gb (Zobell Marine Agar), 131 Gb (Marine Agar 2216E), and
138 Gb (Marine SC) WGS data were generated from three culture plates. Following
quality control and filtration to remove low-quality sequences. The filtrated data were
also assembled to result in the generation of 99 Mb, 85 Mb, and 75 Mb contigs
for MAG extraction, respectively. By integrating culture enrichment with sequencing,
culture-enriched metagenomics offered a powerful approach for studying microbiota
(11, 12). The culture-enriched metagenomics had enhanced microbial genome assembly
efficiency and facilitated the identification of new microbial species in human cystic
fibrosis sputum (35). Similarly, culture-enriched metagenomics were performed on hadal
sediment samples in the Mariana Trench to promote genomic understanding of hadal
microbes (36). While culturing enrichment might capture microbes adaptable to specific
media, the combination of multiple culture media, high-throughput sequencing, and
rigorous data processing greatly facilitated a more comprehensive profiling of the gut
microbiota in E. superba.

Microbial genome reconstruction

Despite generating extensive WGS data from eight intestine samples, ~3% of the
total reads mapped to microbial sequences. Only three MAGs were extracted from
direct metagenomics just representing a small fraction of the gut microbiota. Addition-
ally, 13 MAGs representing diverse phyla were recovered from the culture-enriched
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metagenomics, which might selectively enrich specific microbial populations. However,
the combination of direct metagenomics and culture-enriched metagenomics enhanced
the ability to capture a broader and more representative microbes, facilitating more
comprehensive insight into the microbial ecology within the host (35). The 16 MAGs
exhibited a completeness over 50% and contamination below 10%. After deduplication
with 95% identity, 12 MAGs were retained for further analysis (Table 1). According to the
Minimum Information about a Metagenome-Assembled Genome (MIMAG) standards,
three of these MAGs met the criteria for high-quality with completeness exceeding 90%
and contamination below 5%. The remaining MAGs were classified as medium-quality
based on their completeness and contamination (37). The genome sizes of the 12 MAGs
ranged from 1.3 Mb to 4.0 Mb, and their GC content varied between 37.5% and 64.4%.
These metrics reflected the variability in genome sizes and genetic composition across
the different gut microbes in the E. superba.

Homology relationship analysis

Based on the taxonomic classification, 12 MAGs represented three major phyla
commonly found in E. superba gut microbiota, including phyla Proteobacteria (9 MAGs),
Actinobacteriota (2 MAGs), and Planctomycetota (1 MAG) (Fig. 3; Table 1). To determine
the phylogenetic relationships of these microbes, a phylogenomic tree was constructed,
revealing that 12 MAGs clustered into 5 distinct orders (Fig. 3A). Among them, Marini-
blastus euphausia was closely related to Mariniblastus sp011087765 within the order
Pirellulales. Although Arthrobacter euphausia 1 and Arthrobacter euphausia 2 both fall
into the order Actinomycetales, they were positioned distantly in the tree. Arthrobacter
euphausia 1 occupied a single branch, while Arthrobacter euphausia 2 was closely related
to Arthrobacter_A psychrochitiniphilus. Yoonia euphausia 1 and Yoonia euphausia 2, in the
order Rhodobacterales, were clustered together with different branch lengths, forming
distinct evolutionary branch from Yoonia sp002378665. In the order Pseudomonadales,
Halioglobus euphausia 1 was clustered with Halioglobus sp002862985, while Halioglobus
euphausia 2 was closely related to Halioglobus sp002862465, with each located on
separate branches. Furthermore, Psychrobacter euphausia 1 was clustered with Psychro-
bacter fozii, and Psychrobacter euphausia 2 was closed to Psychrobacter aquaticus. While
Psychrobacter euphausia 3 showed a closer phylogenetic relationship with Psychrobacter
sp000586435. Additionally, Psychromonas euphausia and Pseudoalteromonas euphausia,
both in the order Enterobacterales, displayed distinct phylogenetic positions. Psychromo-
nas euphausia was closely related to Psychromonas sp011378715, while Pseudoalteromo-
nas euphausia was closely aligned with Pseudoalteromonas nigrifaciens.

The ANI and AAl values of the 12 MAGs were evaluated based on their phylogenetic
positions (Fig. 3B). Mariniblastus euphausia showed ANI values below 80.1% and AAl
values below 84.3%. The highest ANI values for Arthrobacter euphausia 1 and Arthro-
bacter euphausia 2 were 80.2% and 80.9%, with highest AAl values of 80.4% and 79.0%.

TABLE 1 Information of microbiota metagenome-assembled genomes (MAGs) in E. superba gut

mSystems

ID RED value  Completeness (%) Contamination (%) No. of genes

Genome size (bp)

GC content (%)

Yoonia euphausia 2 0.97 99.3 1.3 3,545
Yoonia euphausia 1 0.97 55.2 0 2,056
Psychromonas euphausia 0.98 51.7 0 1,132
Psychrobacter euphausia 3 0.99 61.1 29 1,491
Psychrobacter euphausia 2 0.99 65.9 8.9 2,028
Psychrobacter euphausia 1 0.99 55.5 35 1,600
Pseudoalteromonas euphausia ~ 0.99 98.9 0.4 3,265
Mariniblastus euphausia 0.98 73.1 1.2 3,279
Halioglobus euphausia 2 0.98 92.0 57 3,009
Halioglobus euphausia 1 0.99 61.7 0.7 1,765
Arthrobacter euphausia 2 0.98 93.7 23 2,610
Arthrobacter euphausia 1 0.99 56.7 0 3,108

3,627,542
2,062,185
1,340,474
1,815,146
2,566,887
1,861,438
3,617,529
4,013,170
3,320,685
1,853,113
2,716,408
3,311,308

54.6
56.1
37.5
42.7
42.3
43.0
39.8
48.5
52.2
53.7
64.4
59.8
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based on genetic distance shown in panel A. (C) The read relative abundance of the 12 MAGs across the 8 WGS data.

Yoonia euphausia 1 and Yoonia euphausia 2 exhibited the highest ANI and AAl values of
80.8% and 85.0%. Halioglobus euphausia 1 achieved ANI and AAl values of 93.7% and
94.0%. Halioglobus euphausia 2 showed highest ANI and AAI values of 81.7% and 94.0%.
Furthermore, Psychrobacter euphausia 1 exhibited highest ANI and AAI values of 93.4%
and 95.1%, while Psychrobacter euphausia 2 showed highest ANI and AAIl values of 85.8%
and 88.5%. Additionally, the ANI and AAI values of Psychrobacter euphausia 3 reached
92.9% and 93.9%. Finally, Psychromonas euphausia recorded highest ANI and AAl values
of 95.9% and 94.8%, while Pseudoalteromonas euphausia showed highest ANI and AAI
values of 96.6% and 97. 9%.

The phylogenetic tree distinctly positioned these MAGs within unique evolution-
ary branches, indicating significant divergence from known species. The phylogenetic
inference was further supported by ANI and AAI values, which demonstrated low
similarity to their related species. In addition, the relative evolutionary divergence (RED)
values measured the divergence between the MAGs and known relatives (Table 1) (38).
Given that these MAGs displayed distinct genetic profiles, occupied separate branches
in the phylogenetic tree, exhibited low ANI and AAI values, and were coupled with
RED values (<1), it was highly plausible that they represented novel species within their
respective genera. This discovery of novel species-level MAGs provided valuable insights
into the taxonomic diversity and functional complexity of the E. superba gut microbiota.

MAG abundance profile in metagenomic data

To further understand the read relative abundance of 12 MAGs in the E. superba gut
direct metagenomic data, the reads mapped to those MAGs were collected (Fig. 3C).
Among the MAGs, Yoonia euphausia 2 exhibited the highest read relative abundance
at 18.6%, following by Psychromonas euphausia (17.6%), Pseudoalteromonas euphau-
sia (12.2%). The read relative abundance of Psychrobacter euphausia 1, Psychrobacter
euphausia 2, and Psychrobacter euphausia 3 were similar, with values of 9.2%, 9.2%, and
9.1%. Mariniblastus euphausia displayed a moderate read relative abundance of 8.9%.
Halioglobus euphausia 2 (6.5%) was more abundant than Halioglobus euphausia 1 (4.1%).
Yoonia euphausia 1 (1.9%) and Arthrobacter euphausia 1 (1.7%) had the lowest abundan-
ces alongside with Arthrobacter euphausia 2 (1.1%). These findings revealed variation
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in the read relative abundance of gut microbes in E. superba, which might reflect their
varying ecological roles.

The high read relative abundance of certain MAGs underscored their ecological
significance within the gut microbiome and suggested that they might play essential
roles in the metabolic and physiological processes to sustain host homeostasis (39,
40). Moreover, abundant microbes often played critical roles in nutrient synthesis, such
as the production of vitamins and amino acids, which were vital for the host growth,
health, and immune functions (41-43). These abundant microbes also established stable,
long-term relationships with the host, co-evolving to fulfill specific ecological roles
(44). Thereby, it could be hypothesized that the high read relative abundance of MAGs
might be correlated with their critical contributions to nutrient acquisition and microbial
community stability, which, in turn, supported the survival of E. superba in extreme
environment.

Metabolic overview

Based on the annotation results, the completeness of metabolic modules in each
MAG was assessed (Fig. 4A). The PCA revealed that microbes in same genus had
close Euclidean distances, which might reflect evolutionary conservation of metabolic
functions, albeit with varying ecological importance possibly driven by differences
in read relative abundance (Fig. 4B) (45). The hierarchical clustering indicated that
MAGs from the same genus exhibited tightly clustered, also suggesting similar met-
abolic characteristics and functional profiles (Fig. S5). Additionally, the MAGs could
be grouped into two distinct hierarchical clusters based on their completeness of
metabolic modules, which they all were far from E. superba (Fig. S5). The microbial
cluster 1 contained Psychromonas euphausia, Psychrobacter euphausia 1, Psychrobacter
euphausia 2, Psychrobacter euphausia 3, Mariniblastus euphausia, Halioglobus euphausia
1, and Halioglobus euphausia 2, while the microbial cluster 2 comprised Yoonia euphau-
sia 1, Yoonia euphausia 2, Pseudoalteromonas euphausia, Arthrobacter euphausia 1, and
Arthrobacter euphausia 2. Such division highlighted the functional diversity in the gut
microbiota, which might contribute to the homeostasis of the E. superba (46).

The E. superba harbored metabolic pathways that enabled the degradation of certain
amino acids, such as histidine, methionine, tyrosine, and leucine, but lacked their
synthetic modules. However, microbes in cluster 1 were capable of synthesizing 11
amino acids, 8 of which could not be synthesized by the host. In contrast, microbes
in cluster 2 had the ability to synthesize 16 amino acids, of which 13 amino acids
were not synthesized by E. superba (Fig. 4A, 5A and B; Table S4). Although microbes
in cluster 1 exhibited higher read relative abundance compared to those in cluster
2 (Wilcox-test, P < 0.05), the latter displayed a broader range of complete metabolic
modules, highlighting their potentially significant role in supplementing essential amino
acids required by the host. Moreover, microbes in cluster 2 possessed a higher number of
carbohydrate-hydrolyzing enzymes than those in cluster 1, among which GHs and CBMs
displayed statistically significant differences between the two clusters (Wilcox-test, P <
0.05) (Fig. 4C). However, the presence of carbohydrate-hydrolyzing enzymes exhibited
no significant expression differences in 12 MAGs, suggesting they might contribute
collectively to the organic digestion processes in E. superba (Fig. S6) (11).

The extreme Antarctic environment, characterized by low temperatures and high
oxygen levels, posed significant challenges for organisms by elevating production
of reactive oxygen species (ROS) (47). To counteract oxidative damage induced by
low-temperature stress, antioxidants played critical roles in enhancing the resilience and
survival of Antarctic organisms (48-50). Microbes in both clusters, with the exception
of Psychromonas euphausia, Arthrobacter euphausia 1, and Arthrobacter euphausia 2,
exhibited the capability to synthesize glutathione (Fig. 4A and 5A). Similarly, microbes
across all clusters had nearly complete heme and ubiquinone synthesis modules. Those
compounds might be served as nonenzymatic antioxidants to support E. superba in
mitigating the challenges of the Antarctic environment (Fig. 4A and 5A) (51). Notably,
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microbes, except for Mariniblastus euphausia 1, Psychromonas euphausia, and Halioglobus
euphausia 1, demonstrated the ability to synthesize betaine as important osmoregula-
tor to protect E. superba from extreme environment (Fig. 4A and 5A) (52). Moreover,
microbes in cluster 2 also possessed the ability to synthesize multiple vitamins (Fig.
4A and 5A). For example, Pseudoalteromonas euphausia had nearly complete modules
for the synthesis of riboflavin, biotin, and pyridoxal-P. Yoonia euphausia 1 and Yoonia
euphausia 2 could synthesize cobalamin, while Arthrobacter euphausia 1 and Arthrobacter
euphausia 2 were capable of synthesizing pyridoxal-P. Furthermore, genes involved in
secretion systems, along with multifunctional transporters, were found to be abundant in
12 MAGs (Table S5), which further supported the hypothesis that microbes could release
metabolites for utilization by E. superba. Over the course of long-term evolution, mutual
dependencies between E. superba and gut microbiota might have been established,
where the microbes supply essential nutrients to the host, while the host provided stable
habitat and resources for microbial persistence.
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Further metatranscriptomic analysis provided evidence of transcriptional activity in
these 12 dominant bacteria, affirming their functional presence and metabolic contri-
butions in the E. superba gut microbiota (Fig. 5C). Interestingly, microbes in cluster 1
exhibited higher transcriptomic activity compared to those in cluster 2 (Wilcox-test, P
< 0.05), contrasting with their read relative abundance in the direct metagenomic data
(Wilcox-test, P < 0.05). The divergence further underscored the complementary and
functionally partitioned roles of microbes in the two clusters. However, among the top
200 highly expressed genes, 160 genes were classified as unknown proteins hinting that
their potential functional roles within the host-microbe ecosystem remain to be further
explored (Fig. S7).

Conclusion

The study provided comprehensive characterization of the E. superba gut microbiome,
identifying diverse and unique microbial community that might play vital roles in
the host metabolism. The combination of direct metagenomic and culture-enriched
metagenomic, allowed for the recovery of a broad range of microbial species, some
of which were likely not found in previous study. The functional contributions of
these microbes included the synthesis of essential amino acids, vitamins, antioxidants,
and osmoregulatory compound, all of which were crucial for the host survival in the
harsh Antarctic environment. Those findings underscored the intricate co-evolutionary
relationship between E. superba and their gut microbiota, revealing potential mecha-
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nisms by which the microbes aided in nutrient acquisition and environmental adapta-
tion.
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