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Abstract
Hahella is a genus that has not been well-studied, with only two identified species. The potential of this genus to produce 
cellulases is yet to be fully explored. The present study isolated Hahella sp. CR1 from mangrove soil in Tanjung Piai National 
Park, Malaysia, and performed whole genome sequencing (WGS) using NovaSeq 6000. The final assembled genome con-
sists of 62 contigs, 7,106,771 bp, a GC ratio of 53.5%, and encoded for 6,397 genes. The CR1 strain exhibited the highest 
similarity with Hahella sp. HN01 compared to other available genomes, where the ANI, dDDH, AAI, and POCP were 
97.04%, 75.2%, 97.95%, and 91.0%, respectively. In addition, the CAZymes analysis identified 88 GTs, 54 GHs, 11 CEs, 7 
AAs, 2 PLs, and 48 CBMs in the genome of strain CR1. Among these proteins, 11 are related to cellulose degradation. The 
cellulases produced from strain CR1 were characterized and demonstrated optimal activity at 60 ℃, pH 7.0, and 15% (w/v) 
sodium chloride. The enzyme was activated by  K+,  Fe2+,  Mg2+,  Co2+, and Tween 40. Furthermore, cellulases from strain 
CR1 improved the saccharification efficiency of a commercial cellulase blend on the tested agricultural wastes, including 
empty fruit bunch, coconut husk, and sugarcane bagasse. This study provides new insights into the cellulases produced by 
strain CR1 and their potential to be used in lignocellulosic biomass pre-treatment.
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Introduction

Lignocellulose is abundantly present in the environment, 
primarily from the living biomass in forest ecosystems 
and wastes from human activities. Approximately 1.3 bil-
lion tons of lignocellulosic biomass is generated annually 
from wastes of agricultural plantations and industries that 
produce commercial products, such as paper, fabric, food, 
and beverages (Mujtaba et al. 2023). Various approaches 
in separating lignocellulose components (cellulose, hemi-
celluloses, and lignin) have been investigated to convert 
by-products efficiently into valuable materials (Nanda et al. 
2014; Okolie et al. 2021). One of the techniques used in 
this process is biological pre-treatment involving biologi-
cal agents, particularly enzyme-producing bacteria. This 

method is advantageous due to the low energy consumption 
and operational cost compared to other physicochemical 
methods (Wu et al. 2022a, b).

Cellulases are key enzymes in cellulose degradation, 
a main component in the lignocellulosic biomass. This 
enzyme is categorized into endoglucanase, exoglucanase, 
and β-glucosidase, based on the catalytic mode of action in 
breaking down β-1,4-glycosidic linkages of cellulose. Cellu-
lases function synergistically in attacking the polymeric cel-
lulose at different levels of crystallinity and molecular bonds 
(Paul et al. 2021). For instance, endoglucanase cleaves cel-
lulose chains randomly within the amorphous region, while 
exoglucanase cuts at the reducing and non-reducing ends of 
the polymeric chain and releases short-chain oligosaccha-
rides and cellobioses (Houfani et al. 2020; Prawisut et al. 
2020). Subsequently, β-glucosidases complete the hydrolysis 
by breaking down these short polymers into glucose (Aytaş 
et al. 2023). Additionally, these cellulases have distinct cata-
lytic domains classified as glycoside hydrolases (GH) in the 
carbohydrate-active enzymes (CAZymes) database (Sidar 
et al. 2020). Endoglucanases and exoglucanases are pri-
marily related to GH5, GH6, GH7, GH9, GH12, and GH45 
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families, while β-glucosidases are associated with GH1, 
GH2, and GH3 families (Andlar et al. 2018; Carbonaro et al. 
2023). Some cellulases also comprise carbohydrate-binding 
modules (CBM) that enhance enzymatic activity by targeting 
specific substrates (Sidar et al. 2020).

Cellulase-producing microorganisms, such as bacteria 
and fungi, can be isolated from various sources, such as soil 
(Naresh et al. 2019), compost (Li et al. 2023), insect guts 
(Dar et al. 2019; Xie et al. 2023), and animal rumens (Astuti 
et al. 2022). Despite advancements in cellulase studies, chal-
lenges remain in establishing stable and economic cellulase 
systems with a pre-treatment step that ensures high sugar 
yield before the bioconversion (Dar et al. 2019). Therefore, 
bioprospecting for potential cellulolytic bacterial strains 
from new sources remains relevant. Mangrove ecosystems, 
for instance, are a potential source for mining various novel 
enzymes that are functionally robust in extreme conditions 
(Behera et al. 2017; Mamangkey et al. 2021). Mangrove 
swamps in tropical and subtropical regions are coastal areas 
flooded with seawater in intervals (Liu et al. 2019). Man-
grove soil contains a significant proportion of water-soluble 
sugars derived from lignocellulose components, comprising 
around half of its organic matter (Behera et al. 2017). Due to 
its salinity and nutrient richness, this environment provides 
an ideal habitat for a wide range of marine and freshwater 
microorganisms, including those possessing cellulase deg-
radation properties (Palit et al. 2022).

The present study isolated Hahella sp. CR1 halophilic 
marine bacterium of the family Hahellaceae from the man-
grove soil in Tanjung Piai National Park, Malaysia. Cur-
rently, six genome sequences belong to the genus Hahella 
available in the NCBI database, but only two species have 
been published (Hahella chejuensis KCTC  2396  T and 
Hahella ganghwensis DSM  17046 T) (Lee et al. 2001; Baik 
et al. 2005). Despite the availability of genomic data, the 
cellulases and other hydrolytic enzymes produced by these 
bacteria and their potential applications in lignocellulosic 
bioconversion remained understudied. Therefore, this study 
aimed to analyze the sequenced genome of Hahella sp. CR1 
and investigate its potential to be developed into cellulase 
systems applied in lignocellulosic biomass pre-treatment.

Materials and methods

Bacterial isolation & identification

Mangrove soil was collected at the terrestrial site with a 
sampling depth of 15.0  cm during the low tide period 
(November 2020) in Tanjung Piai National Park, Johor, 
Malaysia (1°16′01.6′′ N, 103°30′27.6′′ E) (CJB permit 
no.: G No. 887005). The fresh mangrove soil sample was 
serially diluted immediately after collection, spread plated 

onto Difco Marine Broth 2216 agar (MA) (BD, USA) and 
incubated at 30 ℃ up to seven days. The strain CR1 single 
colony was streaked repeatedly to obtain a pure colony. Sub-
sequently, the 16S ribosomal ribonucleic acid (rRNA) gene 
was amplified using the polymerase chain reaction (PCR) 
technique with 27F (5′-AGA GTT TGATCMTGG CTC AG-3′) 
and 1525R (5′-AAG GAG GTG WTC CARCC-3′) primers 
(Weisburg et al. 1991). The amplified gene was Sanger-
sequenced and nucleotide BLAST against the National 
Center for Biotechnology Information (NCBI) 16S rRNA 
sequences database (https:// blast. ncbi. nlm. nih. gov/ Blast. cgi) 
to identify the bacterium.

Morphological and biochemical characterization

The morphological characteristics of strain CR1 colonies 
cultured on MA were observed after 48 h of incubation at 
30 ℃, including the size, form, elevation, margin, surface, 
pigmentation, and optical characteristics (Holt et al. 1994). 
The strain CR1 sample was then subjected to Gram stain-
ing, as recommended by Tripathi et al. (2021), to identify 
the morphological features under a light microscope. Sub-
sequently, the catalase and oxidase tests were performed 
on strain CR1 (Reiner 2010; Shields and Cathcart 2010). 
The hydrolysis test was conducted by streaking strain CR1 
on bile esculin agar, and MA supplemented with 1% (w/v) 
of carboxy-methyl cellulose (CMC), casein, starch, xylan, 
locust bean gum (LBG), azure-B, and Tween (20, 40, 60, 
and 80). The agar plates were incubated at 30 ℃ for up to 
seven days, and the clearance zone around the colonies was 
recorded. The CMC-supplemented agar was stained with a 
0.1% (w/v) Congo red solution and de-stained with a 1 M 
sodium chloride (NaCl) solution before observation. Agar 
plates supplemented with starch, xylan, and LBG were 
stained with Lugol’s iodine solution.

Further detection and characterization of strain CR1 
were performed using  API® 20 E (bioMerieux, France). 
The  API® 20 E strip containing 20 micro-tubes of dehy-
drated substrates was inoculated with the prepared bacte-
rial suspension and incubated at 30 °C for two days. The 
tests include β-galactosidase, arginine di-hydrolase, lysine 
decarboxylase, ornithine decarboxylase, urease, tryptophan 
deaminase, tryptophanase, gelatinase, citrate utilization, 
hydrogen sulfide production, and Voges–Proskauer test 
(glucose, mannose, inositol, sorbitol, rhamnose, sucrose, 
melibiose, amygdalin, and arabinose fermentation). The 
color changes in the strip were observed after the incubation 
period (Holmes et al. 1978; Thaochan et al. 2010). Further-
more, the antibiotic resistance of strain CR1 was evaluated 
using the Kirby–Bauer disk diffusion method (Wayne 2015; 
Henciya et al. 2020) using selected antibiotics. First, the 
fresh bacterial culture of strain CR1 was incubated overnight 
in marine broth (MB). After incubation, the bacterial culture 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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(100 µL) was spread onto MA with a sterile glass rod. The 
prepared antibiotic disks were placed on the agar surface 
and incubated at 30 ℃ for three days. The inhibition zone 
was observed, and the diameter was recorded according to 
the Clinical and. Laboratory Standards (CLSI) susceptibility 
test interpretive criteria.

Genome extraction, assembly, and annotation

The genomic DNA of strain CR1 was extracted from the 
culture with 5 ×  106 colony-forming units (CFU) using 
Quick-DNA™ Miniprep Kit (ZYMO Research, USA) and 
DNA Clean & Concentrator™-25 (ZYMO Research, USA), 
according to the manufacturer’s protocol. The quality of 
the extracted genomic DNA was determined qualitatively 
using 1% (w/w) gel electrophoresis and quantitatively using 
NanoDrop™ 1000 Spectrophotometer (Thermo Scientific, 
USA). The sequencing library of the genomic DNA was pre-
pared using Nextera™ DNA Sample Preparation Kits (Illu-
mina, USA) and later sequenced via the Illumina NovaSeq 
6000 platform (2 × 150 bp) (Illumina, USA).

The sequencing reads were processed according to Del 
Angel et al. (2018). First, adapter trimming and filtering of 
low-quality reads were performed using Trimmomatic ver-
sion 0.39 to improve the quality of the raw reads with the 
following parameters: sliding window: 5 bp, minimal length: 
50 bp and average quality: 25 (Bolger et al. 2014). The pro-
cessed reads were then subjected to de novo assembly using 
SPAdes version 3.9.0 to reconstruct the genome based on 
the overlapping reads (Prjibelski et al. 2020). Subsequently, 
functional gene prediction was performed by annotating the 
assembled genome using the Prokaryotic Genome Anno-
tation Pipeline (PGAP) version 6.4 (Tatusova et al. 2016). 
Comparative analysis was then performed by comparing 
the strain CR1 genome and the retrieved Hahella genomes 
in the NCBI database, in terms of their genome features 
and sequence identities. Different computational tools were 
employed for assessing nucleotide and protein sequence 
identity; Average Nucleotide Identity (ANI) was conducted 
using OrthoANI version 1.33 (Lee et al. 2016), Average 
Amino Acid Identity (AAI) was determined using EzAAI 
version 1.2.2 (Kim et al. 2021), and Digital DNA–DNA 
Hybridization (dDDH) between strain CR1 and other mem-
bers was performed using GGDC 3.0 (Meier-Kolthoff et al. 
2022). The percentage of conserved proteins (POCP) of 
strain CR1 and other genomes of the same genus was deter-
mined according to Qin et al. (2014).

Pangenome analysis was carried out using Pipeline for 
Bacterial Pan Genome Analysis (BPGA) version 1.3 in 
mapping core, accessory and unique genes of the Hahella 
members and strain CR1 (Chaudhari et al. 2016). A phy-
logenomic tree was constructed using the RealPhy web 
server (https:// realp hy. unibas. ch/ realp hy/) and refined using 

MEGA11 by the maximum likelihood method with 1000 
bootstrap iterations. A cluster of Orthologous Groups of pro-
tein (COG) analysis was then performed to compare strain 
CR1 with other Hahella members using EggNOG-mapper 
version 2.1.9 (Cantalapiedra et al. 2021). The presence 
of CAZymes in the studied genomes was predicted using 
dbCAN2 version 3.0.7 against HMMER, DIAMOND and 
eCAMI (Zhang et al. 2018). Proteins belonging to GH fami-
lies and associated with cellulases were identified from the 
annotated CAZymes in strain CR1. The selected proteins 
were screened using InterPro (https:// www. ebi. ac. uk/ inter 
pro/ search/ seque nce/) and BLAST against the Swiss-Prot 
database using DIAMOND version 2.1.0 (Buchfink et al. 
2021). Default parameters were used for each software in 
the analysis unless specified.

Production of cellulase

A loop of strain CR1 was inoculated into 50 mL MB in a 
250 mL conical flask and incubated in an incubator shaker 
overnight at 30 ℃ and 150  rpm. Subsequently, the cell 
turbidity of the overnight culture was measured in a spec-
trophotometer and adjusted to  OD600 of 1.0. A 5.0% (v/v) 
inoculum [5.5 ×  108 (CFU) of bacteria cells] was pipetted 
into 50 mL fresh MB supplemented with 0.2% (w/v) CMC to 
initiate the cellulase production. The fresh culture was incu-
bated for another 18 h at 30 ℃ and 150 rpm. The bacterial 
culture was centrifuged at 10,000 g for 20 min at 4 ℃, and 
the supernatant was harvested. The supernatant containing 
cellulases was dialyzed in a dialysis tubing with 14.3/26 mm 
diameter and a pore size of 25 Å (BT Lab, China). The dial-
ysis was performed in Tris–Hydrochloric acid (Tris–HCl) 
buffer (pH 7.2) at 4 ℃ for 18–20 h.

Enzyme activity for cellulases

The cellulase activity was determined qualitatively by meas-
uring the reducing sugar released via the 3,5-dinitrosalicylic 
acid (DNS) assay. First, harvested cellulases (0.25 ml) were 
added into an equal volume of 1.0% (w/v) CMC and dis-
solved in 0.5 M Tris–HCl buffer solution (pH 7.2). The reac-
tion mixture was then incubated at optimal temperature for 
30 min. The reaction was stopped by adding an equal volume 
of DNS reagent and boiled for 5 min. The absorbance was 
determined using a spectrophotometer (DLAB Scientific, 
China) at 540 nm. The experiment was repeated with boiled 
cellulases as a negative control. One unit (U) of enzyme 
activity was expressed as the amount of enzyme that liber-
ated reducing sugar equivalent to 1 ug of glucose per mL 
per minute under the assay conditions. All experiments were 
performed in triplicates. The results were analyzed using 

https://realphy.unibas.ch/realphy/
https://www.ebi.ac.uk/interpro/search/sequence/
https://www.ebi.ac.uk/interpro/search/sequence/
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one-way analysis of variance (ANOVA) and expressed as 
mean ± standard error (Dadheech et al. 2018).

Characterization of cellulases

Effects of temperature, pH and salinity

The cellulase activity was tested at different temperatures 
(5–80 ℃). The enzymatic assays were performed in differ-
ent buffers (0.1 M) to determine the effect of pH on the 
harvested cellulase, including citrate phosphate buffer (pH 
3.0–6.0), tris–HCl buffer (pH 7.0–8.0) and glycine–NaOH 
(pH 10.0–12.0). Meanwhile, the effect of NaCl concentra-
tion was determined by incubating the enzyme in different 
salinity [0.0% to 18.0% (w/v)]. The enzyme was character-
ized by an adaptive one-factor-at-a-time method (Seddouk 
et al. 2022).

Effects of metal ions and other chemicals

The effect of chemical additives on the harvested cellulases 
was determined by incubating the enzyme and substrate in 
5.0 mM potassium chloride, iron (II) sulfate, copper (II) 
sulfate, magnesium chloride, cobalt (II) chloride, and 1.0% 
(w/v) Tween 40, Triton X-100, sodium dodecyl sulfate 
(SDS), and ethylene-diamine-tetra-acetic acid (EDTA). The 
assays were performed under optimized conditions.

Saccharification of cellulosic agricultural biomass

The enzymatic saccharification of agricultural biomass using 
cellulase from strain CR1 and cellulase enzyme blend, Cel-
lic CTec2 (Sigma, USA) was performed according to Dad-
heech et al. (2018) with modifications. The crude enzyme 
and cellulase blend were diluted 2X and 10000X, respec-
tively, to standardize the enzyme concentration to 0.1 U/
mL. Oil palm empty fruit bunch (EFB), coconut husk (CH), 
and sugarcane bagasse (SB) were used as substrates for 
saccharification, which were ground and autoclaved before 
the experiment. The saccharification was performed in a 
10 mL reaction system containing 1.0% (w/v) of biomass 
with three different enzymes setups: A. 2.5 mL cellulases 
from strain CR1 + 7.5 mL buffer, B. 2.5 mL commercial 
cellulase + 7.5 mL buffer, and C. 2.5 mL cellulases from 
strain CR1 + 2.5 mL commercial cellulase + 5.0 mL buffer. 
All mixtures were incubated for 24 h at 60 ℃, pH 7.0, with 
and without 15.0% (w/v) salinity. Finally, the mixtures were 
centrifuged at 4 ℃ and 10,000 g before the supernatant was 
harvested, and the sugar content was determined using DNS 
assay.

Results and discussion

Strain CR1 as member of genus Hahella

Based on the amplified 16S rRNA gene partial sequence, 
strain CR1 demonstrated the highest similarity to Hahella 
chejuensis KCTC  2396 T with an identity percentage of 
99.78%. The genus Hahella was proposed in 2001 under the 
family Hahellacaea and order Oceanospirillales (Lee et al. 
2001). To date, 15 strains have been deposited in the NCBI 
taxonomy database, comprising only two classified species 
and six genome data. Studies have been done on Hahella 
chejuensis to investigate its potential in secondary metabo-
lite production. Hahella chejuensis NBU794 has reportedly 
produced new compounds of prodiginine derivatives, exhib-
iting anti-cancer and anti-microbial bioactivities (He et al. 
2022; Li et al. 2022). Additionally, this species produces 
abundant exopolysaccharides and biosurfactants in biore-
mediation (Lee et al. 2001; Poli et al. 2010).

Biochemical characteristics of strain CR1

Strain CR1 was characterized using different biochemi-
cal tests and compared with the reference strains of genus 
Hahella (see Table 1). Strain CR1 exhibited circular, vol-
canic, orange–red pigment colonies resembling Hahella che-
juensis KCTC  2396 T. Furthermore, strain CR1 is a Gram-
negative, rod-shaped bacterium measuring 0.2–0.3 µm wide 
and 1.0–1.8 µm long, and demonstrated the ability to hydro-
lyze various complex molecules, including casein, starch, 
CMC, xylan, LBG, azure-B, and Tween(s) surfactants. The 
 API® 20 E demonstrated that strain CR1 produced gelatinase 
but showed negative results in other tests, with notable dis-
tinctions from two reference strains. Moreover, strain CR1 
was resistant to ampicillin, bacitracin, carbenicillin, linco-
mycin, minocycline, novobiocin, oleandomycin, oxacillin, 
penicillin G, and piperacillin and susceptible to gentamycin, 
neomycin, polymyxin B, rifampicin, and streptomycin.

General genome features

Table 2 details the genomic analysis of strain CR1. The 
assembled genome had a total length of 7,106,771 bp with 
212.59 × coverage, 62 contigs, and a GC content of 53.50%. 
The largest contig produced was 1,241,827 bp with  N50 
of 449,172 bp. Precisely, the genome size of strain CR1 
is similar to Hahella sp. HN01 (7,128,576 bp) compared 
to other existing genomes. The GC content of this bacte-
rium also falls within the range of the other Hahella strains 
(49.00–54.00%). A total of 6,397 genes were annotated by 
PGAP for strain CR1, including 6293 protein-coding genes, 
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42 pseudogenes, three rRNA, 55 tRNA, and four ncRNAs. 
In addition, the total number of genes from this bacterium 
was among the highest compared to the other four genomes, 
except for Hahella sp. HN01 (6528 genes) and Hahella che-
juensis KCTC  2396 T (6402 genes).

The phylogenomic tree (see Fig. 1) indicated Hahella 
chejuensis KCTC  2396 T, Hahella sp. KA22 and Hahella 
sp. HN01 are grouped in a similar clade with strain CR1. 
Meanwhile, the pan-genome analysis (see Fig. 2) sug-
gested that strain CR1 shared 1,751 core genes and 6,212 
representative accessory genes with other genus mem-
bers. Table 2 exhibited the ANI value between strain CR1 

with Hahella sp. HN01 and strain KA22 are 97.04% and 
92.83%, respectively. Other genomes showed < 90% iden-
tity values, including the two reference strains: Hahella 
chejuensis KCTC  2396 T (88.80%) and Hahella gangh-
wensis DSM  17046 T (69.30%). Furthermore, Hahella 
sp. HN01 (75.2%) exhibited the highest dDDH (identi-
ties/HSP length) values with strain CR1. The amino acid 
profile of strain CR1 is highly similar to Hahella sp. 
HN01; AAI = 97.95% and conserved protein percentage 
(POCP) = 91.0%. Collectively, strain CR1 and Hahella sp. 
HN01 were probably a novel species in genus Hahella.

Table 1  Morphological and 
biochemical characteristics of 
strain CR1 and its reference 
strains of the genus Hahella 

CR1 Hahella sp. CR1, KCTC  2396 T Hahella chejuensis KCTC  2396 T (Lee et al. 2001), KCTC 12277 T 
Hahella ganghwensis KCTC  12277 T (Baik et al. 2005).  + positive result. – Negative result. ND not deter-
mined. aAPI® 20 E consists of 20 different biochemical tests, results that were not shown in the table were 
reported negative in all strains

Description CR1 KCTC  2396 T KCTC  12277 T

Colony morphology
 Shape Circular ND Circular
 Elevation Volcanic Volcanic Convex
 Margin Entire ND Entire
 Surface/texture Hard ND Smooth
 Pigmentation Orange-red Pinkish red Creamish color
 Gram stain Negative Negative Negative
 Size (µm) 0.2–0.3 × 1.0–1.8 0.7–0.8 × 1.4–1.7 0.4–0.5 × 1.0–1.5

Production of
 Catalase  +  +  + 
 Oxidase  +  +  + 

Hydrolysis of
 Bile esculin −  +  + 
 Casein  + ND ND
 Starch  + ND ND
 Xylan  + ND ND
 LBG  + ND ND
 Azure B − ND ND
 Tween(s)  + ND ND

API® 20 E  Testa

 Lysine decarboxylase − − −
 Citrate utilization − − −
  H2S production − − −
 Tryptophan deaminase − − −
 Acetoin production − − −
 Gelatinase  +  +  + 

Fermentation/oxidation:
 D-Glucose −  +  + 
 D-Mannitol −  + −
 Inositol −  + −
 D-Sorbitol −  + −
 D-Sucrose −  + −
 D-Melibiose − − −
 Amygdalin − NR −
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COGs and CAZymes analysis

A total of 4,974 protein-coding genes in strain CR1 were 
successfully annotated in different COGs (see Fig. 3A). 
Majority of the annotated proteins (1108, 22.28%) were clas-
sified as “Function Unknown” due to the lack of similarities 
with the COG database, indicating that part of the strain CR1 
proteins remains unexplored. Meanwhile, 206 genes (4.14%) 
were annotated with functions related to carbohydrate trans-
port and metabolism, highlighting its potential for carbohy-
drate utilization. Genes encoding for carbohydrate-related 

proteins were further analyzed via annotation against the 
CAZymes database (see Fig. 3B), revealing a higher num-
ber of CAZymes in strain CR1 compared to other genomes. 
There are 88 glycosyl transferases (GT), 54 glycosyl hydro-
lase (GH), 11 carbohydrate esterases (CE), seven auxiliary 
activity enzymes (AA), two polysaccharide lyases (PL), 
and 48 carbohydrate-binding modules (CBM) annotated in 
strain CR1. GHs, responsible for degrading different carbo-
hydrates, were found in all Hahella strains, with at least 25% 
of the total CAZymes count. AAs proteins, such as lytic pol-
ysaccharide monooxygenases (LPMOs), were also annotated 

Table 2  Comparison of basic genome features of strain CR1 with available genome data in genus Hahella 

CR1 Hahella sp. CR1, KCTC 2396 T Hahella chejuensis KCTC  2396 T, DSM 17046 T Hahella ganghwensis DSM  17046 T, KA22 Hahella sp. 
KA22, CCB-MM4 Hahella sp. CCB-MM4, HN01 Hahella sp. HN01, PL25b_bin.18 Hahella sp. PL25b_bin.18 (MAG). *Annotation was done 
using PROKKA version 1.14.5. NA Not Available

Strains CR1 KCTC  2396 T DSM  17046 T KA22 CCB-MM4 HN01 PL25b_bin.18*

Sequencing 
platform

Illumina NovaSeq 
6000

NA Illumina HiSeq 
2000

Illumina HiSeq; 
PacBio RSII

Illumina MiSeq Illumina MiSeq DNBSEQ

Assembly SPAdes v. 3.9.0 NA Velvet v. 1.1.04 MECAT v. V1.3 SPAdes v. 3.9.0 SPAdes v. 2.0 MegaHIT v. v1.2.9
Finishing 

strategy
High-quality draft Complete Genome High-Quality Draft Complete Genome High-Quality Draft High-Quality Draft High-Quality Draft

Genome 
coverage

212.59 × NA NA 47.00 × 132.00 × 30.00 × 8.34 × 

Genome 
quality

No contamination No contamination No contamination No contamination No contamination No contamination No contamination

Relevance Environmental Environmental Environmental Environmental Environmental Environmental Environmental
Source Mangrove sediment Marine sediment Tidal flat Coastal water Mangrove sediment Mangrove sediment Corals
Genome Features
 Genome size 

(bp)
7,106,771 7,215,267 6,564,965 6,960,771 6,663,740 7,128,576 6,676,736

 GC content 
(%)

53.70 53.50 49.16 53.90 49.80 53.90 49.00

 Number of 
contigs

62 1 144 1 161 134 151

 Total genes 6397 6402 6232 6203 5936 6545 5876
 Total CDS 6335 6316 – 6117 5866 6479 5825
 Protein cod-

ing genes
6293 6259 6155 6068 5803 6298 –

 RNA genes 62 86 77 86 70 66 47
 rRNA genes 3 15 7 15 8 4 2
 tRNA genes 55 67 58 67 58 58 44
 ncRNA 

genes
4 4 12 4 4 4 1

 Pseudogenes 42 57 – 49 63 181 –
Identity against CR1
 OrthoANI 

(%)
– 88.80 69.36 92.83 69.39 97.04 67.80

 EzAAI (%) – 93.46 67.31 95.97 67.57 97.95 64.49
 dDDH (%) – 36.50 18.80 49.80 18.90 75.20 17.10
 POCP (%) – 87.03 58.30 89.19 59.16 91.00 43.96

Accession number
 Genbank JAPELK000000000 GCA_000012985.1 AQXX00000000 GCA_004135205.1 MRYI00000000 JAHMIN000000000 JANQMN000000000
 BioProject PRJNA896735 PRJNA16064 PRJNA182405 PRJNA512371 PRJNA356491 PRJNA736840 PRJNA857095
 Biosample SAMN31564167 SAMN02603483 SAMN02440417 SAMN10790512 SAMN06114548 SAMN19666839 SAMN29486655
 Locus Tag ONV78 HCH F566 EUZ85 BTA51 KP814 NA
 Reference This study Lee et al. (2001) Baik et al. (2005) Feng et al. (2019) Sam et al. (2017) Cri et al. (2019) Tandon et al. (2022)
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in strain CR1 and the other Hahella genomes. In addition, 
AA proteins, such as lytic polysaccharide monooxygenases 
(LPMOs), were also annotated in strain CR1 and the other 
Hahella genomes. These enzymes are gaining attention from 
researchers due to the ability to cleave glycosidic bonds in 
cellulose and xylan through the oxidation reaction (Sun 
et al. 2022). Notably, strain CR1 and the genus Hahella are 
enzyme producers worth exploring due to their ability to 
produce various enzyme groups.

Mining of potential cellulase proteins

Annotated GHs were analyzed to identify potential cellulase-
related proteins, and 11 GHs were related to cellulose deg-
radation (see Table 3). The selected proteins were > 94.0% 
similar to the annotated proteins from Hahella sp. HN01, 
which remains understudied. Furthermore, the identity 
percentage toward selected genes ranged from 51.15% to 
67.58% for other genera. Three main types of cellulases 
associated with endoglucanase function were found to be the 
most abundant, followed by exoglucanase and β-glucosidase.

Seven endoglucanase-encoding proteins associated 
with GH5, 8, and 9 (ONV78_14920, ONV78_25055, 
ONV78_18065, ONV78_01600, ONV78_03115, 
ONV78_01610, ONV78_05915) were identified in strain 
CR1. Exoglucanase-encoding proteins GH48 and GH6 
(ONV78_05910, ONV78_01605) and two different 
families of β-glucosidases, GH1 and 3 (ONV78_02680, 
ONV78_02960) were also found in this bacterium. Moreo-
ver, several CAZymes contain CBMs (CBM2, 3, 6) respon-
sible for cellulose binding (Sidar et al. 2020). The HcCel5 
protein characterized from Hahella chejuensis KCTC  2396 T 
demonstrated a high association (95.15%) with protein 
ONV78_25055, which was also identified in strain CR1 as 
GH5 endoglucanase linked to two CBM6 modules (Ghatge 
et al. 2014). Genes from other GH families in the genus 
Hahella are still understudied. Eight of the selected genes 
possess signal peptides, indicating that these proteins are 
possibly expressed extracellularly in strain CR1. This infor-
mation provides the fundamentals of extracellular cellulases 
produced by strain CR1 for further applications.

Characterization of cellulases produced 
from Hahella sp. CR1

The cellulases produced by strain CR1 were characterized 
quantitatively by elucidating the enzymatic activities at dif-
ferent temperatures, pH, and salinity. The optimum tempera-
ture for strain CR1 cellulase activity was 60 ℃ (see Table 4 
and Fig. S1), similar to cellulase produced from the marine 
bacterium Microbulbifer sp. (Tanaka et al. 2021). Cellulase 
with optimal activity higher than 50 ℃ is favorable because 
temperatures lower than that potentially lead to slow reac-
tion, lower yield of simple sugars and high susceptibility to 
microbial contamination (Patel et al. 2019). Nonetheless, 
there was a dramatic decline in the relative activity of strain 
CR1 cellulase to 22% at 80 ℃, but the cellulase remained 
active from 5 ℃ to 70 ℃ with a relative activity of > 50%. 
Likewise, purified HcCel5 endoglucanase from H. chejuen-
sis exhibited optimal activity at 55 ℃ (Ghatge et al. 2014).

The cellulase activity of strain CR1 was optimal at pH 7, 
similar to cellulases from Bacillus vallismortis RG-07 (Gaur 
et al. 2015), Bacillus amyoliquefaciens (Lee et al. 2008), and 

Fig. 1  Phylogenomic tree of Hahella members with Sansalvadori-
monas verongulae RKSG058 as the outgroup. The tree was under-
gone bootstrap test (1000 replicates) with the percentage of replicate 
(bootstrap value) showed at each node. The tree scale (0.01) repre-
sents evolutionary distances in units of base substitutions per site as 
computed by Kimura-2 parameter method

Fig. 2   Pangenome analysis of strain CR1 with other Hahella 
genomes, including Hahella chejuensis KCTC  2396 T, Hahella gang-
hwensis DSM  17046 T, Hahella sp. KA22, Hahella sp. CCB-MM4, 
Hahella sp. HN01, Hahella sp. PL25b_bin.18
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Fig. 3  Functional genes annotation in strain CR1 according to COG 
categories (A) and CAZymes families (B), including genomes of 
Hahella chejuensis KCTC  2396  T, Hahella ganghwensis DSM 

 17046  T, Hahella sp. KA22, Hahella sp. CCB-MM4, Hahella sp. 
HN01, Hahella sp. PL25b_bin.18
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Pseudomonas fluorescens (Bakare et al. 2005). In addition, 
cellulases from strain CR1 adapted well in alkaline condi-
tions with a relative activity of 45% at pH 12. In contrast, the 
cellulase activity decreased significantly at lower pH, with 
only 26% relative activity at pH 6. This finding contradicted 
the action of HcCel5 endoglucanase from H. chejuensis that 
functions well in acidic and < pH 7 environments at > 60% 
relative activity (Ghatge et al. 2014).

Cellulases from strain CR1 also demonstrated halotol-
erant characteristics. The cellulase relative activity was 
60% at 0% (w/v) salt concentration, increased gradually 
at 2% to 15% (w/v) salinity and achieved maximum activ-
ity at 15% (w/v) salinity. The relative activity of cellulase 
also increased by 44% in 15% (w/v) NaCl, approximately 
two-fold than in 0% (w/v) NaCl. In a different study, the 
endoglucanase (BG-CS10) produced by halophilic Bacil-
lus sp. isolated from Salt Lake exhibited optimal activity at 
15% (w/v) NaCl (Zhang et al. 2012). Besides, this finding is 

comparable to the endoglucanase HcCel5 derived from H. 
chejuensis, with enzymatic inhibition up to 5 M NaCl and 
equivalent to 30% (w/v) salinity.

The effects of metal ions and other chemical additives 
on the cellulase of strain CR1 were also investigated in 
this study. The presence of metal ions, such as  K+,  Fe2+, 
 Mg2+, and  Co2+, significantly increased the cellulase activ-
ity of strain CR1, consistent with the performance of endo-
glucanase HcCel5 from H. chejuensis in the presence of 
5 mM of  Mg2+ and  K+ (Ghatge et al. 2014). However, 
earlier studies reported the inhibitory effect of  Fe2+ on 
cellulase (Nazir et al. 2009; Bai et al. 2013; Bagewadi 
et al. 2015), contradicting the current study where metal 
ions significantly activated the cellulase activity of strain 
CR1 by 66%. Surfactant, Tween 40 was also observed in 
enhancing the cellulase activity of strain CR1. Previously, 
surfactants have been reported to enhance enzymatic activ-
ity by promoting substrate-binding on the active sites 

Table 3  List of potential cellulases from Hahella sp. CR1

Annotation Locus tag 
accession 
number

Cazyme family Carbohydrate 
binding module 
family

SignalP Closest sequence to 
Hahella sp. HN01
(% identity)

Closest sequence to other species (% 
identity)

Endoglucanase ONV78_14920 GH5 No MBU6951461.1
99.35%

WP_181919329.1
[Alkalilimnocola ehrlichii]
51.23%

ONV78_25055 GH5 subfamily 2 CBM 6 + CBM 6 Yes MBU6953193.1
98.38%

WP_207862596.1
[Acanthopleuribacter pedis]
64.7%

ONV78_18065 GH5 subfamily 48 Yes MBU6955081.1
99.12%

WP_199775613.1
[Microbulbifer pacificus]
60.78%

ONV78_01600 GH5 subfamily 8 CBM 2 No MBU6950256.1
94.81%

TBR43115.1
[Marinomonas agarivorans]
53.01%

ONV78_03115 GH8 CBM 2 Yes MBU6950982.1
95.67%

MBI3898014.1
[Gammaproteobacteria bacterium]
65.63%

ONV78_01610 GH9 CBM 2 Yes MBU6950254.1
98.74%

WP_052830268.1
[Gyunella sunshinyii]
59.74%

ONV78_05915 GH9 CBM 3 + CBM 2 Yes MBU6950838.1
98.40%

WP_230438080.1
[Microbulbifer celer]
60.04%

Exoglucanase ONV78_05910 GH48 CBM 2 Yes MBU6950839.1
99.05%

WP_251262880.1
[Echinomonas agarilytica]
51.15%

ONV78_01605 GH6 CBM 2 Yes MBU6950255.1
98.52%

WP_265689411.1
[Vibrio sp.]
54.93%

β-glucosidase ONV78_02680 GH1 No MBU6951664.1
99.77%

WP_183631697.1
[Niveibacterium umoris]
67.58%

ONV78_02960 GH3 Yes MBU6950951.1
99.53%

WP_189612581.1
[Saccharospirillum salsuginis]
60.33%
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(Hwang et al. 2008). In contrast, adding a chelating agent, 
such as EDTA, reduced the cellulase activity of strain CR1 
by ~ 30%, consistent with the literature (Nazir et al. 2009; 
Vasconcellos et al. 2016; Okonkwo 2019). This observa-
tion is possibly caused by the chelation of metal ions and 
other enzyme cofactors, which are crucial for maintaining 

enzyme stability and catalytic activity (Nazir et al. 2009; 
Okonkwo 2019).

Saccharification of agricultural biomass

Three different agricultural biomasses (EFB, CH, and SB) 
were used as substrates for the saccharification by cel-
lulases from strain CR1 and commercial cellulase blend 
(Cellic CTec2). Figure 4 illustrated that saccharification 
efficiency was the highest when strain CR1 and Cellic 
CTec2 cellulases worked synergistically. The reducing 
sugar increased more than two-fold in CH (0.11–0.35 mg/
mL), SB (0.70–1.49 mg/mL), and EFB (0.23–0.62 mg/mL) 
in the mixture compared to the commercial cellulase blend 
setup. Additionally, the saccharification was significantly 
enhanced with salt, producing more reducing sugars from 
the biomass than in 0% (w/v) salt condition. Previously, 
crude cellulolytic enzymes from Bacillus sp. and Exig-
uobacterium sp. reportedly increased the reduced sugar 
content up to 94.7% when added to commercial cellulase 
in saccharifying corn stover (Wu et al. 2022a, b). Another 
study also showed that the addition of 5.0% (w/v) NaCl 
had increased the sugar released from sugarcane bagasse 
by 1.76 times (Gundupalli et al. 2021).

Significance and limitations of strain CR1 
as a cellulase producer

This study has demonstrated that strain CR1 is a prom-
ising source of cellulase, with 11 identified proteins 

Table 4  Physicochemical characteristics of crude cellulase produced 
from Hahella sp. CR1

(*) Refer to Fig. S1 showing the optimal cellulase activity against dif-
ferent conditions

Characteristics Description

Enzyme incubation conditions*
 Temperature 5–70℃ (Optimal: 60 ℃)
 pH 6.0–12.0 (Optimal: 7.0)
 Salinity (%) (w/v) 0–15.0 (Optimal: 15.0)

Effect of metal ions (5 mM) Relative Activity (%)
 Control 100.0 ± 0
  K+ 172.1 ± 15.6
  Fe2+ 183.4 ± 16.5
  Cu2+ 92.5 ± 6.6
  Mg2+ 155.7 ± 7.8
  Co2+ 177.7 ± 3.8

Effect of chemical additives
 EDTA 70.8 ± 6.2
 Tween 40 165.0 ± 14.5
 Triton X-100 119.9 ± 28.9
 SDS 71.7 ± 17.2

Fig. 4  Reducing sugars released in saccharification of various cellu-
losic agricultural substrate under similar optimal conditions with and 
without 15.0% (w/v) NaCl. Mean values (n = 3) are expressed and 

standard deviations is indicated as error bars. Superscript letters (a, b, 
c) above bars indicate significant difference of mean (p < 0.05), taken 
among the six enzyme set-ups in each type of substrate
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associated with cellulose degradation through functional 
annotation of the sequenced genome. The enzyme mixture 
derived from strain CR1 exhibited remarkable cellulolytic 
activity, particularly at elevated temperatures (50 to 70 ℃) 
and salinity of up to 15.0% (w/v). These findings suggest 
the potential of this bacterium as an efficient cellulase 
system, particularly for combined pre-treatment of bio-
conversion involving ionic liquids or other physicochemi-
cal approaches at elevated temperatures (Wu et al. 2022a, 
b). Additionally, enzymatic saccharification performed at 
higher temperatures can enhance the yield of fermentable 
sugars (Akram et al. 2021). However, there are limitations 
to consider regarding the enzyme mixture investigated as 
the specific role of each predicted cellulolytic proteins 
from genome annotation could not be identified without 
further experimental studies. Therefore, future studies 
should focus on synthesizing the specific protein in the 
purified form via molecular cloning to characterize its 
physicochemical properties and applications.

Conclusion

This study provided insights into the halophilic bacte-
rium Hahella sp. CR1 as a potential novel species for 
cellulase production that are stable in extreme condi-
tions. A total of 11 cellulolytic proteins from different 
GH families were identified in the sequenced genome, 
eight of which were possibly extracellularly produced in 
the enzyme mixture of strain CR1. The enzyme mixture 
exhibited a high level of cellulolytic activity at 60 ℃ and 
15% (w/v) salinity. Moreover, the enzyme mixture sig-
nificantly improved the saccharification of agricultural 
biomass when working synergistically with a commercial 
cellulase blend. Future studies should focus on optimiz-
ing the working parameters and exploring the synergy 
between strain CR1 and the commercial cellulase blend 
for the saccharification of different agricultural wastes. 
The predicted cellulolytic proteins in strain CR1 should 
be further purified and characterized for potential scien-
tific and industrial applications.
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