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a  b  s  t  r  a  c  t

Flavobacteriia  are  abundant  in  many  marine  environments  including  hadal  waters,  as  demonstrated
recently.  However,  it is  unclear  how  this  flavobacterial  population  adapts  to  hadal  conditions.  In  this
study,  extensive  comparative  genomic  analyses  were  performed  for the  flavobacterial  strain  Euzebyella
marina  RN62  isolated  from  the Mariana  Trench  hadal  water  in low  abundance.  The  complete  genome  of
RN62  possessed  a considerable  number  of carbohydrate-active  enzymes  with  a  different  composition.
There  was  a  predominance  of  GH  family  13  proteins  compared  to  closely  related  relatives,  suggesting
that  RN62  has  preserved  a  certain  capacity  for carbohydrate  utilization  and  that  the hadal  ocean  may
hold  an  organic  matter  reservoir  distinct  from  the  surface  ocean.  Additionally,  RN62  possessed  potential
intracellular  cycling  of the  glycogen/starch  pathway,  which  may  serve  as  a  strategy  for  carbon  storage
and  consumption  in  response  to nutrient  pulse  and starvation.  Moreover,  the  discovery  of  higher  glyco-

side  hydrolase  dissimilarities  among  Flavobacteriia,  compared  to peptidases  and  transporters,  suggested
variation  in  polysaccharide  utilization  related  traits  as an  important  ecophysiological  factor  in  response
to  environmental  alterations,  such  as  decreased  labile  organic  carbon  in  hadal  waters.  The  presence  of
abundant  toxin  exporting,  transcription  and  signal  transduction  related  genes  in RN62  may  further  help

ions,
to survive  in  hadal  condit

ntroduction

Members of marine Bacteroidetes, especially the class Flavobac-
eriia, are distributed in a variety of environmental niches,
ncluding seawater and sediments [1]. Flavobacteriia are frequently
ocumented as the dominant bacterial groups during and after phy-
oplankton blooms [57,74,75,80], and their abundance increases
ith enhanced primary production [81]. This suggests that species

f Flavobacteriia prefer the “micro-eutrophic” environment char-
cterized by concentrated nutrients and organic matter particles
54]. Flavobacteriia can directly act on algal cells and algal-derived
etrital particles [74], and are specialized in degrading many high
olecular weight compounds, such as polysaccharides and pro-
eins [5,45,72,77].
The polymer-degradation capabilities of Flavobacteriia are exe-

uted by a suite of peptidases and carbohydrate-active enzymes
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 including  high  pressure/low  temperature.
©  2019  Elsevier  GmbH.  All  rights  reserved.

(CAZymes), which consist of glycoside hydrolases (GHs), carbo-
hydrate esterases (CEs), polysaccharide lyases (PLs) and glycoside
transferases (GTs), with GHs mostly constituting the high-
est proportion. The relative abundance of peptidases and GHs
varies among Flavobacteriia species [5–7,14,20,21,45,70,72,81]. For
example, the planktonic Gramella forsetii KT0803 (40 GHs, 116
peptidases) [6], Polaribacter sp. MED152 (30 GHs, 93 peptidases)
[20] and Dokdonia donghaensis MED134 (13 GHs, 106 peptidases)
[21] have lower GH:peptidase ratios than algae-associated For-
mosa agariphila KMM  3901 (88 GHs, 129 peptidases) [45] and
Zobellia galactanivorans Dsij (141 GHs, 101 peptidases) [5]. This
low ratio seems to be attributed to a reduction in the number
of GHs, which is frequently observed in species with relatively
small genomes, although they contain proteorhodopsin for energy
acquisition [20,82]. Additionally, marine Bacteroidetes have been
reported to have a higher abundance of peptidases than GH genes
when compared with non-marine Bacteroidetes [14]. These obser-
vations make it very likely that habitat condition is an important

determinant of the GH:peptidase ratio.

The growth requirement for abundant organic matter may  make
Flavobacteriia less abundant in the deep sea prokaryotic commu-
nity [64], where organic matter has a lower concentration and is

https://doi.org/10.1016/j.syapm.2019.01.002
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etabolically more refractory [25], compared to the surface ocean.
owever, recent studies have revealed a significantly distinct
rokaryotic community in the hadal water (>6000 m below sea

evel), with the predominance of heterotrophic Gammaproteobacte-
ia and Bacteroidetes (especially Flavobacteriia)  bacteria, compared
o that in bathypelagic and abyssopelagic waters [52,55,73]. This
nrichment of heterotrophic bacteria may  result from sporadic con-
entration of nutrients, facilitated by lateral transportation from
rench rims and slopes that can be triggered by earthquakes [3].
o overcome this discrete nutrient supply, we hypothesized that
ertain metabolic strategies for carbon storage and utilization may
ave developed in this heterotrophic population. However, the
icrobial physiological and functional features in >6000 m hadal
ater are largely unknown. The Mariana Trench is the deepest

cean location and represents the most underexploited area. It
erves as an excellent proxy of the hadal habitat for elucidating
he microbial metabolic capability therein.

A hadal water sample was collected from the Challenger Deep of
he Mariana Trench at a depth of 8727 m and spread on marine agar
nd R2A medium for bacterial isolation. Consistent with the pre-
ious results stated above, a high number of Bacteroidetes isolates
ere obtained, among which, a yellow-colored strain (RN62) was

dentified as Euzebyella marina based on 16S rRNA gene sequence
imilarity analysis. The genus Euzebyella was established in 2010
y Lucena et al. [43] and currently contains only three species
35,43,87]. No genomic sequence of Euzebyella is currently avail-
ble. Therefore, this current study reports the complete genome of
. marina RN62 and compares it to the genomes of closely related
pecies from ten genera. In-depth analyses of CAZymes and pepti-
ases were performed with the aim of better understanding how
adal microbes utilize organic matter. The results revealed that
. marina RN62 lacked gliding ability, possessed a considerable
apacity for carbohydrate metabolism, and had the potential for
ntracellular cycling of glycogen/starch.

aterials and methods

acterial isolation and identification

Water samples were collected from six depths (0, 1000,
759, 3699, 5369 and 8727 m)  in the Mariana Trench (142◦30′E,
1◦23.036′N) during a “Marathon Program” survey organized by
he Ocean University of China from 2nd to 5th January 2016
y R/V Dong Fang Hong 2. The water sample was  ten-fold seri-
lly diluted and spread on marine agar (MA) and R2A plates.
ultivation was conducted at both in situ (∼2 ◦C) and room tem-
eratures. After two days’ incubation at room temperature, a
ellow colony was picked from the 8727 m plate, and purified by
treaking three times on MA.  The strain (RN62) was preserved in
.85% (w/v) sterile sodium chloride solution supplemented with
5% (v/v) glycerol at −80 ◦C. The presence of gliding motility
as investigated using the methods described by Ref. [8]. The

enomic DNA of strain RN62 was extracted with the standard
henol–chloroform method [46]. The 16S rRNA gene was  amplified
ith the universal primers B8F (5′-AGAGTTTGATCCTGGCTCAG-

′) and B1510R (5′-GGTTACCTTGTTACGACTT-3′). Amplicons were
loned into the pUCm-T vector and sequenced at BGI (Qing-
ao, China). Taxonomy and pairwise similarities were determined
y using the EzBioCloud server (http://www.ezbiocloud.net/)
84].
enome sequencing and annotation

The genome of strain RN62 was sequenced using the PacBio
S II Sequencing System (Pacific Biosciences, Menlo Park, CA) and
pplied Microbiology 42 (2019) 263–274

Hiseq 2000 (Illumina) with a 20 kb and 270 bp paired-end library,
respectively. The raw reads were de novo assembled using Canu
1.1 [32]. tRNAs and rRNAs were identified using the tRNAscan-
SE 2.0 server [42] and RNAmmer 1.2 server [37], respectively.
Putative genes were identified and annotated automatically in the
RAST server with default parameters [53]. Clusters of orthologous
groups of proteins (COG) [19] were predicted using RPS-BLAST
[66] with an E-value cutoff of 10−5. Metabolic pathways were pre-
dicted in the Kyoto encyclopedia of genes and genomes (KEGG)
[27]. CAZymes were annotated against three databases and consis-
tent annotations among them were considered as positive results.
The CAZy database [41] was searched using BLASTp [2] with an
E-value cutoff of 10−30, whereas the dbCAN 5.0 [83] and Pfam
30.0 [17] databases were searched using HMMER 3.0 [16] with
default parameters. Specific function or substrate specificity of
members within a GH family were inferred by phylogenetic analy-
sis with sequences derived from the CAZy database. Localization
of GH proteins was predicted using SOSUI-GramN [30], PSORTb
3.0.2 [85], LipoP 1.0 [26] and SignalP 4.1 [56]. Subfamilies of
sulfatases were classified in the SulfAtlas database [4]. Pepti-
dases were annotated based on BLASTp against the MEROPS 11.0
database [60] using an E-value cutoff of 10−4. Transporters were
predicted based on BLASTp against the Transporter Classification
Database (TCDB, [63]) using an E-value cutoff of 10−5. Polysac-
charide utilization loci (PUL) were defined as the presence of at
least one CAZyme within ten genes downstream and/or upstream
of a susC-susD gene. PUL were then extended by searching for
genes potentially involved in carbohydrate degradation with a five
gene sliding window beginning from the susC–susD and CAZyme
genes.

Genome comparisons

Genomes of 26 Flavobacteriia species closest to RN62, accord-
ing to the 16S rRNA gene phylogeny, were downloaded from
the GenBank database (http://www.ncbi.nlm.nih.gov). They were
distributed in ten genera (Table S1). The average nucleotide
identity (ANI) between RN62 and the retrieved genomes was cal-
culated using a Perl script (https://github.com/jhbadger/scripts/
blob/master/ANI.pl). Orthologous proteins of the 27 genomes were
identified using the GET HOMOLOGUES package [10]. Orthologous
families occurring in all three clustering algorithms embedded
in the package, i.e., bidirectional best hit (BDBH), COGtriangles
[34] and OrthoMCL [40], were considered as valid results. All the
single-copy families were chosen for phylogenomic analysis, and
sequences of each family were aligned using the MAFFT software
[29]. The resulting alignments were concatenated and trimmed in
TrimAl 1.2 [9]. The maximum-likelihood phylogenomic tree was
constructed using the RAxML software [69] with the gamma  and
WAG + I + F model, as predicted by Prottest 3.4 [11]. The CAZymes,
peptidases, transporters, COG category and GH  localization of
the relatives’ genomes were predicted using the same method
described above.

Distribution matrices of CAZymes, peptidases and transporters
were generated. Dissimilarities of each functional guild across the
27 genomes were calculated based on the Bray–Curtis distance,
and their clustering relationship was illustrated using non-metric
multidimensional scaling (NMDS). A total of 344 genomes cover-
ing most Flavobacteriia genera were downloaded from the GenBank
database on Aug 25, 2018. The distribution matrices of CAZymes,
peptidases and transporters among these genomes were con-

structed. The analyses were conducted in the R software package
(http://www.r-project.org).

The genome sequence was deposited in NCBI’s GenBank (acces-
sion number CP032050).
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Table  1
Genomic information for Euzebyella marina RN62 and closely related relatives.

Strains Size (bp) Contig no. GC content (%) Mean sequence size N50 Isolation

Kriegella aquimaris 6,057,242 48 39.6 126,192.5 317,933 Seawater
DSM  19886
Euzebyella marina 4,707,469 1 40.2 4,707,469 NA Hadal water
RN62
Pricia  antarctica 4,851,997 52 43.8 93,307.6 450,975 Antarctic intertidal sediment
DSM  23421
Pseudozobellia thermophila 5,036,817 36 47.1 139,911.6 475,669 Macroalga
DSM  19858
Zobellia galactanivorans 5,521,712 1 42.8 5,521,712 NA Macroalga
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DsiJ
Zobellia uliginosa 5,358,002 2 38.1 

MAR  2009 138

esults and discussion

enomic properties and phylogeny of E. marina RN62

In this study, the E. marina genome was analyzed as a represen-
ative species of hadal Flavobacteriia.  This was  because E. marina
as only isolated from depths of 8727 m (three out of 63 sequenced

trains) and 5367 m (one out of 42), and not from shallower depths,
ith the numbers of sequenced strains ranging from 48 to 70. In

ddition, mapping Mariana Trench metagenomic reads (0–9600 m;
ata not shown, Liu et al., submitted) to the E. marina RN62 genome
howed that this species was more abundant in deep-sea water
han surface water, although the overall abundance was  low (Fig.
1).

Strain RN62 had a single chromosome with a genome size of
,707,469 bp and G + C mol% content of 40.2% (Fig. S2, Table 1). The
enome of RN62 contained 4215 ORFs, 38 tRNAs for all 20 standard
mino acids, and a single set of 16S-23S-5S rRNA gene operons.
o evaluate the phylogenetic position of strain RN62, a maximum
ikelihood tree was constructed with the core genome of RN62
nd its close relatives. The tree identified four major clusters that
hared comparable phylogenetic depth and were supported by high
ootstrap values (>95%). One of them was comprised of RN62, Pseu-
ozobellia thermophile DSM 19858, Kriegella aquimaris DSM 19886,
ricia antarctica DSM 23421, Zobellia galactanivorans DsiJ and Zobel-
ia uliginosa MAR  2009 138 (Fig. 1). Most Zobellia strains are isolated
rom algae and Z. galactanivorans is well known as an algal polysac-
haride degrader [5]. The genome size of RN62 was  lower than
hose of the five closely related species that were either draft or
omplete, despite a similar G + C mol% content (Table 1). Strain
N62 showed an average ANI value of 70.7% to the five species,
hich was slightly higher than the average value of 68.8% to the

emaining species (Fig. S3), but consistent with the phylogenomic
lustering.

eneral features of energy metabolism

Strain RN62 contained a full set of genes for the citrate cycle,
he Embden–Meyerhof–Parnas (EMP) and pentose phosphate path-
ays, including both the oxidative and non-oxidative phases.
n incomplete Entner–Doudoroff (ED) pathway was present that

ncluded genes for 2-keto-3-deoxygluconokinase (EC 2.7.1.45) and
-keto-3-deoxyphosphogluconate aldolase (EC 4.1.2.14), which
atabolize the production of 2-keto-3-deoxyphosphogluconate
KDPG) and the subsequent transformation of KDPG to pyruvate,
espectively. Pyruvate was converted to acetyl-CoA by the pyruvate
ehydrogenase complex but not by the formate C-acetyltransferase

pyruvate formate-lyase). The electron transport chain contained a
ADH dehydrogenase (complex I), succinate dehydrogenase (com-
lex II), two cytochrome c oxidases (cbb3 and aa3 type; complex

V), cytochrome bd complex and an F-type H+-transporting ATPase
2,679,001 17,314 Seawater after phytoplankton bloom

(complex V). RN62 also had the potential to gain energy from car-
bon monoxide, as its genome carried the aerobic carbon monoxide
dehydrogenase (coxL, coxM, and coxS genes) and three accessory
genes (coxD, coxE and coxG). Consistently, carbon monoxide dehy-
drogenase encoding genes have been found in deep oceans and are
mainly derived from Bacteroidetes and Chloroflexi [38,48].

For nitrogen, the RN62 genome had a nitrate/nitrite transport
system, assimilatory nitrate reductase gene narB, and dissimilatory
nitrite reductase gene nirB, which indicated an ammonia produc-
tion pathway from nitrate. Genes for nitrogen regulatory protein
P-II (glnB) and ammonium transporter were concatenated, likely
playing a role in sensing and uptake of environmental ammo-
nium [18]. For sulfur, genes for sulfate permease (sulP), thiosulfate
dehydrogenase (doxA), and all genes except the second step of
assimilatory sulfate reduction were present.

For phosphorus, a low-affinity Na (+)-phosphate symporter was
found, whereas the high-affinity pst transporter was  not found.
This was consistent with the observed high phosphate concen-
tration in hadal water [52] from where RN62 was isolated. There
were two  copies of genes for polyphosphate kinase (ppk), indicat-
ing a polyphosphate related strategy for energy storage; however,
the polyphosphate hydrolysis gene was absent. Instead, encoding
genes for two  alkaline phosphatases (phoA, phoD) and a phos-
pholipase A1 were present; phoD was  found exclusively in RN62
compared with its five closely related relatives. This, together with
the presence of a phoR-phoB two-component regulatory system
regulating the synthesis of alkaline phosphatase, suggested that
RN62 had a high capability for organic phosphate utilization.

Capacity for polysaccharide catabolism and unusual glycogen
intracellular cycling

The genome of strain RN62 encoded 122 CAZymes, including
62 GHs, 43 GTs, 1 PL, 10 CEs and 5 CBMs, 224 peptidases and
28 sulfatases (Table 2). Clearly, RN62 had a higher relative abun-
dance of peptidases than GHs, and even than CAZymes. A similar
phenomenon was  seen for all 27 Flavobacteriia strains analyzed in
the study (Fig. 2, P < 0.001). A previous study also demonstrated
that marine Bacteroidetes possessed a higher number of peptidases
than GHs [14]. Compared to the five closely related strains (Fig. 1),
RN62 had the lowest CAZyme abundance, which was reflected by a
reduction in the number of GH families, the relative abundance of
GHs and PLs, as well as the proportion of GHs that were predicted
to be periplasmic/membrane-bounded/extracellular (Table 2). This
reduction in carbohydrate metabolism was  accompanied by the
lack of gliding ability. However, a comparison of the CAZyme abun-
dance between strain RN62 and species from other phylogenetic

clusters (Fig. 1) showed that the former had a higher abundance
than 19 out of the 21 species (Fig. 2). Furthermore, the number of
GH in the RN62 was higher than the average value in Flavobacteriia
(47 GHs) [5], and was  even higher than in other deep-sea bacteria
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Fig. 1. The phylogenetic relationships of E. marina RN62 and its close relatives. The tree was  constructed with a concatenated alignment of orthologous proteins using the
maximum likelihood method. The genome of Flavobacterium aquatile LMG  4008 was used as an outgroup. Values at the nodes denote the bootstrap value based on 1,000
replicates, and the scale bar indicates the number of substitutions per site.
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Table  2
The number of peptidases and CAZymes in Euzebyella marina RN62 and closely related relatives.

Strains Peptidase Peptidase family CAZyme PL GT GH CE CBM GH family Sulfatase GH localization

PP/MB/EC CP

Kriegella aquimaris 262 76 176 11 42 98 17 7 34 88 60 38
DSM  19886
Euzebyella marina 224 72 122 1 43 62 10 5 29 28 27 35
RN62
Pricia  antarctica 233 79 135 1 46 64 14 7 33 36 30 34
DSM  23421
Pseudozobellia thermophila 235 75 158 4 48 88 10 6 34 61 50 38
DSM  19858
Zobellia galactanivorans 223 78 185 7 44 117 9 8 38 75 70 47
DsiJ
Zobellia uliginosa 212 75 174 10 44 104 6 10 32 98 57 47
MAR  2009 138

Note: PL, polysaccharide lyase; GT, glycoside transferase; GH, glycoside hydrolase; CE: carbohydrate esterase; CBM: carbohydrate-binding module; PP, periplasmic; MB,
membrane-bounded; EC, extracellular; CP, cytoplasmic.
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5], suggesting that strain RN62 preserved the capacity to utilize
ertain carbohydrates in hadal waters.

GH13 was the most abundant GH family in all the genomes
nalyzed (Fig. 3A). GH13 (12.9%), GH43 (9.7%) and GH3 (6.5%)
onstituted the most abundant GH families in RN62 (Fig. 3A). It
as noticeable that the proportion of GH13 in the RN62 genome

12.9%) was higher than those in other strains of the same clus-
er (4.5–7.8%; Fig. 3A). Specifically, four of the eight GH13 proteins
elonged to putative �-amylase; three of which were predicted to
e cytoplasmic and the other periplasmic (Fig. S4). These results
ay  indicate a high potential of RN62 for intracellular utilization

f starch or glycogen. Correspondingly, the strain had the poten-

ial for glycogen biosynthesis because it possessed two copies of
he gene encoding starch synthase (glgA) and one copy of the
ene encoding 1,4-�-glucan (glycogen) branching enzyme (glgB),
lthough the gene for glucose-1-phosphate adenylyltransferase
 the 27 Flavobacteriia species shown in Fig. 1. The abundance was normalized by

(glgC) was  missing. A similar glycogen biosynthetic pathway has
also been found in Z. galactanivorans [5]. However, RN62 seemed
to have a more pronounced glycogen recycling pathway in addi-
tion to ˛-amylase because of the presence of genes encoding
glycogen phosphorylase (glgP) that breaks glycogen into glucose-
1-phosphate and phosphorylase-limited dextrin, and maltodextrin
glucosidase (malZ) that converts maltodextrin into glucose, and
they were located next to each other in the genome, although a
gene for glycogen de-branching enzyme (pullulanase) was  missing
(Fig. S5). The glgP gene is rarely present in Flavobacteriia [5] but
it was found in P. antarctica isolated from a cold and oligotrophic
Antarctic intertidal sediment [86], although it was  not found in the

other four closely related strains. Moreover, the malZ gene was spe-
cific to RN62. The results provided strong evidence for the existence
of an unusual intracellular glycogen recycling pathway in RN62 as
an important strategy for carbon storage and consumption in order
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o overcome the discontinuous organic matter supply in the hadal
nvironment.

The GH43 and GH3 families comprise a functionally diverse
et of enzymes. Enzymes from the GH43 family may  help RN62
o utilize xylans derived mainly from plant cell walls, as well as
ome green and red macroalgae [12,58]. Four of them were pre-
icted to be periplasmic/membrane-bound. RN62 also harbored a
omplete pathway for converting d-xylose to l-arabinose, includ-
ng xylose isomerase (xylA), xylulose kinase (xylB), l-arabinose
somerase (araA), l-ribulose-5-phosphate 4-epimerase (araD) and
-ribulokinase (araB). The GH3 family is represented mainly by
-hexosaminidase that may  be involved in processing oligosaccha-

ides [78].
On the other hand, GH29 and GH16 were less represented in

N62 than other strains of the cluster, except for P. antarctica
Fig. 3A). GH29 is represented mainly by �-l-fucosidase, which
an act on fucoidan, a sulfated polysaccharide produced mainly by
rown algae [50]. GH16 includes diverse hydrolases toward plant
nd algal polysaccharides, including laminarin, agar, �-carrageenan
nd xyloglucan. One GH16 family enzyme of Z. galactanivorans has
een found to exhibit a high specificity for algal �-1,3-glucans
36]. The only GH16 family protein in RN62 belonged to endo-
,3-�-glucanase (laminarinase), whereas the number of sulfatases

n RN62 (28) was comparable to P. antarctica and lower than
ther close relatives. However, this number was higher than the
verage value in Flavobacteriia (10) and other deep-sea bacte-
ia [5]. All sulfatases in the RN62 genome belonged to family S1
formyl-glycine dependent sulfatases), which can be further classi-
ed into 14 subfamilies. Predominant amongst these were S1 8 (4),
I 11 (4), S1 15 (3) and S1 20 (3) (Table S2). S1 8 and S1 11 were
-sulfoglucosamine sulfohydrolase and heparin/heparan sulfate 6-
-sulfatase, respectively, and both of them are involved in heparan

ulfate degradation. This indicates the presence of animal polysac-
harides in hadal waters, which may  be derived from a diverse array
f metazoan organisms that have been found in deep trenches [23],
nd would serve as carbon and energy sources for RN62.
 RN62 and its five closely related relatives. Dot size in the panel is in proportion to

In contrast to GH families, the number of peptidase fami-
lies and the relative abundance of each peptidase family were
similar between RN62 and its closely related relatives (Fig. 3B).
Serine peptidases were predominantly represented, with fami-
lies S9 (oligopeptidase), S12 (carboxypeptidase B) and S33 (prolyl
aminopeptidase) being the most abundant ones. The predicted
numbers of CAZymes, peptidases and sulfatases of Z. galactanivo-
rans in this study were fewer than previously reported [5], which
may  relate to the stringent assignment strategy applied.

Transporter classification

The most abundant transporters in the RN62 genome annotated
in TCDB were the TonB-dependent receptor/transporter (TBDR,
9.6%), followed by the ATP binding cassette (ABC) transporter
(9.2%), solute:sodium symporter (SSS, 5.2%), and the resistance-
nodulation-cell division (RND, 5.2%) superfamily (Fig. S6). These
were also the most abundant transporters across all 27 genomes
analyzed (Fig. S6). There were two types of TBDR that were SusC-
like and FhuA-like proteins. The susC-like TBDR is associated with a
susD-like gene encoding outer membrane lipoproteins, which was
first identified as part of the sus cluster responsible for starch uti-
lization in an intestinal Bacteroides thetaiotaomicron [61,62]. Among
the 74 predicted TBDR in the RN62 genome, 34 were SusC-like and
40 were FhuA-like. The SusC-like/FhuA-like TBDR ratio of RN62 was
0.85, which was lower than in the other five strains (all greater than
1) in the same cluster (Table S3). This may  imply that the strain
possessed more TBDR specific to small molecules than to polymers
[5], since the SusC-like and FhuA-like proteins in Bacteroidetes have
been documented to be specific for polymers and small molecules,
respectively [13,33]. However, this conclusion needs further verifi-

cation, as non-SusC-like TBDRs can also be used for polymer uptake
by members of phyla other than Bacteroidetes and transportation
of other substrates, such as vitamins and siderophores [71] that are
unrelated to carbon utilization.
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ig. 4. Putative polysaccharide utilization loci of E. marina RN62. Polysaccharide ut
ne  CAZyme gene within ten genes downstream and/or upstream (in the case of 

xtended by searching for genes potentially involved in carbohydrate degradation w

The six strains shared a comparable abundance of ABC and SSS.
owever, RN62 harbored a higher abundance of the RND super-

amily, which plays a role in substrate efflux via an H+ antiport
echanism, than the other five strains. Specifically, there were
ore multidrug exporters in the RN62 genome than the other

ve strains; the heavy metal exporters of RN62 were compa-
able with P. antarctica and were doubled compared with the
ther strains. Although the Mariana Trench is a long way from
and and human disturbance, the deep trenches have been con-
idered as sinks for contaminants, such as persistent organic

ollutants [67]. Extraordinary levels of persistent organic pollu-
ants have been identified in amphipod fauna collected from two
renches [24]. Similarly, the location where P. antarctica was iso-
ated is close to the Chinese Antarctic Zhongshan Station, and is
on loci were defined by possessing a susC-susD gene cluster surrounded by at least
0 and 12, CAZymes are located 12-13 genes away from susC-susD). PUL  was  then

 five-gene sliding window beginning from the susC-susD and CAZyme genes.

thus subjected to human disturbances. In this context, the two
strains may  use the excess RND exporters to resist toxic com-
pounds.

Polysaccharide utilization loci characterization

The SusD-like protein, since its first discovery, has been docu-
mented to bind various polysaccharides, including starch [61,62],
fructan [68], cellulose [44], chitin [39], glucan [76], carrageenan
[15] and xyloglucan [65], and thus exhibits a universal role as a

polysaccharide capturer [28,77]. It can facilitate the SusC-like TBDR
in taking up substrates after polysaccharide is degraded extracellu-
larly. The susC-susD gene cluster, in most cases, is co-located with
genes encoding GH, PL and sulfatase, which together organize into
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Fig. 5. Distribution and dissimilarity level of different functional groups across Flavobacteriia genomes. Panels A, B and C show the distribution of CAZymes, peptidases
and  transporters, respectively, across the 27 Flavobacteriia genomes. Dots with different colors indicate the four phylogenetic clusters as shown in Fig. 1, with green
representing Arenibacter species, yellow representing Maribacter species, blue representing Muricauda, Croceitalea and Eudoraea species, and red representing Euzebyella,
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riegella,  Pseudozobellia, Zobellia and Pricia species. Panels D and E show the dissimi
espectively. (For interpretation of the references to color in this figure legend, the 

perons or regulons described as polysaccharide utilization loci
PUL) [47,68]. RN62 contained 15 PULs that were defined here as
ontaining at least a susC-susD gene cluster and a CAZyme gene.
redicted functions of the PULs were described where possible:
UL2 may  target ˛-l-rhamnoside; PUL3 contained the most GHs
nd may  target sulfated rhamnogalacturonan and xylan; PUL5 may
arget sulfated fucoside or fucoidan; PUL6 may  target laminarin;
UL7 may  target sulfated xylan; PUL10 may  target sulfated starch
nd/or �-glucan; PUL11 may  target sulfated pectin. PULs 8, 12 and
5 contained only �-hexosaminidase, but from different families,
nd they may  target oligosaccharides. Many of the targeted sub-
trates were sulfated, indicating that the strain retained several
ULs for utilizing algal derived polysaccharides, although the sub-
trate is scarce. The only PL was not clustered in a PUL, but 37
ut of 62 GHs and 16 out of 28 sulfatases were distributed in the
ULs (Fig. 4). However, 9 out of 15 PULs contained only a single
H and another one contained two GHs from the same family. Two

f the four putative �-amylases in the GH13 family were present
nd distributed in different PULs, indicating that starch utilization
f RN62 could occur outside PULs. The PUL diversity and complex-
ty of strain RN62 was lower than the algal-associated Algibacter
levels of the three functional groups across the 27 and 344 Flavobacteriia genomes,
 is referred to the web version of this article.)

alginolytica [70] and Z. galactanivorans [5], the latter of which was
closely related to RN62.

Divergent evolution of carbohydrate metabolism in
Flavobacteriia species

To elucidate the evolutionary pathway of substrate utilization
traits in E. marina RN62, the level of dissimilarly was compared
for the compositions of GH, peptidase and transporter families in
the 27 genomes. GHs were used as a proxy of CAZymes as they
were significantly represented in the genomes. All three functional
components showed similar clustering relationships in NMDS, with
strains in the same phylogenetic cluster (Fig. 1) being much closer
to each other (Fig. 5A–C). This indicated that the substrate uti-
lization traits of Flavobacteriia species were concordant with the
phylogeny. Previous studies also demonstrated that microbial func-
tional capabilities, including oxygenic photosynthesis, methane

oxidation and sulfate reduction, were phylogenetically conserved
[49,88]. It was  noticeable that the genomes were more scattered in
the GH NMDS plot compared to peptidase and transporter, which
was consistent with higher Bray-Curtis dissimilarities of GH than
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Fig. 6. Comparison of the COG categories in E. marina RN62 and its five closely related strains based on the complete genome (A) and specific genes (B). COG categories:
(C)  energy production and conversion; (D) cell cycle control, cell division, chromosome partitioning; (E) amino acid transport and metabolism; (F) nucleotide transport and
metabolism; (G) carbohydrate transport and metabolism; (H) coenzyme transport and metabolism; (I) lipid transport and metabolism; (J) translation, ribosomal structure and
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iogenesis; (K) transcription; (L) replication, recombination and repair; (M)  cell wa
rotein turnover, and chaperones; (P) inorganic ion transport and metabolism; (Q
rediction only; (S) function unknown; (T) signal transduction mechanisms; (U) int

hose of transporter and peptidase (P < 0.001, Wilcox ranking test,
ig. 5D). The analysis was further expanded to 344 Flavobacteriia
enomes comprising most genera (Fig. 5E). The results showed
imilar variations, with GH being more divergent between dif-
erent species than peptidase and transporter. Therefore, it could
e inferred that Flavobacteriia species had conserved similar pro-
ein utilization properties during evolution, and that variations in
olysaccharide utilization may  be an important strategy utilized by
lavobacteriia species to accommodate environmental changes, in
his case by RN62, in order to deal with the compositional alter-
tions of organic carbon in the hadal ocean.

ther features for deep-sea adaptation

A proportion of 70.3% of the genes in RN62 could be classi-
ed into a COG category, which was comparable with the other
ve strains (67.1–71.2%). RN62 clearly had a lower relative pro-
ortion of COG G (carbohydrate transport and metabolism) than

he other five strains, which was consistent with the lower abun-
ance of CAZymes, especially GHs. In contrast, P. antarctica had

 similar abundance of CAZymes to RN62 but possessed a high
bundance of genes for COG G, indicating different carbohydrate
brane/envelope biogenesis; (N) cell motility; (O) post-translational modification,
ondary metabolites biosynthesis, transport, and catabolism; (R) general function
ular trafficking, secretion, and vesicular transport; (V) defense mechanisms.

utilization pathways in RN62 and P. antarctica.  A total of 747 genes
were RN62 specific, of which 31.7% could be classified in the COG
category, which was a little higher than other strains that ranged
from 18.9-31.4%. The few RN62-specific COG genes included a
galactarate dehydratase (garD), which together with its unique 5-
dehydro-4-deoxyglucarate dehydratase (kdgD) and the common
2,5-dioxopentanoate dehydrogenase (araE), may  facilitate a unique
pathway for converting d-galactarate to 2-oxoglutarate in the cit-
rate cycle. On the other hand, the RN62-specific genes were more
enriched in COG M (cell wall/membrane/envelope biogenesis), COG
K (transcription) and COG T (signal transduction mechanisms)
(Fig. 6, Table S4). The increase of COG M genes has also been
reported in an ecotype of Alteromonas macleodii specific to deep
water [22] and alphaproteobacterial SAR11 deep subclade Ic [79]
compared to their respective surface counterparts, implying a uni-
versal role for COG M in deep-water inhabitation. The specific COG
M included eight glycosyltransferases, two polysaccharide biosyn-
thetic proteins and one polysaccharide exporter, which suggested

enhanced capability of polysaccharide synthesis in RN62. Polysac-
charide plays vital roles in microbial survival in the deep sea by
serving as a cryoprotectant [51]. COG K is also more abundant in
bacterial species isolated from deep water and sediment than from
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hallow water [59], as well as in an ALOHA metagenome at a water
epth of 4000 m compared to surface water [31]. In addition, the
otentially enhanced transcription and signal transduction per-
ormances may  relate to in situ bacterial growth and substrate
tilization.

onclusion

In summary, this study reports the first genome of a hadal water-
erived Flavobacteriia bacterium, and the first genome sequence
f the genus Euzebyella.  The genome of E. marina RN62 showed
bundant GHs and sulfatases in a higher number than many other
lavobacteriia species and deep-sea bacteria, demonstrating its
apacity to utilize carbohydrates. RN62 harbored a high abun-
ance of putative �-amylases targeting glycogen, and sulfatases for
eparan sulfate degradation, which may  suggest that the growth
f strain RN62 is supported by animal polysaccharides in hadal
ater. This carbohydrate metabolism capacity of RN62 may  reflect

hanges in the chemical composition of organic matter between
he surface and hadal ocean. Strikingly, RN62 had the potential for
ntracellular glycogen biosynthesis and degradation in addition to
-amylases, which may  provide a means for carbon storage and uti-

ization when organic matter is repleted and depleted, respectively.
dditionally, the genetic potential for carbohydrate metabolism,
epresented by the GH compositions, varied among Flavobacteriia
pecies to a certain degree, which were higher than the pepti-
ase and transporter compositions, suggesting that alternation

n carbohydrate metabolism may  be a preferential strategy for
lavobacteriia to occupy new ecological niches. The study raised
mportant questions that warrant further investigation, such as

hether or not the intracellular cycling of organic matter repre-
ents a common strategy used by microbes to survive in the hadal
nvironment or whether habitat type and phylogeny interact to
rive the variation of carbohydrate metabolism in Flavobacteriia.
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