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Members of the phylum Bacteroidetes play a key role in the marine carbon cycle through their degradation of
polysaccharides via carbohydrate-active enzymes (CAZymes) and polysaccharide utilization loci (PULs). The
discovery of novel CAZymes and PULs is important for our understanding of the marine carbon cycle. In this
study, we isolated and identified a potential new genus of the family Catalimonadaceae, in the phylum Bac-
teroidetes, from the southwest Indian Ocean. Strain TK19036, the type strain of the new genus, is predicted to
encode CAZymes that are relatively abundant in marine Bacteroidetes genomes. Tunicatimonas pelagia NBRC
107804, Porifericola rhodea NBRC 107748 and Catalinimonas niigatensis NBRC 109829", which exhibit 16 S
rRNA similarities exceeding 90% with strain TK19036, and belong to the same family, were selected as reference
strains. These organisms possess a highly diverse repertoire of CAZymes and PULs, which may enable them to
degrade a wide range of polysaccharides, especially pectin and alginate. In addition, some secretory CAZymes in
strain TK19036 and its relatives were predicted to be transported by type IX secretion system (T9SS). Further, to
the best of our knowledge, we propose the first reported “hybrid” PUL targeting alginates in T. pelagia NBRC
107804". Our findings provide new insights into the polysaccharide degradation capacity of marine Bacter-

oidetes, and suggest that T9SS may play a more important role in this process than previously believed.

1. Introduction

The Bacteroidetes phylum is a diverse group of bacteria that are
found in a wide range of environments, including marine systems [1].
Bacteroidetes are known for their ability to degrade complex poly-
saccharides, making them important players in the marine carbon cycle
[2]. The ability of Bacteroidetes to degrade polysaccharides is due to
their possession of carbohydrate-active enzymes (CAZymes) [2].
CAZymes consist of six major classes involved in carbohydrate degra-
dation, modification and biosynthesis: Glycoside Hydrolase (GH), Gly-
cosyltransferase (GT), Polysaccharide Lyase (PL) Carbohydrate Esterase
(CE), Auxiliary Activities (AA) and Carbohydrate Binding Module (CBM)
[3,4]. Bacteroidetes also possess polysaccharide utilization loci (PULSs).
PULs are genetic regions that encode the genes for CAZymes, as well as
other proteins that are involved in the transport of carbohydrates, such
as SusC- and SusD-like transporter proteins [5].

Recently, it has been shown that some CAZymes in Bacteroidetes are
secreted by a protein transport system called the type IX secretion

* Corresponding author.
E-mail address: tangkai@xmu.edu.cn (K. Tang).

https://doi.org/10.1016/j.csbj.2023.12.025

system (T9SS) [6]. T9SS is a secretion system that is exclusive to the
Bacteroidetes [6-8]. It is involved in a variety of functions, including
gliding motility, the degradation of biopolymers, and the secretion of
CAZymes [9,10]. The secretion of CAZymes by T9SS has led to the dis-
covery of two novel polysaccharide degradation mechanisms in Bac-
teroidetes [6]. The first mechanism is a non-PUL mechanism, which
relies solely on T9SS to transport large multi-domain CAZymes. The
second mechanism is a hybrid PUL system, which uses both T9SS and
PULs to degrade complex carbohydrates [6]. PULs that harbor type A
CTD-containing CAZymes constitute “hybrid” PULs [6]. Other type A
CTD-containing CAZymes, that are not located at predicted PULs, may
function as a “PUL-free” mechanism, that could enhance the poly-
saccharide degrading capabilities of marine Bacteroidetes [5,6]. How-
ever, the participation and contribution of T9SS in marine-derived
polysaccharide degradation is still poorly understood.

In this study, we isolated and identified a novel strain of Bacter-
oidetes from the Southwest Indian Ocean. We then analyzed the
composition of CAZymes, PULs, and T9SS components in this novel
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strain and three related Bacteroidetes. Our findings provide new insights
into the mechanisms by which Bacteroidetes degrade complex poly-
saccharides, and has implications for our understanding of the role of
Bacteroidetes in the marine environment.

2. Materials and methods
2.1. Isolation and identification

Seawater samples were collected from the Longqi hydrothermal zone
of the Southwest Indian Ocean (49.64796°E, 37.78083°S), at a depth of
about 500 m. Before laboratory use, samples were mixed with sterilized
glycerol to a final concentration of 15% (v/v) and preserved at 4 °C. One
hundred pL of the sample was then spread on marine agar 2216E, and
cultivated at 28 °C for a week. A single pink colony was picked and
purified by three rounds of streak plating. The purified isolate was
assigned as TK19036 and studied further. Gram stain test was performed
using a Gram stain kit (Hopebio, China; HB8278). Cell morphology was
observed using transmission electron microscopy (TEM) (Tecnai G2
Spirit BioTwin) after 5 days of growth. Gliding motility was tested using
1% (w/v) agar plates.

A full-length 16S rRNA gene sequence was extracted using Con-
tEst16S (https://www.ezbiocloud.net/tools/contest16s) [11] from the
whole genome shotgun sequence, and aligned using NCBI online server
Blast (in 16S/ITS database). Digital DNA-DNA hybridization (dDDH),
average nucleotide identity (ANI) and average amino acid identity (AAI)
values were calculated using the online toolkits GGDC 3.0 (https://ggdc.
dsmz.de/ggdc.php) [12], ANI Calculator (https://www.ezbiocloud.net/
tools/ani) [13] and AAI Calculator (http://enve-omics.ce.gatech.edu/
aai/) [14], respectively. The latest Genome Taxonomy Database asso-
ciated taxonomic classification toolkit (GTDB-Tk v2.2.6) [15] was used
to construct a multigene-based phylogenomic tree on a Linux system,
with all parameters set to default values.

2.2. Genome sequencing and assembly

Reference strains, Tunicatimonas pelagia NBRC 1078047 [16], Por-
ifericola rhodea NBRC 107748" [17] and Catalinimonas niigatensis NBRC
1098297 [18], were purchased from the Biological Resource Centner,
NITE, Japan. For genome sequencing and assembly of Tunicatimonas sp.
TK19036, P. rhodea NBRC 107748" and C. niigatensis NBRC 1098297, the
library construction was carried out in accordance with the manufac-
turers’ protocols for the Magen Hipure Soil DNA Kit and the SMRTbell®
Express Template Preparation Kit 2.0. Sequencing was performed using
the Illumina Hiseq X Ten (GENEWIZ, China) and Oxford Pacbio Sequel II
platforms (GENEWIZ, China), following the manufacturer’s protocols
for the NovaSeq 6000 S4 Reagent Kit and NovaSeq Xp 4-Lane Kit. Pacbio
reads were then de novo assembled using HGAP4 [19], and the genomes
were recorrected by previous Illumina data using Pilon [20]. Genome
sequencing and assembly of T. pelagia NBRC 107804 were similar with
those described above, except that the third generation sequencing
technology of Nanopore (Personalbio, China) and the de novo assembly
software of Unicycler [21] were utilized. The whole genome shotgun
data for all isolates mentioned above were deposited in the NCBI
genome database.

2.3. Genome annotation

Genomic features of strain TK19036, T. pelagia NBRC 1078047,
P. rhodea NBRC 107748" and chromosome of C. niigatensis NBRC
109829" were annotated by Prokka v1.14.6, a rapid prokaryotic genome
annotation software [22]. Prokka invokes Prodigal [23], RNAmmer
[24], Aragorn [25], SignalP [26] and Infernal [27] to predict coding
sequences (CDS), ribosomal RNA genes (rRNA), transfer RNA genes,
signal leader peptides and non-coding RNA, respectively. Then Prokka
produces a set of standard-compliant output files. The output faa, gff and

407

Computational and Structural Biotechnology Journal 23 (2024) 406416

gbk files were used as input files for the following analyses, unless
otherwise specified.

2.4. Predictions of CAZymes and CGCs

Carbohydrate-active enzymes and CAZyme-containing gene clusters
were automatically annotated by an online server, dbCAN3 (https://
beb.unl.edu/dbCAN2/blast.php) [28,29]. To maintain data consis-
tency, the protein sequences predicted by Prokka were also submitted to
the dbCANS3 server. All submissions used HMMER (E-Value < 1le-15,
coverage > 0.35) to search for CAZyme family annotation under the
dbCAN CAZyme domain HMM database and CAZyme subfamily anno-
tation under the dbCAN-sub HMM database, and DIAMOND (E-Value <
le-102) to search for BLAST hits in the CAZy database [4]. As dbCAN
HMM only detects homology in the N-terminal part (NADH" domain)
without homology to the catalytic GH109 domain, to eliminate false
positives, we conducted a search for the catalytic GH109 domain using
the InterPro web service (https://www.ebi.ac.uk/interpro/) [30]. Sub-
sequent analyses exclusively utilized the filtered GH109 results. The
CGC-Finder server (Distance <= 2, signature genes = CAZyme + TC),
within dbCAN3, was used to identify potential CAZyme-containing gene
clusters (CGCs) [31], with transporters (TC) searched in the Transporter
Classification Database (TCDB) [32]. In addition, we utilized the
dbCAN-seq (https://beb.unl.edu/dbCAN seq/) [31,33] and dbCAN-PUL
(https://beb.unl.edu/dbCAN _PUL/) [34] databases to conduct a
comprehensive investigation of carbohydrate substrates, bacterial tax-
onomy and CGCs. The dbCAN-seq database was updated in 2022, during
which 9421 MAGs from four ecological environments (human gut,
human oral, cow rumen and marine) were added. Considering the strong
dependence on sulfatases in the degradation of polysaccharides derived
from marine phytoplankton, we also annotated genes encoding sulfatase
families and subfamilies in the genomes using the online server Sulfatlas
HMM (https://sulfatlas.sb-roscoff.fr/sulfatlashmm/) [35,36].

2.5. Identification of T9SS

The components of T9SS are listed in Table S1, and the corre-
sponding protein sequences were downloaded. The genome of Cyto-
phaga hutchinsonii ATCC 334067 was used as reference [37]. Proteins
predicted in the genomes of strain TK19036 and related strains were set
as the local database by Blast Zone function in TBtools [38], then
searched for T9SS components using the blastp method, with an E-value
of 1e-10. Amino-terminal secretory signal peptides were predicted by
the updated SignalP 6.0 (https://services.healthtech.dtu.dk/services/
SignalP-6.0/) [39]. To identify proteins potentially secreted through
T9SS, we first downloaded the hmm files of the domain families
TIGR04183 and TIGR04131, and then searched for the two types of
carboxy-terminal domains (CTDs) in the proteins predicted in the ge-
nomes of strain TK19036 and related strains using HMMER 3.3.2
(http://hmmer.org/), with the default E-value of le-2.

2.6. Sole-carbon-source cultivation experiment

Pectin (Aladdin, 9000-69-5) and alginate (Aladdin, 9005-38-3)
were chosen as test polysaccharide substrates. Cells were harvested by
centrifugation (4000 rpm, 10 min) at the exponential stage, and washed
three times with sterile artificial seawater (KCl 0.3 g, MgSO4-H20 0.5 g,
CaCly-H40, 0.038 g, NH4Cl 0.3 g, KoHPO,4 0.3 g, NaCl 35 g, Milli-Q
water 1 L, pH 7.8-8.0) before inoculation. Cultivation experiments in
a sole-carbon-source medium (artificial seawater 1 L, carbon source 30
mM, vitamin 1 mL, trace metal 1 mL) were conducted in triplicate at
26 °C for 12 days, with D-glucose as the sole carbon source in the control
group. Daily samples (200 pL) were measured for optical density at 600
nm (OD600) to monitor cell growth.
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Table 1
Genome and identification information of the four species.
TK19036 “T. pelagia C. niigatensis P. rhodea
NBRC NBRC 109829" NBRC
107804" 107748"
Isolate source seawater sea anemone blackish lake marine
sediment sponge
Genome size 8204,189 7171,967 7134,482 5487,627
(bp)
G + C content 45.20 44.92 42.04 41.20
(%)
Sequencing 197 134 304 298
depth(x)
N50 (bp) 7777 12204 6901 7865
Total genes 6683 6145 5969 4547
Protein coding 6631 6097 5923 4501
genes
tRNA genes 45 41 39 39
rRNA genes 6 6 6 6
16S rRNA (100.00) 94.32 90.74 90.56
similarities
(%)
ANI values (100.00) 71.82 69.44 68.51
(%)
PAAI values (100.00) 69.78 62.23 61.09
(%)
"dDDH values (100.00) 18.00 18.00 17.80

(%)

? Only chromosome sequence compared here.
b Genome of strain TK19036 used as query sequence.

2.7. Protein structure prediction and search

Protein structures were predicted using AlphaFold2 [40,41]. Then,
the targeted protein structures were searched through Foldseek (https
://search.foldseek.com/) [42]. Furthermore, the structures of the
query and the targeted proteins were aligned using US-align (https://zh
anggroup.org/US-align/) [43]. Protein structures were visualized by
Pymol v2.4 [44].
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2.8. Heterologous expression and enzymatic assays

The pectate lyase gene (FBLHDAGO_00238) and alginate lyase gene
(FBLHDAGO_04016) (Table S2) were synthesized by Sangon Biotech
(Sangon, China). The synthesized genes were inserted into pET28a
expression vectors followed by transformation into Escherichia coli BL21
(DE3). The protein expression and purification followed previously re-
ported protocols [45]. To determine the enzymatic activity of pectate
lyase, 25 pL of purified enzyme was added to 75 pL of 0.2% pectin so-
lution (0.2 M Glycine-NaOH buffer, 0.06 M CaCl2, pH 9.4), and the
volume of the reaction was adjusted to 200 pL by adding the same
buffer. Subsequently, the change in absorbance at 235 nm was measured
over 15 min at 45 °C [46,47]. The enzymatic activity unit (U/mL) was
defined as the amount of enzyme solution required to cleave pectin to
produce 1 pmoL of unsaturated polygalacturonic acid in 1 min. The
molar extinction coefficient for calculation was 4600 mL/(mmol cm)
[47]. Alginate lyase cleaves alginate to produce reducing substances that
discolor ferricyanide solution. Its activity was determined by incubating
1.2 mL of 0.2% sodium alginate (Tris-HCl 50 mM, CaCl; 1 mM, pH 8.0)
with 120 pL of the purified enzyme at 25 °C for 10 min, and then
transferring 40 pL to 200 pL of ferricyanide solution (K3[Fe(CN)g] 1.5
g/L, NayCOs3 24 g/L, NaOH 5 mM) which stopped the enzymatic reac-
tion. The solution was boiled for 10 min and cooled to room tempera-
ture. The absorbance of 200 pL reaction mixture was measured at 415
nm [48]. Definition of enzyme activity unit (U/mL): the amount of
enzyme solution required to cleave sodium alginate to form 1 pmoL of
reduced carbon-carbon double bonds per minute.

3. Results and discussion

3.1. Description of Catalimonadaceae gen. nov., sp. nov. TK19036
Colonies of strain TK19036 were dark pink after 4-5 days of growth

on marine agar 2216E plates at 28 °C. Cells were long rods, approxi-

mately 0.7-0.8 um wide and 3.3-6.0 ym long (Fig. S1). Gram staining
was negative. The top three 16 S rRNA gene similarities with strain

Fulvivirga lutimaris KCTC 427207 (GCF_009711525.1)
Fulvivirga aurantia RKSG066T (GCF_009711475.1)
Fulvivirga sediminis 2943T (GCF_016757215.1)
Fulvivirga imtechensis AK7T (GCF_000331535.1)
100 Fulvivirga kasyanovii JCM 16186 (GCF_009711405.1)
Fulvivirga marina 29W2227 (GCF_016775155.1)
100[ Roseivirga ehrenbergii DSM 102268 (GCF_004340805.1)
100 Roseivirga seohaensis subsp. aquiponti D-25T7 (GCF_001267955.1)
Roseivirga thermotolerans CGMCC 1.15111T (GCF_014653175.1)
%9 E Roseivirga misakiensis SK-8T (GCF_001747105.1)
Roseivirga pacifica CGMCC 1.124027 (GCF_900111145.1)
— Marinoscillum furvescens DSM 41347 (GCF_003386095.1)
100L———— Marinoscillum pacificum MRN461T (GCF_024714495.1)
Marivirga atlantica SM1354T (GCF_016734805.1)
100 Marivirga sericea DSM 41257 (GCF_900177665.1)

100 {:‘
Marivirga tractuosa DSM 41267 (GCF_000183425.1)
85

Marivirga lumbricoides CGMCC 1.10832T (GCF_014636295.1)

%‘FMBO% (CP120682)

Tunicatimonas pelagia NBRC 1078047 (CP120683)
Catalinimonas niigatensis NBRC 1098297 (CP119422)
{ Porifericola rhodea NBRC 1077487 (CP119421)
Catalinimonas alkaloidigena DSM 251867 (GCF_900100765.1)
Flavobacterium aquatile LMG 4008 (GCF_000757385.1)

Fig. 1. GTDB-Tk phylogenetic tree of strain TK19036 and related species based on 120 bacterial marker genes. Values under 70% are hidden. Bar, 0.10 substitutions
per nucleotide base. NBCI accession numbers of sequences used in tree-construction are labeled in parentheses.
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Fig. 2. Annotated CAZymes. A. Number of CAZymes annotated in the four marine Bacteroidetes strains, compared with records in the dbCAN-seq database. B.
CAZymes family distribution of the four marine Bacteroidetes strains. Detailed information can be found in Table S5. AA, Auxiliary Activities; CBM, Carbohydrate
Binding Module; CE, Carbohydrate Esterase; GH, Glycoside Hydrolase; GT, Glycosyltransferase; PL, Polysaccharide Lyase.

TK19036 were T. pelagia NBRC 107804", P. rhodea NBRC 107748" and
C. niigatensis NBRC 1098297 of 94.32%, 90.74% and 90.56%, respec-
tively. Other hits had similarities below 90.00%. Base on the 16 S rRNA
gene similarities, T. pelagia NBRC 1078047, P. rhodea NBRC 1077487
and C. niigatensis NBRC 1098297 were chosen as references, to be
compared with the strain TK19036 as follows. ANI, AAI and dDDH
values are listed in Table 1. 16 S rRNA gene similarities, ANI and AAI
values between strain TK19036 and the closest relative, T. pelagia NBRC
107804", were significantly lower than the classical thresholds for genus
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delineation at 94.5% [49], 73.98% (95% CI, 73.34-74.62%) [50] and
65-72% [51], respectively. Digital DDH values were all < 70%, sup-
porting a clear species boundary [52]. As shown in Fig. 1, strain
TK19036 forms a deep branch within the family Catalimonadaceae and
is closely related to T. pelagia NBRC 107804", surrounded by the other
genera. Based on the available information, strain TK19036 is proposed
to represent a novel genus within the family Catalimonadaceae.



B. Chen et al.
3.2. Genome features of isolates from the family Catalimonadaceae

The four marine Bacteroidetes strains used in this study had genome
sizes ranging from 5.49 to 8.2 Mb, with GC contents ranging from 41.20
to 45.20% (Table 1). Strain TK19036 had the largest genome size, the
highest GC content, and the largest number of predicted protein-coding
genes. Only T. pelagia NBRC 107804” was found to have three plasmids.
However, none of the genes on these plasmids were annotated as
CAZymes. Therefore, they were not included in subsequent analyses.

3.3. Large CAZymes reservoirs in the four marine Bacteroidetes strains

There were 465, 319, 353 and 267 CAZymes in total predicted by
dbCAN3 (Fig. 2A) in the genomes of strain TK19036, T. pelagia NBRC
1078047, P. rhodea NBRC 107748 and C. niigatensis NBRC 109829,
respectively. Strain TK19036 harbored relatively higher number of
CAZymes compared with other marine Bacteroidetes genomes. The most
abundant CAZymes in TK19036 were GHs (215), followed by GTs (121),
CBMs [49], CEs [47], PLs [21] and AAs [14], respectively.

GH enzymes catalyze hydrolysis of glycosidic bonds to generate
hemiacetals, and are classified by catalytic mechanism. GH13 enzymes
accounted for the high proportion of GH families, at between
6.6-12.6%, in the genomes of strain TK19036 and the reference strains
(Fig. 2B). GH13 has been divided into 47 subfamilies. GH subfamilies
GH13_3, GH139, GH13_10, GH13_11, GH13_16, GH13_26, GH13_30,
CBM48 + GH13_31 and CBM48 + GH13_38 were shared among the
four marine Bacteroidetes strains (Table S3). Some GH13 subfamilies
contained CBM48 as starch-binding domains [53]. Only CBM48 was
annotated in the GH13 subfamilies of the four marine Bacteroidetes
strains (Table S3). CBM48 can bind to various linear or cyclic a-glucans
derived from starch and glycogen containing both a-1,4- and a-1,
6-linkages [54]. CBM48s from the pullulanase subfamily (GH13_8-14)
are widespread in prokaryotes [55]. GH13_9, GH13_10 and GH13_11
were annotated beside CBM48, possibly because of the requirement for
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the hydrolysis of amylopectin, which is common in marine environ-
ments [56].

GT enzymes catalyze glycosidic bond formation during glycoside
synthesis. GT4 and GT2 accounted for the highest proportion in the GT
families of strain T19036 and the reference strains, followed by GT51
(Fig. 2B). GT4 and GT2 are thought to be the ancestral origins of several
other GH families [57]. They constitute a basic, but significant, portion
of marine clade genomes, accounting for over 50% of GTs (GT2/GTs,
30%; GT4/GTs, 28%) in the marine environment in the dbCAN-seq
database. GT51 enzymes, also known as murein polymerase (EC
2.4.1.129), are involved in the synthesis of murein in both
Gram-positive and Gram-negative bacteria [58]. Therefore, GT51 plays
an important role in the GT families of Gram-negative bacteria, such as
strain TK19036 and the reference strains.

The ratio of GH + GT to total protein-coding genes in strain T. pelagia
NBRC 1078047, C. niigatensis NBRC 109829 and P. rhodea NBRC
1077487 were 5.0%, 3.9%, 4.0% and 4.3%, respectively. Strain
TK19036 had the highest ratio of GH + GT to total protein-coding genes.
For other bacterial taxa, the GH+GT to total protein coding genes ratio is
often between 1% to 3% [59]. The higher GH + GT to total
protein-coding genes ratio in strain TK19036 suggests that the family
Catalimonadaceae of marine Bacteroidetes has a greater potential for
polysaccharide metabolism.

CE enzymes release acyl or alkyl groups attached by ester linkage to
carbohydrates and facilitate the degradation of complex polysaccharides
[60], such as pectin and alginate [61]. CE1 and CE14 were the most
abundant CE families in the genomes of the four marine Bacteroidetes
strains (Fig. 2B). CE1 and CE14 are major families in CE, and are com-
mon among bacteria [62]. They are recognized for facilitating the
degradation of xylan, a component of plant cell walls, and chitin, a
constituent of crustacean shells, respectively [62,63]. It is presumed that
strain TK19036 and the reference strains could utilize CE1 enzymes to
facilitate the hydrolysis of recalcitrant polysaccharides.

CBMs are typically found in association with other catalytic
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Fig. 3. Part of the predicted CGCs and PULs in the genomes of the strain TK1903
CAZymes, carbohydrate-active enzymes; SusC-like, SusC-like transporter prote:

6 and reference strains. Annotations indicate predicted coding DNA sequence (CDS):
in; SusD-like, SusD-like transporter protein; STP, signal transduction protein; TC,

transporter; TF, transcription factor; other. Scales for each CDS are not consistent.
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CAZymes, and can bind a variety of carbohydrates [64]. CBM50, CBM6,
and CBM32 were the most abundant CBM families in the genomes of the
four marine Bacteroidetes strains (Fig. 2B). These CBMs are involved in
the degradation of universal polysaccharides in the marine environ-
ment, such as peptidoglycan, xylan, and mannan [65-67].

PL enzymes cleave uronic acid-containing polysaccharides by a
pB-elimination mechanism, instead of a hydrolysis mechanism [68]. This
is a different mechanism than the one used by most other CAZymes, and
it allows PL enzymes to degrade a wider range of polysaccharides. The
families PL8, PL12, PL35 and PL42 were shared among the four marine
Bacteroidetes strains (Table S4). These PLs are involved in the degra-
dation of alginate, glycosaminoglycan, pectin, chondroitin sulfate, and
gum arabic [69-72]. Strain TK19036 possessed the largest number and
variety of PL families among the four Bacteroidetes strains. Additionally,
PL11 + CBM13, PL17 + PL17, PL22, PL29, PL33, and PL40 were pre-
dicted to be present only in the genome of strain TK19036 (Table S4).
These PLs are involved in the degradation of phytoplankton-derived
polysaccharides, such as rhamnogalacturonan, alginate, oligogalactur-
onide, and ulvan [73-75]. This suggests that strain TK19036 may be
more specialized in the degradation of algal polysaccharides. Notably,
CBM13 has been reported to enhance the alginate catalytic efficiency of
PL11 [76].

AA are redox-active enzymes that potentially assist GH, PL, and CE
enzymes [77,78]. Two free-living marine Bacteroidetes strains,
TK19036 and C. niigatensis NBRC 1098297, contain more varied AA
families and larger CAZymes counts than the two parasitic strains,
T. pelagia NBRC 1078047 and P. rhodea NBRC 107748" (Table 1 and
Fig. 2). This implies that free-living Bacteroidetes must possess a wider
variety of AAs to deal with the more complex polysaccharide compo-
nents in their environment. AA3, which consist of four subfamilies
(AA3_1, AA32, AA3_3, AA3.4), assists in lignocellulose degradation
with its reaction products [78,79]. It has been relatively little studied in
marine bacteria [78-81]. AA3 accounted for the largest proportion of
AA enzymes among the four Bacteroidetes (Table S5), indicating their
potential activities in lignocellulose metabolism. Additionally, the pre-
diction of AA3 4 being shared among the four Bacteroidetes provides
initial evidence for the presence of AA3_4 coding genes in marine Bac-
teroidetes genomes, warranting further investigation [82]. However,
caution needs to be exercised in the analysis of the AA families as the
CAZy database did not include bacterial sequences for these families [4].
Our study indicates that AAs in bacteria need to be explored further and
updated within the CAZy database.

In summary, strain TK19036 and the reference strains had numerous
CAZymes in their genomes, which suggests that they have a great po-
tential for utilizing marine-derived polysaccharides. Strain TK19036 is
especially notable for its high CAZymes content, which is the highest of
any known marine Bacteroidetes strain.

3.4. Diverse substrates of PULs in the four marine Bacteroidetes strains

Statistical results of PULs in the genomes of strain TK19036 and the
reference strains predicted by CGC-Finder are listed in Table S6 [31].
Among them, CGCs containing at least one complete SusC-like and
SusD-like pair are grouped as PULs, except for capsule polysaccharide
synthesis. Consistent with CAZymes analysis, strain TK19036 harbored
the greatest number and highest density of PULs (Table S6).

In terms of pectin degradation, only TK19036_CGC4 was annotated
by both dbCAN3 and protein structure search to have a full set of pectin
degrading enzymes, including pectate lyase (PL1), pectin methylester-
ase (CE8), rhamnogalacturonan acetylesterase (CE12) and exopolyga-
lacturonase (GH28) (Fig. 3, Table S7). The potential pectin degrading
pathway, involving the above CAZymes expressed by the PUL
TK19036_CGC4, is shown in Fig. S4. To verify the bioinformatic pre-
dictions, a growth experiment was conducted using pectin as the sole
carbon source, during which growth was observed (Fig. S2). The re-
combinant pectate lyase coded by FBLHDAGO_00238, located at
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Arg

.

TM-Score: 0.64 RMSD: 3.92 A

O Pectate lyase from strain TK19036

O Pectate lyase from Bacillus sp. N16-5 (PDB ID: 3VMV)

TM-Score: 0.96 RMSD: 1.31 A

O Alginate lyase from strain TK19036
O Alginate lyase from Glaciecola chathamensis S18K6T (PDB ID: 5GKD)

Fig. 4. Protein structural analysis. A. Structure alignment of the pectate lyase
from the strain TK19036 (FBLHDAGO_00238) with that from the strain Bacillus
sp. N16-5. B. Structure alignment of the alginate lyase from the strain TK19036
(FBLHDAGO _04016) with that from the G. chathamensis S18K6". Structures of
the pectate lyase and the alginate lyase from the strain TK19036 were predicted
by Alphafold2. Conserved catalytic residues are shown as sticks. RMSD and TM-
Score values are presented.

TK19036_CGC4, shares a moderate RMSD value of 3.92 A with a verified
pectate lyase (PDB ID: 3VMV) (Fig. 4). Also, in the pectate lyase from the
strain TK19036, Arg223 is the conserved catalytic residue, as compared
to that in the similar enzyme (Fig. 4) [83]. To verify the ability to cleave
pectin, it was assayed and found to have an enzymatic activity of
0.33 U/mL (Fig. S3 A, Table S5).

In terms of fructan degradation, GH32 was found to be a shared
family among the fructan-degrading PULs/CGCs of all four marine
Bacteroidetes strains (Fig. 3). Levan-type fructans are a type of marine
bacterial exopolysaccharide [84]. Their universal distribution and the
ease of their utilization in diverse marine environments is indicated by
this finding.

In terms of arabinan and arabinoxylan degradation,
TK19036_CGC62 and NBRC109829_CGC29 were predicted to degrade
arabinan, and TK19036_CGC81 and NBRC109829 CGC61 were pre-
dicted to degrade arabinoxylan (Fig. 3). These predictions were based on
the presence of GH43, GH51, GH10, GH95, and CBM48 + CE1 in these
PULs (Fig. 3). As mentioned above, CE1 enzymes can enhance the hy-
drolysis of arabinoxylan by GHs. In the PULDB database, the
CEl1 + CBM48  combination appeared in the form of
CE6 + CBM48 + CE1. Our study provides a possible new combination
that does not contain CE6.

In terms of marine-specific alginate degradation, TK19036_CGC72
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Fig. 5. T9SS components in the genomes of the strain TK19036 and related strains. Black stars indicate the three conserved subsystems of T9SS: [1] An inner
membrane molecular motor composed of the PorL (GldL) and PorM (GldM) subunits, involved in energy sensing. [2] A periplasmic translocation motor complex

composed the protein PorN (GIdN) and the outer-membrane-associated lipoprotein PorK (GldK), can be activated in response to energy sensing. [3] An
outer-membrane-spanning translocon termed SprA, that transports substrate proteins from this large channel [93].
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Fig. 6. Growth of the four marine Bacteroides strains on the 1% (w/v) agar plates. A, TK19036; B, T. pelagia NBRC 107804%; C, C. niigatensis NBRC 109829"; D,
P. rhodea NBRC 107748".
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Table 2

Computational and Structural Biotechnology Journal 23 (2024) 406416

CAZymes containing type-A CTD in the genomes of strain TK19036 and the reference strains. -, not detected; Y, yes.

Strain Locus_tag CAZymes Whether located at PULs Whether have Sec signal peptide
TK19036 FBLHDAGO_00421 GH5_39 - Y
FBLHDAGO_02085 CE1 - Y
FBLHDAGO_02444 CE1 - Y
FBLHDAGO_02842 GHS55 +CBM13 - Y
FBLHDAGO_03478 CBM4 +CBM4 +GH10 - Y
FBLHDAGO_04685 PL11 +CBM13 Y -
FBLHDAGO_05028 CE1l - Y
FBLHDAGO_05037 CE1 - -
FBLHDAGO_05216 CBM57 Y Y
FBLHDAGO_06596 CBM3 - Y
NBRC 107804 NKNBAIDM_00253 CBM57 - Y
NKNBAIDM_01590 CBM6 - Y
NKNBAIDM_01591 GH74 +GH74 +CBM6 - Y
NKNBAIDM_01656 CBM13 Y Y
NKNBAIDM_01657 GH9 +CBM6 +CBM60 Y Y
NKNBAIDM_01658 CBM32 Y Y
NKNBAIDM_01660 PL6 Y Y
NKNBAIDM_01661 PL6 +PL6 Y Y
NKNBAIDM 01714 GH28 Y Y
NKNBAIDM_02197 PL31 - Y
NKNBAIDM_02203 GH51 Y Y
NKNBAIDM_02204 GH74 +GH74 - Y
NKNBAIDM_02899 GH13_.10 Y Y
NKNBAIDM_02982 CE1l - Y
NKNBAIDM_05068 CE1 +CBM32 Y Y
NKNBAIDM_05069 CE1l - -
NKNBAIDM_05730 GH5_39 - Y
NBRC 109829 BOEALPJH_00632 CBM60 +CBM60 +CBM60 +CBM60 - -
BOEALPJH_02253 CBM57 - Y
BOEALPJH_02685 PL1 2 - Y
NBRC 107748 KHLMAHLP_00538 CBM32 - Y
KHLMAHLP_01532 CBM57 - Y
KHLMAHLP_00833 CBM60 - Y
KHLMAHLP_03241 GH136 - -
KHLMAHLP_ 01818 CBM32 - Y
KHLMAHLP_00835 CBM57 +CBM57 Y Y

and NBRC107804_CGC19 were predicted to degrade alginate by both
dbCAN3 and protein structure search (Fig. 3, Table S7). These pre-
dictions were based on the presence of PL6 and GH29 in these CGCs
(Fig. 3). PL6, known as alginate lyase, were only annotated in strain
TK19036 and T. pelagia NBRC 1078047, indicating a possible lateral
gene transfer event. However, the protein identities calculated by blastp
between the PL6s in TK19036_CGC72 and in NBRC107804_CGC19 were
25.4-26.4% with p-values less than 1e-10, which indicated a distant
relationship. To test the ability of strain TK19036 to utilize alginate, a
growth experiment was conducted using this substrate as the sole carbon
source, during which growth was observed (Fig. S2). The recombinant
alginate lyase encoded by FBLHDAGO_04016, located at
TK19036_CGC72, shares a low RMSD value of 1.31 A with a verified PL6
family alginate lyase (PDB ID: 5GKD) (Fig. 4). Also, in the alginate lyase
from the strain TK19036, Arg265 and Lys244 are conserved catalytic
residues, as compared to those in the similar enzyme (Fig. 4) [85]. To
verify the ability to cleave alginate, it was tested and found to have an
enzymatic activity of 1.83 U/mL (Fig. S3 B, Table S5). Additionally,
sulfatase subfamilies S1_15 and S1_.17 were annotated within the
alginate-degrading PUL TK19036_CGC72. These sulfatases may target
chondroitin sulfate [86] and alpha-carrageenan [87].

In terms of capsule polysaccharides synthesis, two types of gene
clusters were identified in our study. The first type of capsule poly-
saccharide synthesis gene cluster only contained GT4 and GT2 of
CAZymes (Fig. 3). This type has been widely reported in genomes of
Proteobacteria and Bacteroidetes [88,89]. The second type of capsule
polysaccharide synthesis gene cluster contained not only GT4 and GT2,
but also GT26 (Fig. 3). However, in the dbCAN-PUL database this type
was only reported in the genome of a symbiotic Bacteroidetes from the
human intestine [88]. Similarly, in the dbCAN-seq database, there were
only 6 records of this type, out of 580 records of marine capsule
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polysaccharides synthesis gene clusters. These 6 records were all derived
from assemblies of Proteobacteria. Our study reported the second type of
capsule polysaccharide synthesis gene cluster in two marine Bacter-
oidetes strains, TK19036 and T. pelagia NBRC 107804" (Fig. 3). This
suggests that these strains may be involved in the synthesis of specific
capsule polysaccharides.

In summary, PULs that target divergent polysaccharide substrates
were identified in strain TK19036 and the reference strains. These PULs
may be involved in the degradation of biopolymers in diverse marine
environments.

3.5. New evidence for T9SS-associated polysaccharide metabolism in
marine Bacteroidetes

The three conserved subunits in T9SS were identified in the genomes
of TK19036 and the references strains (Fig. 5). Consistent with these
findings, strain TK19036, P. rhodea NBRC 107748 and C. niigatensis
NBRC 109829” were observed to have gliding motility (Fig. 6). Whereas
T. pelagia NBRC 107804" did not display motility (Fig. 6), possibly due
to the lack of motility adhesin RemA in this strain (Fig. 5) [90].

Most large multi-domain proteins secreted by T9SS are characterized
by amino-terminal signal peptides that tag them for transport across the
cytoplasmic membrane, these include type A carboxy-terminal domains
(CTDs) or type B CTDs, which belong to the families TIGR04183 and
TIGR04131, respectively [9]. In our study, Type A CTD in CAZymes
were annotated in all four marine Bacteroidetes (Table 2). In the four
strains, Type A CTD-containing CAZymes accounted for 0.8-5.3% of
CAZymes, and 9.4-22.4% of the predicted Type A CTD-containing
proteins. However, type B CTD in CAZymes were only annotated in
C. niigatensis NBRC 109829 and P. rhodea NBRC 107748" (e.g.,
BOEALPJH_04580 and KHLMAHLP_00538). This rarity of type B CTD
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was consistent with previous studies [91,92].

The genome of T. pelagia NBRC 107804" was predicted to have the
most type A CTD-containing CAZymes (Table 2). This suggests that the
lack of RemA motility adhesins may not influence the function of T9SS
to secrete CAZymes for polysaccharide degradation. In other words, the
polysaccharide metabolic capabilities of non-motile Bacteroidetes may
have been underestimated. Moreover, NKNBAIDM_01656 (CBM13),
NKNBAIDM_01657 (GH9 +CBM6 +CBM60), NKNBAIDM_01658
(CBM32), NKNBAIDM_01660 (PL6) and NKNBAIDM_01661 (PL6 +PL6)
were located at the PUL NBRC107804_CGC19 (Fig. 3). The predicted
structure of their Sec peptide and type A CTD, as shown in Fig. S5, also
suggests their capability to be secreted across both the inner and outer
membranes [9]. This suggests that NBRC107804_CGC19 is a “hybrid”
PUL. A prediction of the polysaccharide degradation process is as fol-
lows: CBM13, GH9 +CBM6 +CBM60, CBM32 and PL6 are first secreted
to the outer membrane. Then they cleave or hydrolyze complex algi-
nates to oligosaccharides. Finally, the oligosaccharides are transported
to the periplasm by SusC/D-like pairs to be further hydrolyzed by other
periplasm-located CAZymes. Notably, to the best of our knowledge,
NBRC107804_CGC19 is the first reported “hybrid” PUL targeting
alginates.

In summary, strain TK19036 and the reference strains were identi-
fied to have three conserved components from T9SS. Domain analysis
indicated that T9SS could facilitate the degradation of marine-derived
polysaccharides via both “PUL-free” and “hybrid” PUL mechanisms.
Especially, to the best of our knowledge, we proposed the first reported
“hybrid” PUL targeting alginates. However, all of the genomic findings
require further confirmation by transcriptomic, proteomic and other
multi-omic methods.

4. Conclusions

In conclusion, we isolated the novel marine Bacteroidetes strain
TK19036, which was proposed to represent a novel genus within the
family Catalimonadaceae. We found that strain TK19036 had the largest
number of CAZymes among currently known marine Bacteroidetes ge-
nomes, and was capable of degrading pectin and alginate. Comparative
genome analysis revealed the presence of diverse PULs and core T9SS
components in strain TK19036 and its relatives in the family Cata-
limonadaceae, suggesting that they are capable of sensing, binding, and
utilizing complex carbohydrates.
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