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Abstract
The halophilic genus Joostella is one of the least-studied genera in the family of Flavobacteriaceae. So far, only two species 
were taxonomically identified with limited genomic analysis in the aspect of application has been reported. Joostella atrare-
nae M1-2T was previously isolated from a seashore sample and it is the second discovered species of the genus Joostella. In 
this project, the genome of J. atrarenae M1-2T was sequenced using NovaSeq 6000. The final assembled genome is comprised 
of 71 contigs, a total of 3,983,942 bp, a GC ratio of 33.2%, and encoded for 3,416 genes. The 16S rRNA gene sequence 
of J. atrarenae M1-2T shows 97.3% similarity against J. marina DSM  19592T. Genome-genome comparison between the 
two strains by ANI, dDDH, AAI, and POCP shows values of 80.8%, 23.3%, 83.4%, and 74.1% respectively. Pan-genome 
analysis shows that strain M1-2T and J. marina DSM  19592T shared a total of 248 core genes. Taken together, strain M-2T 
and J. marina DSM  19592T belong to the same genus but are two different species. CAZymes analysis revealed that strain 
M1-2T harbors 109 GHs, 40 GTs, 5 PLs, 9 CEs, and 6 AAs. Among these CAZymes, while 5 genes are related to cellulose 
degradation, 12 and 24 genes are found to encode for xylanolytic enzymes and other hemicellulases that involve majorly in 
the side chain removal of the lignocellulose structure, respectively. Furthermore, both the intracellular and extracellular crude 
extracts of strain M1-2T exhibited enzymatic activities against CMC, xylan, pNPG, and pNPX substrates, which correspond-
ing to endoglucanase, xylanase, β-glucosidase, and β-xylosidase, respectively. Collectively, description of genome coupled 
with the enzyme assay results demonstrated that J. atrarenae M1-2T has a role in lignocellulosic biomass degradation, and 
the strain could be useful for lignocellulosic biorefining.
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Marine microorganisms remain a great source for the devel-
opment of different biotechnological applications. Due to 
the huge pool of untapped species in the sea, it has attracted 
the attention of many scientists to discover novel antibiot-
ics, drugs, biosurfactant, carotenoids and enzymes from the 
marine microorganisms (Selvaratnam et al. 2016; Thevara-
joo et al. 2016; Wang et al. 2016). Discovery and studies of 
cellulases, hemicellulases, and lignin-degrading enzymes 
had long been focused on those terrestrially isolated micro-
organisms (Sethupathy et al. 2021). For example, fungi like 
Aspergillus spp., and Trichoderma spp., or bacteria such 
as Caldicellulosiruptor spp., and Cellulomonas spp. are 

commonly used in lignocellulolytic enzymes cocktail pro-
duction (Rai et al. 2019; Chukwuma et al. 2020; Sethupa-
thy et al. 2021). Mining of the lignocellulolytic genes from 
marine microorganisms seems to be a good breakthrough 
for industrial enzymes development. This is because special 
environmental conditions in the sea, such as low tempera-
ture, low light, high salinity, and high pressure, had caused 
the marine residents to evolve, and this corresponding to the 
production of enzymes with unique and diverse characteris-
tics (Wang et al. 2016).

Genus Joostella was proposed in 2008 and it is classi-
fied under the family Flavobacteriaceae (Quan et al. 2008). 
Its members are Gram-negative, non-spore-forming, non-
motile, yellow-pigmented, and are mostly isolated from 
marine samples (Quan et al. 2008; Kim et al. 2011). This 
genus only consists of two identified species up-to-date, 
which are J. marina and J. atrarenae (Quan et al. 2008; Kim 
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et al. 2011). Based on NCBI taxonomy database search, up 
to 21 strains of the genus are currently unclassified. Except 
for the two identified species, which had been subjected to 
a polyphasic taxonomy (phenotypic and chemotaxonomic) 
study, other members are only verified via 16S rRNA phy-
logenetic analyses and are not deposited in any culture col-
lection yet. At the time of writing, only genome of J. marina 
DSM  19592T was reported without detailed analysis on its 
application aspects (Stackebrandt et al. 2013). Collectively, 
due to this lack of study and limited information, Joostella 
is considered an underexplored genus. Current project aimed 
to sequence J. atrarenae M1-2T genome and explore the 
potential of this strain in lignocellulose degradation.

J. atrarenae M1-2T (KCTC  23194T) was purchased from 
the Korean Collection of Type Cultures. The bacterium was 
grown in 10 mL Marine Broth (BD, USA) for 3 days at 
30 °C with 200 rpm shaking. Total DNA was extracted from 
the culture using ZR Quick-DNA Miniprep plus kit (Zymo 
Research, USA). A  NEBNext® Ultra™ DNA Library Prep 
Kit for  Illumina® (New England Biolabs, USA) was used 
to construct the total DNA into sequencing library. Whole 
genome sequencing was conducted in an  Illumina® NovaSeq 
6000 with running mode of PE150 (paired-end 150 bp). 
A total of 2.81 billion bases in 9,374,372 raw paired-end 

reads were obtained from the genome sequencing. The raw 
sequence data from the sequencing was deposited in NCBI 
Sequence Read Archive (SRA) database with accession 
number SRR15341968.

The raw paired-end reads were trimmed and quality fil-
tered using soapNuke v2.1.6 (Chen et al. 2018). De novo 
assembly of the clean paired-end reads was carried out using 
SPAdes v3.13.0 (Prjibelski et al. 2020), which resulted in 
total genome size of 3,983,942 bp, with 350× coverage, 71 
contigs, N50 of 267,267 bp, and GC content of 33.2%. Gene 
prediction and annotation of the assembled genome was con-
ducted using NCBI Prokaryotic Genome Annotation Pipe-
line (PGAP) v4.12 (Tatusova et al. 2016). A total of 3,416 
genes were encoded by the genome, including 3,343 protein-
coding sequences, 26 pseudogenes, 3 rRNAs, 40 tRNAs, and 
4 ncRNAs. Table 1 illustrates the minimum information of 
genome sequence (MIGS) of strain M1-2T.

For identification, 16S rRNA gene sequence was 
extracted from the draft genome and compared with the 
reported partial sequence (accession number: GQ872420), 
which achieved 100% similarity, and this confirmed that 
this draft genome belongs to strain M1-2T. Then, the 16S 
rRNA gene sequence was also searched against EzTaxon 
database (Yoon et  al. 2017), which resulted in 97.3% 

Table 1  Minimum information 
of genome sequence (MIGS) of 
J. atrarenae M1-2T

Investigation type Bacteria

BioProject accession PRJNA694488
BioSample accession SAMN17525809
Taxonomy ID of DNA sample 679257
Geographical location Black sand from seashore of Jeju Island, South Korea
Longitude and latitude 33°14′39″N, 126°34′29″E
Collection date 2009
Environment Sea sand [ENVO: 00002118]
Sequencing method Illumina® NovaSeq 6000
Number of replicons 1
Isolation and growth condition Marine agar or broth 2216, optimum growth conditions at 

30 °C, pH 8.0–8.5, and 1–4% (w/v) NaCl
Reference for biomaterial PMID: 20820783; https:// doi. org/ 10. 1007/ s00284- 010- 9750-y
Assembly software SPAdes; v3.13.0; default parameters
Assembly quality High-quality draft genome
Number of contigs 71
Coverage 350× 
Other genome features
Genome size 3,983,942 bp
GC content 33.2%
Protein-coding sequences 3,343
Pseudogenes 26
tRNAs 40
rRNAs 3
ncRNAs 4
Genome accession number JAETXX000000000

https://doi.org/10.1007/s00284-010-9750-y
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similarity against Joostella marina DSM  19592T (16S 
rRNA accession: JH651379). Besides, Average Nucleotide 
Identity (ANI) was conducted using FastANI v1.33 (Jain 
et al. 2018), and a 80.8% ANI value was found between 
strain M1-2T and J. marina DSM  19592T (genome acces-
sion: GCA_000260115.1). Digital DNA-DNA hybridization 
(dDDH) by GGDC 3.0 shows 23.3% between genomes of 
strain M1-2T and J. marina DSM  19592T (Meier-Kolthoff 
et al. 2022). In term of amino acid similarities, Average 
Amino Acid Identities (AAI) by EzAAI was found to be 
83.4% (Kim et al. 2021), and Percentage of Conserved Pro-
teins (POCP) was found to be 74.1% between strain M1-2T 
and J. marina DSM  19592T (Qin et al. 2014). Pan-genome 
analysis via Roary v3.13.0 shows that both strains share 
a total of 248 core genes (Page et al. 2015). Collectively, 
the findings showed that strain M1-2T and J. marina DSM 
 19592T are two different species in genus Joostella.

EggNOG-mapper v2.1.4 was used for Cluster of 
Orthologous Groups of protein (COGs) analysis (Can-
talapiedra et al. 2021). It successfully annotated a total 

of 3,106 protein-coding sequences into different COGs 
(Table 2). Due to the low similarities of strain M1-2T 
protein sequences against the existing COGs database, 
many of the proteins (23.0%) were classified as Function 
Unknown, which indicating that the member of the genus 
Joostella is underexplored, causing their encoding genes 
or proteins are not well-documented. Nevertheless, around 
7.1% of the total proteins are involved in carbohydrate 
transport and metabolism, this is an important informa-
tion for the subsequent analysis of Carbohydrate-Active 
Enzymes (CAZymes).

To analyze carbohydrate-active enzymes (CAZymes), 
the genes encoding CAZymes in the genome were clas-
sified via run_dbCAN v2.0.11 (Zhang et al. 2018), and 
the annotated CAZymes genes were cross-checked using 
Diamond v2.0.11.149 Blastp search against NCBI non-
reduntant and Uniprot Swiss-Prot databases (Buch-
fink et al. 2021); sequences from genus Joostella were 
excluded from the search. CAZymes of interest were fur-
ther analyzed using InterProScan v5.52–86.0, SignalP 

Table 2  Cluster of Orthologous 
Group of proteins (COGs) of J. 
atrarenae M1-2T

COG Functional description Count Proportion (%)

Cellular processing and signalling
D Cell cycle control, cell division, chromosome partitioning 29 0.9
M Cell wall/membrane/envelope biogenesis 289 9.3
N Cell motility 27 0.9
O Post-translational modification, protein turnover, and chaperones 122 3.9
T Signal transduction mechanisms 120 3.9
U Intracellular trafficking, secretion, and vesicular transport 76 2.4
V Defense mechanisms 57 1.8
W Extracellular structures 4 0.1
Y Nuclear structure 0 0
Z Cytoskeleton 5 0.2
Information storage and processing
A RNA processing and modification 0 0.0
B Chromatin structure and dynamics 0 0.0
J Translation, ribosomal structure and biogenesis 166 5.3
K Transcription 186 6.0
L Replication, recombination and repair 137 4.4
Metabolism
C Energy production and conversion 151 4.9
E Amino acid transport and metabolism 238 7.7
F Nucleotide transport and metabolism 72 2.3
G Carbohydrate transport and metabolism 220 7.1
H Coenzyme transport and metabolism 137 4.4
I Lipid transport and metabolism 103 3.3
P Inorganic ion transport and metabolism 205 6.6
Q Secondary metabolites biosynthesis, transport, and catabolism 48 1.5
Poorly characterized
R General function prediction only 0 0.0
S Function unknown 714 23.0



 3 Biotech (2023) 13:50

1 3

50 Page 4 of 12

v5.0, and TMHMM v2.0 to predict their domain, motifs, 
and other structures (Möller et al. 2001; Jones et al. 2014; 
Armenteros et al. 2019).

As a result, a total of 169 proteins were confirmed as 
CAZymes encoded by strain M1-2T genome, which include 
109 glycoside hydrolases (GHs), 40 glycosyltransferases 
(GTs), 5 polysaccharide lyases (PLs), 9 carbohydrate ester-
ases (CEs), and 6 auxiliary activities (AAs) enzymes. More-
over, 26 carbohydrate-binding modules (CBMs), which have 
no catalytic function but are responsible for enzyme bind-
ing or cell adhesion to carbohydrate polymers, were also 
found in the genome. To identify the genes that are involved 
in lignocellulose degradation, these genes of interest were 
further refined from the CAZymes as shown above. The 
genes encode for lignocellulolytic enzymes by strain M1-2T 
were summarized in Table 3. Out of the 40 lignocellulo-
lytic enzymes identified in strain M1-2T, 30 were found to 
be homologous to the sequences in other reported Joostella 
spp., with percentage of identity ranging from 24.8%–90.6%. 
Although these sequences can be found in Joostella spp., 
none of them was further studied. Thus, this shows the 
importance and novelty of studying these lignocellulolytic 
enzymes. As compared to other species, the lignocellulolytic 
enzymes in strain M1-2T had percentage of identity ranging 
from 32.7%–95.8%.

The bacterium harbors 5 genes that could be responsi-
ble for cellulose degradation, including JM658_02870, 
JM658_07570, JM658_07655, JM658_10395, and 
JM658_10405, and these genes encode for either 
β-glucosidases or cellulases that classified in GH3, 5, 
and 144. A total of 12 genes involves in xylan degrada-
tion (the major composition of hemicellulose), which 
are JM658_00590, JM658_00820, JM658_02860, 
JM658_07595 ,  JM658_07630 ,  JM658_07640 , 
JM658_07650 ,  JM658_07705 ,  JM658_07745 , 
JM658_09135, JM658_09145 and JM658_09160. These 
genes can be translated into various enzymes such as 
bifunctional xylanase/deacetylase, β-xylanase, β-xylosidase, 
xylosidase, and bifunctional xylosidase/arabinosidase, that 
are classified under CE4, GH3, 5, 39, 43, 120, and some 
are non-classified glycoside hydrolases (GH0). Moreover, 
there are 24 genes that are responsible for other hemi-
cellulose degradation including side chain removal. For 
instance, JM658_11595, JM658_12360, and JM658_15590, 
JM658_15640 (all encode for GH2 β-galactosidases) are 
responsible for galactan degradation. Interestingly, strain 
M1-2T consists of 13 α-L-fucosidase encoded genes, of 
which 2 of them belong to GH95 and 11 are GH29. These 
α-L-fucosidases are responsible in the side chain removal 
of hemicellulose that is made up of L-fucose sugar mono-
mer, which is commonly found in xyloglucan polysaccharide 
(Zhou et al. 2017; Cardoso et al. 2020). Collectively, strain 
M1-2T is most probably effective in degrading cellulose and 

hemicellulose (xylan and xyloglucan) (Fig. 1). The strain 
M1-2T could degrade cellulose and xylan completely as it 
encodes for full set of enzymes for degradation. Whereas 
for xyloglucan, the bacterium is missing an important 
enzyme that cleaves the α-1,6-glycosidic bond that is formed 
between D-glucose and D-xylose. Thus, the bacterium can 
only degrade xyloglucan partially, especially in the side 
chain removal of L-fucose and D-galactose (Fig. 1).

Strain M1-2T was previously isolated from a black sand 
sample located at a seashore in Jeju Island, South Korea 
(Kim et al. 2011). The region is rich in seaweeds and micro-
algae growth, thanks to the large submarine groundwater 
discharge at the coastal regions that with a lot of organic 
matters and nutrients (Hwang et al. 2005; Song et al. 2018). 
Compared to the terrestrial plants, the cell walls of most 
seaweed and microalgae are lacking in lignin structure, and 
are composed mainly of carbohydrate polymers like cellu-
lose, hemicellulose, laminarin, fucoidan, ulvan, etc. (Khan 
et al. 2018). Therefore, this in turn leads to the growth of 
cellulolytic and hemicellulolytic microorganisms. In gen-
eral, seaweed and microalgae involve in carbon sequestration 
process, where they capture and store atmospheric carbon 
dioxides through photosynthesis. Then, the microorganisms 
carry out respiration and degradation of the cellulolytic 
compounds, and these release carbon dioxides back into the 
atmosphere. Collectively, this provides a possible way to 
involve in marine carbon recycling. Through the analysis of 
genome earlier, strain M1-2T encodes for different types of 
cellulolytic and hemicellulolytic enzymes, this enables the 
strain to contribute to the carbon cycling as discussed above.

The ability of J. atrarenae M1-2T to utilize different types 
of polysaccharides was screened via hydrolytic plate assays. 
As a result, strain M1-2T was able to utilize carboxylme-
thyl cellulose (CMC), beechwood xylan, locust bean gum 
(LBG), and arabinan, forming halo zone in the agar plate 
supplemented with the respective substrates after 5 days 
of incubation (Fig. 2a). Besides, the releases of reducing 
sugars in suspension cultures supplemented with differ-
ent substrates (1% w/v) were also inspected (Fig. 2b). As a 
negative control, culture without addition of substrates was 
performed and no reducing sugar detected throughout the 
5 days of incubation. CMC and Avicel, which represent the 
cellulose, were hydrolysed into glucose and its oligomers 
by strain M1-2T, with the highest reducing sugar concen-
tration (0.200 ± 0.062 mM and 0.160 ± 0.056 mM) detected 
at day 1. Similarly, strain M1-2T was able to hydrolyse the 
xylan into xylose and its derivatives with the highest con-
centration (0.673 ± 0.004 mM) found at day 1 of incubation. 
For LBG, which composed mainly of mannan, was hydro-
lysed into mannose monomer and the highest concentration 
(0.240 ± 0.053 mM) can be found at day 5. Lastly, the culture 
supplemented with arabinan had the least amount of reduc-
ing sugar detected throughout the 5 days incubation.



3 Biotech (2023) 13:50 

1 3

Page 5 of 12 50

Ta
bl

e 
3 

 L
ist

 o
f c

el
lu

lo
ly

tic
 a

nd
 h

em
ic

el
lu

lo
ly

tic
 e

nz
ym

es
 e

nc
od

e 
by

 J
. a

tra
re

na
e 

M
1-

2 T

N
o

Lo
cu

s_
Ta

g
Fa

m
ily

A
nn

ot
at

io
n

C
lo

se
st 

Se
qu

en
ce

 to
 

Jo
os

te
lla

 sp
.

%
 Id

en
tit

y

C
lo

se
st 

Se
qu

en
ce

 to
 o

th
er

 sp
ec

ie
s /

%
 Id

en
tit

y
C

B
M

a
SP

b
O

th
er

 
 Se

cr
et

io
nc

TM
H

M
M

d
Lo

c.
e

C
el

lu
lo

se
-d

eg
ra

di
ng

 e
nz

ym
es

1
JM

65
8_

02
87

0
G

H
3

B
et

a-
gl

uc
os

id
as

e
W

P_
00

86
13

90
4.

1
[J

oo
ste

lla
 m

ar
in

a]
34

.0
%

RW
W

99
61

8.
1

[F
la

vo
ba

ct
er

iu
m

 c
er

in
um

]
75

.1
%

O
 P

O
O

Ex
tra

2
JM

65
8_

07
57

0
G

H
5

C
el

lu
la

se
–

M
B

N
23

51
53

7.
1

[S
pi

ro
ch

ae
ta

le
s b

ac
te

riu
m

]
39

.9
%

O
P

O
O

Ex
tra

3
JM

65
8_

07
65

5
G

H
5

C
el

lu
la

se
–

W
P_

06
82

16
33

3.
1

[L
ew

in
el

la
 sp

. 4
G

2]
42

.3
%

O
P

O
O

Ex
tra

4
JM

65
8_

10
39

5
G

H
14

4
B

et
a-

gl
uc

os
id

as
e

W
P_

00
86

13
90

0.
1

[J
oo

ste
lla

 m
ar

in
a]

84
.1

%

W
P_

20
20

26
89

4.
1

[G
al

bi
ba

ct
er

 m
es

op
hi

lu
s]

81
.1

%

O
P

O
O

Ex
tra

5
JM

65
8_

10
40

5
G

H
3

B
et

a-
gl

uc
os

id
as

e
W

P_
00

86
13

90
4.

1
[J

oo
ste

lla
 m

ar
in

a]
88

.7
%

W
P_

17
89

52
30

0.
1

[G
al

bi
ba

ct
er

 sp
. B

G
1]

86
.4

%

P
P

O
O

Ex
tra

Xy
la

n-
de

gr
ad

in
g 

en
zy

m
es

6
JM

65
8_

00
59

0
G

H
43

B
et

a-
xy

lo
si

da
se

W
P_

00
86

11
88

1.
1

[J
oo

ste
lla

 m
ar

in
a]

90
.6

%

W
P_

20
20

27
82

5.
1

[G
al

bi
ba

ct
er

 m
es

op
hi

lu
s]

85
.3

%

P
P

O
O

Ex
tra

7
JM

65
8_

00
82

0
C

E4
Xy

la
na

se
/d

ea
ce

ty
la

se
W

P_
00

86
11

81
6.

1
[J

oo
ste

lla
 m

ar
in

a]
70

.3
%

W
P_

17
89

50
00

7.
1

[G
al

bi
ba

ct
er

 sp
. B

G
1]

64
.2

%

O
O

O
O

In
tra

8
JM

65
8_

02
86

0
G

H
5

B
et

a-
xy

lo
si

da
se

–
W

P_
20

20
29

15
3.

1
[G

al
bi

ba
ct

er
 m

es
op

hi
lu

s]
78

.3
%

P
P

O
O

Ex
tra

9
JM

65
8_

07
59

5
G

H
5

B
et

a-
xy

la
na

se
–

W
P_

00
86

58
68

1.
1

[R
ho

do
pi

re
llu

la
 e

ur
op

ae
a]

44
.2

%

P
O

P
O

Ex
tra

10
JM

65
8_

07
63

0
G

H
12

0
B

et
a-

xy
lo

si
da

se
–

W
P_

11
78

80
45

2.
1

[L
ut

ib
ac

te
r s

p.
 S

M
13

52
]

61
.2

%

P
P

O
O

Ex
tra

11
JM

65
8_

07
64

0
G

H
3

B
et

a-
xy

lo
si

da
se

W
P_

00
86

11
32

4.
1

[J
oo

ste
lla

 m
ar

in
a]

39
.9

%

M
B

N
19

96
33

4.
1

[c
an

di
da

te
 d

iv
is

io
n 

K
SB

1 
ba

ct
er

iu
m

]
47

.3
%

P
P

O
O

Ex
tra

12
JM

65
8_

07
65

0
G

H
39

B
et

a-
xy

lo
si

da
se

–
W

P_
07

78
45

49
5.

1
[C

lo
st

ri
di

um
 p

un
ic

eu
m

]
52

.8
%

O
P

O
P

Ec
to



 3 Biotech (2023) 13:50

1 3

50 Page 6 of 12

Ta
bl

e 
3 

 (c
on

tin
ue

d)

N
o

Lo
cu

s_
Ta

g
Fa

m
ily

A
nn

ot
at

io
n

C
lo

se
st 

Se
qu

en
ce

 to
 

Jo
os

te
lla

 sp
.

%
 Id

en
tit

y

C
lo

se
st 

Se
qu

en
ce

 to
 o

th
er

 sp
ec

ie
s /

%
 Id

en
tit

y
C

B
M

a
SP

b
O

th
er

 
 Se

cr
et

io
nc

TM
H

M
M

d
Lo

c.
e

13
JM

65
8_

07
70

5
G

H
5

B
et

a-
xy

la
na

se
–

W
P_

20
22

44
99

1.
1

[F
ul

vi
vi

rg
a 

sp
. 2

94
3]

35
.1

%

P
O

P
O

Ex
tra

14
JM

65
8_

07
74

5
G

H
3

B
et

a-
xy

lo
si

da
se

W
P_

00
86

13
87

3.
1

[J
oo

ste
lla

 m
ar

in
a]

36
.6

%

H
IJ

70
78

4.
1

[P
la

nc
to

m
yc

et
es

 b
ac

te
riu

m
]

54
.9

%

P
P

O
O

Ex
tra

15
JM

65
8_

09
13

5
G

H
43

Xy
lo

si
da

se
–

W
P_

08
93

80
71

9.
1

[L
ut

ib
ac

te
r a

ga
ri

ly
tic

us
]

74
.4

%

O
P

O
O

Ex
tra

16
JM

65
8_

09
14

5
G

H
0

Xy
lo

si
da

se
–

W
P_

08
93

81
10

3.
1

[L
ut

ib
ac

te
r a

ga
ri

ly
tic

us
]

80
.1

%

O
P

O
O

Ex
tra

17
JM

65
8_

09
16

0
G

H
0

Xy
lo

si
da

se
/a

ra
bi

no
si

da
se

–
W

P_
01

04
20

36
5.

1
[A

na
er

op
ha

ga
 th

er
m

oh
al

op
hi

la
]

52
.1

%

P
P

P
O

Ex
tra

O
th

er
 h

em
ic

el
lu

lo
se

-d
eg

ra
di

ng
 e

nz
ym

es
18

JM
65

8_
00

48
0

G
H

16
B

et
a-

gl
uc

an
as

e
W

P_
00

86
11

03
0.

1
[J

oo
ste

lla
 m

ar
in

a]
76

.7
%

W
P_

10
83

72
17

1.
1

[F
la

vo
ba

ct
er

iu
m

 m
ag

nu
m

]
70

.4
%

O
P

O
O

Ex
tra

19
JM

65
8_

02
17

5
G

H
95

A
lp

ha
-L

-f
uc

os
id

as
e

W
P_

05
09

89
68

9.
1

[J
oo

ste
lla

 m
ar

in
a]

36
.5

%

W
P_

15
48

53
73

3.
1

[C
yc

lo
ba

ct
er

iu
m

 x
ia

m
en

en
se

]
57

.9
%

P
P

O
O

Ex
tra

20
JM

65
8_

03
21

0
G

H
29

A
lp

ha
-L

-f
uc

os
id

as
e

W
P_

00
86

14
65

3.
1

[J
oo

ste
lla

 m
ar

in
a]

29
.8

%

W
P_

14
33

98
59

0.
1

[F
ul

vi
vi

rg
a 

sp
. M

36
1]

57
.8

%

O
P

O
O

Ex
tra

21
JM

65
8_

03
83

5
G

H
97

A
lp

ha
-g

lu
co

si
da

se
W

P_
00

86
10

69
5.

1
[J

oo
ste

lla
 m

ar
in

a]
88

.9
%

W
P_

20
20

27
89

0.
1

[G
al

bi
ba

ct
er

 m
es

op
hi

lu
s]

82
.8

%

O
P

O
O

Ex
tra

22
JM

65
8_

06
89

0
G

H
31

A
lp

ha
-g

lu
co

si
da

se
W

P_
00

86
14

29
7.

1
[J

oo
ste

lla
 m

ar
in

a]
88

.4
%

W
P_

17
89

49
21

2.
1

[G
al

bi
ba

ct
er

 sp
. B

G
1]

87
.0

%

O
O

O
O

In
tra

23
JM

65
8_

07
72

0
G

H
31

A
lp

ha
-x

yl
os

id
as

e
W

P_
00

86
14

29
7.

1
[J

oo
ste

lla
 m

ar
in

a]
24

.8
%

M
B

N
22

11
89

8.
1 

[S
ed

im
en

tis
ph

ae
ra

le
s b

ac
te

riu
m

]
32

.7
%

P
P

O
O

Ex
tra

24
JM

65
8_

07
73

0
G

H
29

A
lp

ha
-L

-f
uc

os
id

as
e

W
P_

00
86

15
29

5.
1

[J
oo

ste
lla

 m
ar

in
a]

32
.4

%

W
P_

13
99

58
29

8.
1

[F
la

vi
ce

lla
 se

di
m

in
um

]
64

.3
%

O
P

O
O

Ex
tra



3 Biotech (2023) 13:50 

1 3

Page 7 of 12 50

Ta
bl

e 
3 

 (c
on

tin
ue

d)

N
o

Lo
cu

s_
Ta

g
Fa

m
ily

A
nn

ot
at

io
n

C
lo

se
st 

Se
qu

en
ce

 to
 

Jo
os

te
lla

 sp
.

%
 Id

en
tit

y

C
lo

se
st 

Se
qu

en
ce

 to
 o

th
er

 sp
ec

ie
s /

%
 Id

en
tit

y
C

B
M

a
SP

b
O

th
er

 
 Se

cr
et

io
nc

TM
H

M
M

d
Lo

c.
e

25
JM

65
8_

07
75

5
G

H
29

A
lp

ha
-L

-f
uc

os
id

as
e

W
P_

00
86

13
15

0.
1

[J
oo

ste
lla

 m
ar

in
a]

30
.4

%

H
G

T3
12

29
.1

[V
er

ru
co

m
ic

ro
bi

a 
su

bd
iv

is
io

n 
3 

ba
ct

er
iu

m
]

63
.6

%

P
P

O
O

Ex
tra

26
JM

65
8_

10
60

0
G

H
97

A
lp

ha
-g

lu
co

si
da

se
W

P_
00

86
13

87
1.

1
[J

oo
ste

lla
 m

ar
in

a]
50

.1
%

W
P_

07
24

02
86

0.
1

[F
la

vi
ra

m
ul

us
 b

as
al

tis
]

75
.8

%

O
P

O
O

Ex
tra

27
JM

65
8_

11
20

5
G

H
29

A
lp

ha
-L

-f
uc

os
id

as
e

W
P_

00
86

11
90

6.
1

[J
oo

ste
lla

 m
ar

in
a]

26
.8

%

W
P_

13
64

65
87

9.
1

[F
la

ge
lli

m
on

as
 sp

. X
Y-

35
9]

71
.6

%

O
P

O
O

Ex
tra

28
JM

65
8_

11
58

0
G

H
43

B
et

a-
ga

la
ct

os
id

as
e

W
P_

00
86

13
25

1.
1

[J
oo

ste
lla

 m
ar

in
a]

30
.0

%

W
P_

20
20

29
45

2.
1

[G
al

bi
ba

ct
er

 m
es

op
hi

lu
s]

95
.3

%

O
P

O
O

Ex
tra

29
JM

65
8_

11
59

5
G

H
2

B
et

a-
ga

la
ct

os
id

as
e

W
P_

04
08

80
37

1.
1

[J
oo

ste
lla

 m
ar

in
a]

34
.9

%

W
P_

20
20

29
45

5.
1

[G
al

bi
ba

ct
er

 m
es

op
hi

lu
s]

95
.8

%

P
O

O
O

In
tra

30
JM

65
8_

12
27

0
G

H
29

A
lp

ha
-L

-f
uc

os
id

as
e

W
P_

00
86

13
15

0.
1

[J
oo

ste
lla

 m
ar

in
a]

73
.9

%

W
P_

14
92

76
52

7.
1

[P
ar

eu
ze

by
el

la
 se

di
m

in
is

]
63

.9
%

P
P

O
O

Ex
tra

31
JM

65
8_

12
28

0
G

H
95

A
lp

ha
-L

-f
uc

os
id

as
e

W
P_

05
09

89
68

9.
1

[J
oo

ste
lla

 m
ar

in
a]

64
.7

%

EK
F5

57
53

.1
[G

al
bi

ba
ct

er
 m

ar
in

us
]

62
.5

%

P
P

O
O

Ex
tra

32
JM

65
8_

12
28

5
G

H
29

A
lp

ha
-L

-f
uc

os
id

as
e

W
P_

00
86

14
65

3.
1

[J
oo

ste
lla

 m
ar

in
a]

30
.9

%

W
P_

16
76

15
27

9.
1

[M
ar

ib
el

lu
s s

p.
 G

M
1-

28
]

59
.9

%

O
P

O
O

Ex
tra

33
JM

65
8_

12
29

0
G

H
29

A
lp

ha
-L

-f
uc

os
id

as
e

W
P_

00
86

14
65

3.
1

[J
oo

ste
lla

 m
ar

in
a]

35
.3

%

SF
W

57
40

2.
1

[S
in

om
ic

ro
bi

um
 o

ce
an

i]
65

.4
%

O
P

O
O

Ex
tra

34
JM

65
8_

12
31

0
G

H
29

A
lp

ha
-L

-f
uc

os
id

as
e

W
P_

00
86

15
29

5.
1

[J
oo

ste
lla

 m
ar

in
a]

34
.5

%

W
P_

07
49

77
76

2.
1

[Z
ho

ui
a 

am
yl

ol
yt

ic
a]

72
.3

%

O
P

O
O

Ex
tra

35
JM

65
8_

12
36

0
G

H
2

B
et

a-
ga

la
ct

os
id

as
e

W
P_

00
86

11
89

2.
1

[J
oo

ste
lla

 m
ar

in
a]

67
.5

%

W
P_

03
82

66
11

5.
1

[Z
ho

ui
a 

am
yl

ol
yt

ic
a]

72
.3

%

P
P

O
O

Ex
tra

36
JM

65
8_

12
99

5
G

H
29

A
lp

ha
-L

-f
uc

os
id

as
e

W
P_

00
86

13
15

0.
1

[J
oo

ste
lla

 m
ar

in
a]

33
.4

%

W
P_

04
61

50
55

3.
1

[P
ar

ab
ac

te
ro

id
es

 sp
. H

G
S0

02
5]

42
.5

%

P
P

O
O

Ex
tra

37
JM

65
8_

15
50

0
G

H
29

A
lp

ha
-L

-f
uc

os
id

as
e

W
P_

00
86

15
29

5.
1

[J
oo

ste
lla

 m
ar

in
a]

85
.1

%

W
P_

14
13

84
48

6.
1

[F
la

vo
ba

ct
er

iu
m

 fl
ev

en
se

]
77

.0
%

O
P

O
O

Ex
tra



 3 Biotech (2023) 13:50

1 3

50 Page 8 of 12

To further verify the cellulolytic and xylanolytic abili-
ties of strain M1-2T, quantitative enzyme assays of endo-
glucanase, xylanase, β-glucosidase and β-xylosidase were 
performed. J. atrarenae M1-2T was grown in Marine Broth 
supplemented with 0.1% (w/v) carboxylmethyl cellulose 
(CMC) and 0.1% (w/v) beechwood xylan, to induce the 
production of its cellulolytic and xylanolytic enzymes. The 
cultures with different incubation period (1–5 days) were 
harvested by centrifugation (8000× g, 5 min, 4 °C). The 
supernatant was treated as the extracellular crude enzymes 
of the bacterium, whereas the intracellular crude enzymes 
were extracted from the pelleted cells by B-PER™ Bacte-
rial Protein Extraction Reagent (Thermo Fisher Scientific, 
USA). Prior for enzyme assay, both extra- and intracellular 
enzymes were dialyzed against 100 mM Tris–HCl buffer 
(pH 7). Unless specified, enzyme assays were conducted by 
mixing 0.5 mL enzymes solution with 0.5 mL substrates 
and incubating at 30 °C, pH 7 for 30 min. Endoglucanase 
and xylanase activities were tested using 1% (w/v) carboxy-
methyl cellulose (CMC) and 1% (w/v) beechwood xylan as 
substrates, respectively, and coupled with 3,5-dinitrosalicy-
clic acid (DNS) assay to measure the release of reducing 
sugars. Absorbance changes for DNS assay were detected at 
540 nm in a spectrophotometer SP-UV 300 (Perkin Elmer, 
USA). One unit (U) of endoglucanase or xylanase activ-
ity is defined as the release of 1 nmol reducing sugar per 
minute per mL under the assay condition. β-glucosidase 
and β-xylosidase activities were measured using substrates 
p-nitrophenyl-β-D-glucopyranoside (pNPG, 5 mM) and 
p-nitrophenyl-β-D-xylopyranoside (pNPX, 5 mM), respec-
tively. The release of p-nitrophenol (pNP) compound from 
these substrates was detected at 405 nm in a spectrophotom-
eter. One unit (U) of β-glucosidase or β-xylosidase activ-
ity is defined as the release of 1 nmol pNP per minute per 
mL under the assay condition. The protein concentration of 
both extra- and intracellular extracts of Joostella atrarenae 
M1-2T were determined using the Pierce™ BCA Protein 
Assay kit (Thermo Fisher Scientific, USA), following the 
manufacturer’s protocol with bovine serum albumin (BSA) 
as the standard. Absorbance changes of the protein assays 
were measured at 562 nm in a spectrophotometer SP-UV 
300 (Perkin Elmer, USA). All assays were conducted in 
triplicates.

Based on the enzymatic assay results represented in Fig. 3, 
both the intracellular and extracellular extracts of J. atrare-
nae M1-2T were found to exhibit all four tested enzymes. In 
overall, the extracellular extracts of the bacterium had higher 
accumulative specific enzyme activities as compared to the 
intracellular portions throughout the five days incubation. 
This finding is in complement to the description of genome 
(Table 1), where most lignocellulolytic related enzymes in 
strain M1-2T are expressed extracellularly. Nonetheless, as 
compared among the four enzymes, xylanase had higher Ta
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specific enzyme activities, with maximum achieved at day 
4 incubation (69.56 ± 1.30 nmol·mg−1·min−1) as tested in 
the extracellular portion. This indicated that the bacterium 
had higher preference against xylan substrate rather than the 

CMC, when both substrates were provided at the same time 
during the bacterial growth. In other words, strain M1-2T 
most probably has better degrading ability against the hemi-
cellulose portion (represented by xylan in this study) than 

Fig. 1  Prediction of cellulose, xylan, and xyloglucan degradation by J. atrarenae M1-2T based on lignocellulolytic gene mining
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Fig. 2  The ability to utilize 
different polysaccharides by J. 
atrarenae M1-2T. a Hydrolytic 
plate assays and b measurement 
of reducing sugar released from 
suspension culture supple-
mented with different substrates 
from Day 1 – 5

Fig. 3  Specific enzyme activities of endoglucanase, beta-glucosidase, xylanase, and beta-xylosidase as tested in the intracellular and extracellu-
lar crude extracts of J. atrarenae M1-2.T, which were harvested from Day 1 – 5
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the cellulose portion (represented by CMC) of seaweed bio-
mass in nature. Other marine or halophilic bacteria that can 
produce lignocellulolytic enzymes had been studied else-
where (Liew et al. 2018; Jin et al. 2019; Lam et al. 2020; Zhu 
et al. 2020). For instance, a halophile called Roseithermus 
sacchariphilus strain RA was found to have 11 lignocellulo-
lytic encoded genes (Liew et al. 2018). As further studies, 
two xylanases (XynRA1 and XynRA2) of R. sacchariphilus 
strain RA were cloned, expressed, purified, and character-
ized, and both xylanases exhibited different characteristics 
(XynRA1 is non-salt tolerant; XynRA2 is salt tolerance up 
to 5 M NaCl with higher thermostability) (Liew et al. 2019; 
Teo et al. 2019). So far, none of the enzymes from Joost-
ella spp. has been heterologous expressed and character-
ized. Since J. atrarenae M1-2T harbors multiple copies of 
genes that encode for enzyme with same catalytic function 
(i.e. 6 β-xylosidases) (Table 1), the characterization of these 
enzymes in future will permit the identification of their dif-
ferences and unique features.

In conclusion, J. atrarenae M1-2T genome encoded 5 and 
12 enzymes for degradation of cellulose and xylan, respec-
tively. Meanwhile, a total of 24 genes related to side-chain 
removal of the hemicellulose are also identified. Further-
more, enzyme assays verified the presence of endoglucanase, 
xylanase, β-glucosidase, and β-xylosidase activities. To 
the best of our knowledge, this is the first genome analysis 
describing the lignocellulose degradation by J. atrarenae 
M1-2T. The findings could provide new enzymes for ligno-
cellulosic biomass processing.
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