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Abstract Metabolites derived from marine symbiotic microorganisms have great potential as lead compounds for the discovery
of novel marine drugs. Euphausia superba Dana, which lives in the Antarctic Ocean, is regarded as a new source of marine
microbial natural products. However, no studies have examined the biodiversity of the symbiotic intestinal microbiome of E.
superba. To address this issue, the species diversity and abundance of the gut microbiome of E. superba Dana from the Rose Sea
of the Antarctic Ocean were analyzed by culture-independent high-throughput sequencing and pure culture methods. A comparison
with gene databases revealed that the microbiome contained 61 known microbial species and a plethora of uncultivable
microorganisms. Additionally, 7% of the species in the microbiome were currently unknown. The microbes belonged to 56 genera,
eight of which, including Arthrobacter, Bacillus, Candidatus, Lactococcus, Lysinibacillus, Leuconostoc, Solibacillus, and Vibrio,
were dominant, as were Vibrionaceae spp. Moreover, 81 microbial strains were isolated by the pure culture method, and they
belonged to 36 genera, including Mobilicoccus, Rhodococcus, Arthrobacter, and Microbacterium. The results obtained by two
different methods demonstrate the richness of the microbial biodiversity of the gut microbiome of E. superba, and it also suggests
that they have good potential for the discovery of novel marine microbial species.
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and these bacteria are influenced by the genetics, lifestyle,
and environment of their hosts. Moreover, symbiotic bacteria
and their hosts exchange important genetic materials via

Natural products derived from marine microorganisms have
become key sources for discovering novel marine drugs,
which can be used to treat major diseases such as cancer and
cardiovascular ailments!", Symbiotic bacteria and their hosts
have engaged in long-term, co-evolutionary relationships,

* Corresponding author, E-mail: cctcc2004@whu.edu.cn

horizontal gene transfer, as well as a variety of metabolites.
Thus, natural metabolites from the symbiotic bacteria of
marine organsims have become a new focus for the discovery
of novel lead compounds and innovative drugs®.

Polar microorganisms have their own unique, adaptive
survival mechanisms to adapt to their special natural habitats,
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and they are rich resources of novel microbial species, genes,
and natural bioactive products. Fuphausia superba Dana is
an Antarctic krill, which comprise a group of shrimp-like
crustaceans that occupy a unique position in the Antarctic
Ocean ecosystem® ", Its unique lifestyle makes it a natural
trap for Antarctic extremophilic microorganisms, which
include a large number of symbiotic intestinal microbes™ ..
Studies have shown that the vital life processes of a host,
including nutrient metabolism, evolutionary development,
immunity, disease resistance, and environmental adaptation,
are affected by its intestinal microbiome!'”. A typical
microbiome genome contains over 100-fold more genes than
that of its host genome, and it has unique features that are not
available in its host!"""1,

Currently, no study has examined the biodiversity
of the symbiotic intestinal microbiome of Antarctic krill.
Here, we used high-throughput sequencing to analyze the
species biodiversity of the gut microbiome of E. superba.
Additionally, we isolated cultivable strains using the pure
culture technique, and we performed a phylogenetic analysis
of the 16S rDNA sequences. The results will provide useful
scientific clues for understanding the ecological relationship
between the intestinal microbiome and Antarctic krill, and
they may lead to the discovery of new marine symbiotic
bacteria, which could be a useful resource for novel marine
drug discovery.

2 Materials and methods
2.1 Materials

Sample of E. superba Dana were obtained during the 29th
Chinese National Antarctic Expedition in 2012/2013. The
sampling position was 169°33'E and 74°26'S in the Rose
Sea. The krills were caught with a specific midwater frame
trawl"*!. Immediately after being caught, the krills were
incubated at 4°C in sterile plastic vessels on board, or they
were frozen and maintained at —80°C in 25% (v/v) glycerol.

Zobell marine media 2216E, ISP1, ISP2, M1, M2,
M4, M5, and HP were used for microbial strain isolation and
cultivation. Natural seawater from the Antarctic Ocean was
used to prepare the media.

2.2 DNA extraction and polymerase chain reaction
(PCR) amplification

Genomic DNA of the sample was extracted using the
Wizard® DNA Kit (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. The quality
of the extracted DNA was checked by 0.8% agarose gel
electrophoresis and by spectrophotometrically measuring
the 260 nm/280 nm ratio. The V3-V4 region of bacterial
16S rRNA was amplified by PCR for high-throughput
pyrosequencing. The bacterial 16S rRNA gene V3-V4
region was amplified using the universal forward primer
515F (5'-GTGCCAGCMGCCGCGG-3') and the reverse

primer 907R (5'-CCGTCAATTCMTTTRAGTTT-3").
PCR amplifications of the 16S rRNA V3-V4 region was
performed as follows: an intial denaturation at 95°C for 3
min, followed by 27 cycles of 95°C for 30 s, 55°C for 30 s,
and 72°C for 45 s, with a final extension of 72°C for 10 min.
The amplicon mixture was applied to the HiSeq 2500 MiSeq
Genome Sequencer (Illumina, San Diego, CA, USA).

2.3 High-throughput sequencing

Extraction of high-quality DNA was performed, and raw
sequences were selected, while low-quality sequences
were removed. Alignment of the high-quality sequences
was performed using PyNAST and UCLUST. The unique
sequence set was classified into operational taxonomic units
(OTUs) at a 97% identity threshold using UCLUST. Chimera
Slayer was applied to remove potential chimeric sequences
from the representative set of OTUs. Alpha diversity was
used to analyze the microbial diversity. The indices for
community richness included the Chaol estimator (http://
www.mothur.org/wiki/Chao) and the abundance-based
coverage estimator (Ace) (http://www.mothur.org/wiki/Ace).
The indices for community diversity included the Shannon
index (http://www.mothur.org/wiki/Shannon) and the
Simpson index (http://www.mothur.org/wiki/Simpson). The
sequencing depth index used Good’s coverage (http://www.
mothur.org/wiki/Coverage). Mothur (version v.1.30.1, http://
www.mothur.org/wiki/Schloss SOP#Alpha diversity) was
used for data analysis!"®,

2.4 Isolation of cultivable strains

Cultivable bacteria were isolated and maintained in Zobell
2216E media that was prepared with aged and filtered natural
seawater. Bacterial isolation was performed by harvesting
1 mL of a gut sample. Following centrifugation, the spent
medium was removed, and the cell pellet was re-suspended
in 100 pL of sterile seawater by vortexing. A 10-fold dilution
series of the cell suspension was created, and 100 pL of each
dilution was spread onto 2216E agar plates and incubated
in dark at 15°C for 2 weeks. Bacterial colonies with distinct
colony morphologies were picked. Bacterial isolates were
grown in 2216E broth, and the cells were stored at —80°C in
25% (v/v) glycerol.

2.5 Phylogenetic analysis

Bacterial genomic DNA was extracted from a 1-mL culture
of exponentially growing bacteria using the Wizard DNA
Extraction Kit according to the manufacturer’s instructions.
PCR of the 16S rDNA was performed using the universal
primers 27F (5'-AGAGTTTGATCCTGGCTAG-3") and
1492R (5'-GGTTACCTTGTTACGACTT-3")!""!. The PCR
volume was 50 pL, and the reactions were performed as
follows: an initial denaturation at 94°C for 5 min, followed
by 30 cycles of denaturation at 94°C for 30 s, annealing at
55°C for 30 s, and extension at 72°C for 1 min, followed
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by a final extension at 72°C for 10 min. PCR products
were analyzed using 1% agarose gel electrophoresis and
sequenced, and the similarity of 16S rRNA gene sequences
was analyzed by a Basic Local Alignment Search Tool
search of the GenBank database at the National Center
for Biotechnology Information. A phylogenetic tree was
constructed by the neighbor-joining method using MEGA
software (version 2.0)!'®,

3 Results

3.1 Quality control data for the high-throughput

sequencing sample

The species diversity of the symbiotic intestinal microbiome
was determined by high-throughput sequencing. The quality
of the sequencing sample was analyzed, and the results
are shown in Table 1. Trimmed sequences with lengths of
301-400 bp accounted for more than 99.98% of the total
sequences, indicating that the sample data were suitable for
the subsequent high-throughput sequencing analysis.

3.2 Biodiversity index analysis

An analysis of the dilution curve of the sample was
performed using the random sequence sampling method.
A rarefaction curve was constructed using the number of
sequences and the representative number of OTUs (Figure
1). The results showed that there was sufficient depth for
the high-throughput sequencing of the sample. The diversity
results, including microbiome abundance (community
richness), the Chao and Ace indices, bacterial diversity
(community diversity), the Shannon and Simpson indices,
and the sequencing depth index (coverage), are shown in
Table 2. The Shannon—Wiener curve of the sequencing
sample is shown in Figure 1. These results illustrate the high
species biodiversity of the symbiotic microbiome.
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Figure 1 The Shannon—Wiener (a) and rarefaction curves (b) of
the high-throughput sequencing sample.

values greater than 97%, the OTU abundance, and the
number of sequences, as determined by an OTU clustering
analysis of the high-throughput sequencing sample.

3.4 Taxonomic analysis

The Ribosomal Database Project (RDP) classifier of a
Bayesian algorithm was used to statistically analyze the
microbial community composition, and it was performed
using representative sequences of OTUs with similarity
values greater than 97%. This analysis was performed at
each classification level. The results showed that 61 known
species matched GenBank database records at the species
level (Figure 2). In addition, approximately 7% of the species
were previously unknown. The community contained 56
genera (Figure 3), eight of which, including Arthrobacter,
Bacillus, Candidatus, Lactococcus, Lysinibacillus,
Leuconostoc, Solibacillus, and Vibrio, were dominant, as was
the family Vibrionaceae. The results illustrate the richness of
the symbiotic microbial community in the E. superba gut.

Table 1 Quality control data for the high-throughput sequencing sample

Valid sequences

Trimmed sequences

S Length distributi
Insert size/bp leilqgli]il/l]:; Raw reads Total bases/bp Sequences Bases/bp /(23%40105;)11 ton
392 PE300x2 196,881x2 118,522,362 173,214 68,591,729 99.98%

Table 2 Community richness and diversity data of the high-
throughput sequencing sample

Ace index Chao index Shannon index Simpson index Coverage
105 102 1.56 0.4602 0.9991

3.3 OTU distribution statistics

OTUs are defined operational classification units in
phylogenetic or human population genetics research, and
they are used for comparative analyses. Table 3 shows the
representative OTUs of the sample with sequence similarity

3.5 Biodiversity analysis of the cultivable strains

We used a variety of selective isolation media to isolate
cultivable symbiotic strains from the gut microbiome of
E. superba. Then, their 16S rRNA genes were sequenced
and aligned with sequences in the National Center for
Biotechnology Information database (Figure 4). Eighty-
one cultivable strains were obtained. A phylogenetic
analysis showed that they belonged to 36 species,
including Proteobacteria, Actinobacteria, Firmicutes
and Bacteroides spp. Among them, Proteobacteria spp.,
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Table 3 OTUs and sequences numbers of the high-throughput sequencing sample

51

Number of
OTU No. Taxonomy data umbero
sequences
OTU3 Bacteria, Cyanobacteria, Chloroplast, Oryza sativa japonica Group 23
OTU10 Bacteria, Firmicutes, Bacilli, Lactobacillales, Streptococcaceae, Lactococcus, Lactococcus iscium 12425
OTUl6 Bacteria, Proteobacteria, Gammaproteobacteria, Vibrionales, Vibrionaceae, Vibrio 118
OTU21 Bacteria, Firmicutes, Bacilli, Lactobacillales, Enterococcaceae, Enterococcus, Enterococcus faecalis 12
OTU28 Bacteria, Proteobacteria, Gammaproteobacteria, Vibrionales, Vibrionaceae 157
OTU31 Bacteria, Firmicutes, Bacilli, Lactobacillales, Lactobacillaceae, Lactobacillus, Lactobacillus helveticus 21
OTU40 Bacteria, Proteobacteria, Alphaproteobacteria, Rickettsiales, Incertae Sedis, Candidatus Hepatincola 142
Bacteria, Firmicutes, Bacilli, Lactobacillales, Streptococcaceae, Streptococcus, Streptococcus
OTU52 ) 172
agalactiae
OTU63 Bacteria, Proteobacteria, Gammaproteobacteria, Enterobacteriales, Enterobacteriaceae 11
OTU67 Bacteria, Firmicutes, Bacilli, Bacillales, Planococcaceae, Lysinibacillus, Lysinibacillus xylanilyticus 644
OTU77 Bacteria, Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, Psychrobacter 15
OTU78 Bacteria, Proteobacteria, Alphaproteobacteria, Rickettsiales, Mitochondria 38
OTU93 Bacteria, Proteobacteria 13
Bacteria, Actinobacteria, Actinobacteria, Propionibacteriales, Propionibacteriaceae,
OTU% o ] 24
Propionibacterium
Bacteria, Firmicutes, Bacilli, Lactobacillales, Leuconostocaceae, Leuconostoc, Leuconostoc
OTU106 . ) 81
gasicomitatum
OTU113 Bacteria, Firmicutes, Bacilli, Lactobacillales, Streptococcaceae, Streptococcus 121
OTU115 Bacteria, Firmicutes, Bacilli, Bacillales, Bacillaceae, Bacillus 598
Bacteria, Firmicutes, Bacilli, Lactobacillales, Carnobacteriaceae, Carnobacterium, Carnobacterium
OTU124 ) 128
maltaromaticum
OTU139 Bacteria, Actinobacteria, Actinobacteria, Micrococcales, Micrococcaceae, Arthrobacter 378
OTU150 Bacteria, Firmicutes, Bacilli, Lactobacillales, Leuconostocaceae, Leuconostoc, Leuconostoc lactis 43
OTU152 Bacteria, Firmicutes, Bacilli, Lactobacillales, Streptococcaceae, Lactococcus 1317
OTU198 Bacteria, Firmicutes, Bacilli, Bacillales, Planococcaceae, Solibacillus, Solibacillus silvestris 1066
OTU209 Bacteria, Firmicutes, Bacilli, Bacillales, Paenibacillaceae, Paenibacillus, Paenibacillus amylolyticus 54
OTU213 Bacteria, Proteobacteria, Gammaproteobacteria 90
OTU219 Bacteria, Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, Enhydrobacter 11
OTU224 Bacteria, Proteobacteria, Gammaproteobacteria, Alteromonadales, Alteromonadaceae 26
OTU227 Bacteria, Firmicutes, Bacilli, Bacillales, Bacillaceae, Bacillus 234
OTU238 Bacteria, Cyanobacteria, Chloroplast, Cicer arietinum chickpea 15
OTU256 Bacteria, Proteobacteria, Gammaproteobacteria, Pseudomonadales, Pseudomonadaceae, Pseudomonas 79
OTU271 Bacteria, Bacteroidetes, Flavobacterium, Flavobacteriales, Flavobacteriaceae, Polaribacter 13
OTU301 Bacteria, Firmicutes, Bacilli, Bacillales, Bacillaceae, Bacillus, Bacillus aryabhattai 64
OTU303 Bacteria, Proteobacteria, Gammaproteobacteria, Pseudomonadales, Pseudomonadaceae, Pseudomonas 143
0OTU326 Bacteria, Firmicutes, Bacilli, Bacillales, Listeriaceae, Brochothrix, Brochothrix thermosphacta 14
OTU332 Bacteria, Firmicutes, Bacilli, Lactobacillales, Streptococcaceae, Streptococcus 28
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Figure 2 Species biodiversity and abundance of the gut microbiome of E. superba.
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Figure 3 Microbial distribution at the genus level of the gut microbiome of E. superba.

particularly a-Proteobacteria and y-Proteobacteria spp.,
were dominant, accounting for approximately 68% of the
cultivable strains. These strains belonged to 36 genera, of
which Albirhodobacter, Pseudoalteromonas, Arthrobacter,
and Bacillus were dominant. The 20 isolated actinomycetes
strains belonged to 10 genera, including Streptomyces,
Isoptericola, Mobilicoccus, Leifsonia, Arthrobacter,
Rhodococcus, Brevibacterium, Salinibacterium, Subtercola,
and Chryseoglobus.

4 Discussion

Polar microorganisms live in an extreme natural
environment. Thus, because of natural selection, they have
evolved unique mechanisms enabling them to adapt to this
extreme environment. As a result, they have great potential
to generate new, biologically active natural productst® >,
Antarctic krill are key species in the Southern Ocean
ecosystem. Their symbiotic intestinal microbiomes have
been proven to be new sources of symbiotic bacteria and
their associated metabolites®** 2%, In the present study,
culture-independent, high-throughput sequencing was used
to reveal the species diversity of the symbiotic intestinal

microbiome of E. superba. Fifty-six genera were found
in the microbiome, and they contained a large number of
unknown and uncultivable strains, which indicates that
there is a high probability of finding new marine microbial
species in this special habitat™**], Additionally, 81 cultured
strains were isolated by the pure culture method. The
phylogenetic analysis indicates that the microbiome of E.
superba comprises 36 genera, in which those belonging
to the Proteobacteria were the most abundant, followed
by those belonging to the Actinobacteria. The dominant
genera included Albirhodobacter, Pseudoalteromonas, and
Arthrobacter, as well as psychrotrophic spp. The rare genera
included Isoptericola, Mobilicoccus, Leifsonia, Arthrobacter,
Rhodococcus, Brevibacterium, Salinibacterium, Subtercola,
and Chryseoglobus.

The species diversity of the symbiotic intestinal
microbiome that was revealed in this study may provide
useful scientific clues for optimizing strategies to culture
and isolate such species, which will enable researchers to
track bioactive metabolites and screen for novel bioactive
natural products. Our results also showed that the number
of cultivable symbiotic strains that were isolated by the
pure culture method was much lower than the species
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Figure 4 Phylogenetic tree of the cultivable bacteria of the gut microbiome of E. superba based on 16S rRNA sequences.
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abundance revealed by culture-independent high-throughput
sequencing™®!. This indicates that better culture strategies
are needed to improve the cultivability of microbial species,
especially marine symbiotic microorganisms in unique
habitats. Developing such culture strategies will reveal the
true picture of the biodiversity of the intestinal microbiome of
Antarctic krill®?”. Meanwhile, further research on the isolation
of cultivable symbiotic strains of the intestinal microbiomes of
Antarctic krill, as well as their potential ecological functions,
will receive increasing attention in the related research fields
in the near future.
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