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Abstract An agar-degrading bacterium, Catenovulum sp.
X3, was isolated from the seawater of Shantou, China. A
novel β-agarase gene agaXa was cloned from the strain
Catenovulum sp. X3. The gene agaXa consists of 1,590 bp
and encodes a protein of 529 amino acids, with only 40 %
amino acid sequence identity with known agarases. AgaXa
should belong to the glycoside hydrolase family GH118 based
on the amino acid sequence similarity. The molecular mass of
the recombinant AgaXa (rAgaXa) was estimated to be 52 kDa
by sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis. It had a maximal agarase activity at 52 °C and pH 7.4 and
was stable over pH 5.0~9.0 and at temperatures below 42 °C.
The Km and Vmax for agarose were 10.5 mg/ml and 588.2 U/
mg, respectively. The purified rAgaXa showed endolytic
activity on agarose degradation, yielding neoagarohexaose,
neoagarooctaose, neoagarodecaose, and neoagarododecaose
as the end products. The results showed that AgaXa has
potential applications in agar degradation for the production
of oligosaccharides with various bioactivities.
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Introduction

Agar, which is composed of agarose and agaropectin, is the
main component of the cell walls of red alga. Agarose is

composed alternatively of 1–4-linked 3,6-anhydro-α-L-galac-
tose and 1–3-linked β-D-galactose (Duckworth and Yaphe
1971). Agarase is a kind of glycoside hydrolase that catalyzes
the hydrolysis of agarose. According to the cleavage pattern,
agarases are classified into α-agarase (EC 3.2.1.158) and β-
agarase (EC 3.2.1.81). α-Agarases cleave to α-1,3 linkages of
agarose to produce agarooligosaccharides, and β-agarases
cleave to β-1,4 linkages to produce neoagarooligosacchar-
ides. Most of the reported agarases are β-agarases, which
are classified into four glycoside hydrolase (GH) families,
GH16, GH50, GH86, and GH118, based on the amino acid
sequence similarity on the Carbohydrate-Active EnZyme
database (CAZy) (Cantarel et al. 2009; Chi et al. 2012).

Agarase has potential applications in the food, cosmetic,
and medical industries for the production of neoagarooligo-
saccharides (NAOS) from agar. It has been proven that
NAOS have various special biological activities, such as
high antioxidative activity (Wu et al. 2005), moisturizing
effects on the skin, and whitening effects on the melanoma
cells (Kobayashi et al. 1997; Lee et al. 2008), as well as
inhibiting the growth of bacteria and slowing down the
degradation of starch (Giordano et al. 2006). Moreover,
agarases have been used to recover DNA from the agarose
gel (Finkelstein and Rownd 1978; Zhang and Sun 2007) and
to prepare seaweed protoplasts (Chen et al. 1994; Dipakkore
et al. 2005).

In this study, a new β-agarase gene agaXa was cloned
from Catenovulum sp. X3. It is the first reported agarase
gene in genus Catenovulum. According to the amino acid
sequence similarity analysis, AgaXa should belong to the
novel glycoside hydrolase family GH118. The gene agaXa
was expressed in Escherichia coli BL21 (DE3), and the
recombinant protein (rAgaXa) was purified and character-
ized. Based on its high activity and thermal and pH stability,
agarase AgaXa has potential applications in the industry.
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Materials and methods

Chemicals and reagents

All chemicals were reagent grade or higher and were
purchased from commercial sources, unless otherwise
stated. Enzymes were purchased from TaKaRa (Dalian,
China). Oligonucleotides were synthesized by BGI
(Beijing, China).

Bacterial strains, plasmids and culture conditions

E. coli DH5α and BL21 (DE3) were used as the host for
cloning and expression, respectively. Plasmid pBluescript
SK(+) and pET-32a(+) were used as vectors for cloning and
expression, respectively. The E. coli strain was grown in
Luria–Bertani (LB) medium at 37 °C, supplemented with
ampicillin (100 μg/ml) when required. The agarase-
producing bacterium was cultured using marine agar or
marine broth 2216E (Oppenheimer and ZoBell 1952) sup-
plemented with 0.1 % agar.

Isolation and identification of strain X3

Strain X3 was isolated from seawater samples collected
from the coastal sea of Shantou, China. The colony that
produces an obvious degradation zone on marine agar
2216E at 37 °C was selected for identification. The 16S
rRNA gene was amplified using the universal primers 27 F
and 1492R (Lane 1991). The 16S rRNA gene sequence was
identified using the EzTaxon-e server (Kim et al. 2012).
Strain X3 had been deposited at the NITE Biological
Resource Center of Japan (NBRC) under the accession
number NBRC 107874.

Cloning and analysis of the agarase gene

To construct a partial genomic library, the genomic DNA of
strain X3 was isolated using the MiniBEST Bacterial
Genomic DNA Extraction Kit version 2.0 (TaKaRa,
Dalian). The genomic DNA was digested by restriction
endonuclease EcoRΙ and HindIII and separated on 0.7 %
agarose gels, and the DNA fragments with sizes from 2 to
7 kb were purified using the TaKaRa Agarose Gel DNA
Purification Kit version 2.0 and ligated into pBluescript SK
(+) containing the same endonuclease site. The ligated DNA
was transformed into E. coli DH5α cells. The transformants
were plated on LB agar plates with ampicillin (100 μg/ml)
and 1 mM IPTG. The clone showing agarase activity was
screened and sequenced. Open reading frame was analyzed
using the DNASTAR software. The signal peptide was
predicted using the SignalP 4.0 server (Petersen et al.
2011). The searches for amino sequence similarities and
conserved domains were performed with the BLAST pro-
grams from the National Center for Biotechnology
Information. Sequence alignment was conducted using the
BioEdit software. A phylogenetic tree was generated using
the neighbor-joining method as described by Lin et al.
(2012a).

Expression and purification of the recombinant AgaXa

The agarase gene agaXa including its signal sequence was
amplified from the chromosomal DNA of strain X3, using
the forward primer, 5 ′-GCGCGGATCCATCAAAC
TATTGAAT-3′, and reverse primer, 5′-GGCCTCGAG
AATTACAACCCAT-3′, containing BamHΙ and XhoΙ sites,
respectively. The terminator of agaXa was removed, and a
poly-6-histidine residue was added to the C terminus of the
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recombinant protein in order to purify the protein by affinity
chromatography. The amplified product was purified and
digested by BamHΙ and XhoΙ and ligated to the corresponding
vector pET-32a(+). Finally, the ligated plasmid pET-32a(+)–
agaXa was transformed into E. coli BL21 (DE3) competent
cells. The recombinant strain E. coli BL21 (DE3)–pET-32a
(+)–agaXa was cultured in a 500-ml LB medium supple-
mented with 100 μg/ml ampicillin at 37 °C. When the
culture turbidity at 600 nm reached 0.6, IPTG and
sodium deoxycholate were added to a final concentra-
tion of 0.2 mM and 0.01 % (w/v), respectively. The
cells were grown for an additional 20 h at 25 °C.
Cells and medium were separated by centrifugation at
10,000×g for 10 min. Proteins in the supernatant were
precipitated by adding ammonium sulfate to a final
concentration of 75 % (w/v). After centrifugation, the
protein pellet was dissolved in a 20-mM Tris–HCl (pH
7.4) buffer at 4 °C. Following dialysis, the protein was
loaded onto a Ni–NTA agarose column (10 ml of set
volumes) (QIAGEN China Co., Ltd, Shanghai). The
column was washed with buffer A (20 mM Tris–HCl with
0.5 M NaCl, pH 7.4) and then with buffer B (buffer A with
20 mM imidazole). The recombinant protein was eluted with
buffer C (buffer A with 100 mM imidazole) and analyzed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Protein concentrations were measured using
the Enhanced BCA Protein Assay Kit (Beyotime Institute of
Biotechnology, Jiangsu, China).

Enzyme assay

The agarase activity was measured by the release of the reduc-
ing sugar equivalent using 3,5-dinitrosalicylic acid method
(Miller 1959). The reaction mixture (1 ml) consisted of 5 μl
of agarase solution and 995 μl 50 mM Tris–HCl (pH 7.4)
containing 0.25 % melted agarose. The mixture was incubated
at 52 °C for 10 min, and the reaction was terminated by boiling

for 10 min. Optical density was read at 520 nm, and values for
reducing sugars were expressed as D-galactose equivalents.
One unit was defined as the amounts of enzyme required to
release 1 μmol of the reducing sugars per minute at the above
conditions.

Effects of temperature and pH on enzyme activity
and stability

The optimal temperature of enzyme activity was determined
over a temperature range of 27–62 °C and at pH 7.4 for

Fig. 2 Alignment of amino
acid sequences of AgaXa and
AgaB (BAF3590) from Pseu-
doalteromonas sp. CY24. The
alignment was performed using
the BioEdit software. The sig-
nal peptide was underlined. The
conserved Glu and Asp residues
were marked with triangles and
the conserved Gly, Ala, and Arg
were marked with asterisks

Fig. 3 SDS-PAGE of the purified recombinant agarase rAgaXa. Lane
1, standard molecular mass markers; lane 2, the protein solution before
purification; lane 3, purified rAgaXa
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10 min. The thermostability assay was performed by incubat-
ing the enzyme for 1 h at different temperatures andmeasuring
the residual enzyme activity. The effect of pH on agarase
activity was assayed at a pH range of 5.3–8.3 in 50 mM
PBS buffer. The pH stability of the agarase was determined
by pre-incubating the enzyme solution at each pH (4.0–11.0)
at 4 °C for 12 h, and residual enzyme activity was measured
under standard conditions.

Effects of various reagents on enzyme activity

The effects of various reagents on enzyme activity were deter-
mined by adding various reagents to the reaction mixture with
final concentrations of 2 and 10 mM. The relative activity was
defined as the percentage of the activity determined under the
standard condition described previously without any reagent
addition.

Determination of kinetic parameters

Kinetic parameters of AgaXa were determined in 50-mM
Tris–HCl buffer (pH 7.4) with 1–5 mg/ml substrate (aga-
rose, molecular mass of 10 kDa). The samples were incu-
bated at 52 °C for 10 min. Km and Vmax for the substrate
were obtained using the Lineweaver–Burke equation.
Values of Kcat (turnover number) and Kcat / Km (catalytic
efficiency) were calculated based on the Km, Vmax, and [E]
(concentration of agarose) values.

Enzymatic product analysis

The purified agarase (5 U/ml) was incubated with the aga-
rose (10 mg/ml) or a NAOS mixture at 42 °C for 24 h. The
NAOS mixture (named 814) containing neoagarooctaose
(DP8), neoagarodecaose (DP10), neoagarododecaose
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(DP12), and neoagarotetradecaose (DP14) was prepared by
enzymatic hydrolysis of agarose using other β-agarases
studied in our lab (Lin et al. 2012b). For the agarose degra-
dation, the reaction mixture was centrifuged at 12,000×g for
15 min; the supernatant was analyzed by thin layer chroma-
tography (TLC) using silica gel 60 TLC plates (Merck,
Darmstadt, Germany) and lyophilized. The plates were de-
veloped with a solvent system composed of n-butanol/acetic
acid/H2O (2:1:1, by volume). The spots were visualized by
spraying with 10 % (v/v) H2SO4 and heating (80 °C). The
molecular mass of the enzymatic product was determined
using a matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometer (QSTAR Pulsar I,
Applied Biosystems). Carbon-13 nuclear magnetic reso-
nance (13C NMR) spectrum of the lyophilized products
(dissolved in D2O, Sigma, USA) was recorded on
AVANCE 400 MHz (Brucker Biospin, Swiss). For the
NAOS degradation, the reaction mixture was directly ana-
lyzed by TLC after centrifugation.

Nucleotide sequence accession number

The nucleotide sequence of 16S rRNA gene of strain X3 and
agaXa reported here had been submitted to the GenBank
database under the accession numbers GU975828 and
GU975829, respectively.

Results

Identification of the agar-degrading bacterium

One strain (named X3) showing high agarolytic activity on
the marine agar plate at 37 °C was picked out and purified.
The nearly complete 16S rRNA gene sequence (1,494 bp) of
strain X3 was determined and aligned with the 16S rRNA
gene sequences of all known type strains in the EzTaxon-e
server. The sequences having the highest similarities with
the 16S rRNA gene sequence of strain X3 were as follows:
Catenovulum agarivorans DSM 23111T (97.6 %),
Bowmanella pacifica LMG 24568T (91.1 %), and
Bowmanella denitrificans BD1T (90.6 %). The results
showed that the 16S rRNA gene sequence of strain X3
had very low similarities to other known bacteria except to
that of the type strain of the newly established genus
Catenovulum (Yan et al. 2011). Therefore, strain X3 was
identified as a member of Catenovulum.

Cloning and sequence analysis of the agarase gene

A clone, showing agarase activity, was screened and named
pBSK-Xa. A 3,505-bp inserted DNA fragment was se-
quenced and analyzed; the result showed that it harbored

an open reading frame of 1,590 bp which was named
agaXa. The gene agaXa encoded a protein of 429 amino
acids with an isoelectric point of pH 7.8 and a predicted
molecular weight of 56.6 kDa. SignalP 4.0 server predicted
that the encoded protein (AgaXa) contained a 28-amino acid
signal peptide. According to the analysis in the BLAST
search, AgaXa showed the highest amino acid sequence
identity of only 40 % with two reported agarases with
identical amino acid sequences: they are AgaB from
Pseudoalteromonas sp. CY24 (Ma et al. 2007) and AgaC
from Vibrio sp. PO-303 (Dong et al. 2006). Non-identified
conserved domain was found in AgaXa. In order to verify
the relationship between AgaXa and the β-agarases from
known glycoside hydrolase families, a phylogenetic tree
based on the amino acid sequences was constructed
(Fig. 1). It showed that the AgaXa formed a clade with
agarase AgaB which had been proposed for the representa-
tion of a novel glycoside hydrolase family GH118 (Ma et al.
2007; Chi et al. 2012). The amino acid sequence comparison
between AgaXa and AgaB (Fig. 2) showed that both of
them have an N-terminal signal peptide and some conserva-
tive amino acid residues.

Expression and purification of AgaXa

The agarase AgaXa with the signal peptide and a polyhisti-
dine (6×His) sequence on the C terminus was overex-
pressed in the E. coli BL21 (DE3) system. The culture

Table 1 Effect of various reagents on the activity of AgaXa

Reagents Relative activity (%)a of AgaXa at a concentration of (mM)b

2 mM 10 mM

EDTA 90.23±0.527 71.26±0.72

SDS 84.60±0.87 N.D.

Urea 96.32±4.45 75.17±2.95

β-Met 143.68±1.96 154.25±2.89

DDT 164.83±4.97 227.24±8.68

Na+ 98.81±5.02 114.23±2.69

K+ 97.61±5.47 113.83±2.99

Ca2+ 121.11±0.31 129.35±3.69

Mg2+ 121.73±0.62 144.08±3.47

Mn2+ 33.37±3.56 22.45±2.06

Al3+ 108.75±1.35 ND

Fe3+ 44.08±5.41 ND

Cu2+ ND ND

The data shown are representative of three independent experiments

ND, No activity was determined
a The activity measured under the standard condition was defined as 100 %
b The concentration is the final concentration of the reagents in the
detection system
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supernatant showed high extracellular agarase activity.
AgaXa purified from the culture supernatant formed a single
band in the SDS-PAGE with an apparent molecular mass of
52 kDa (Fig. 3).

Effects of temperature and pH on enzyme activity
and stability

The AgaXa showed high activity when the temperature was
between 37 and 52 °C (the optimum temperature was 52 °C);

it was stable at temperatures below 42 °C, and more than 95%
activity of the maximal activity was retained (Fig. 4a). The
optimum pH of AgaXa was 7.4. It retained more than 85 %
activity after being preincubated at a wide range of pH 5.0–9.0
at 4 °C for 12 h (Fig. 4b).

Effects of various reagents on enzyme activity

The activity of AgaXa was strongly inhibited by Cu2+, Fe3+,
Mn2+, Al3+, and SDS (Table 1). Oppositely, AgaXa's
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activity was increased by 127, 54, and 44 % by adding
10 mM of DDT, β-met, and metal ions Mg2+, respectively.

Kinetic parameters

The kinetic parameters of AgaXa for agarose were calculat-
ed based on Lineweaver–Burke plots. The Km, Vmax, Kcat,
and Kcat / Km of AgaXa were 10.5 mg/ml, 588.2 U/mg,
5.15×102s−1, and 4.9×106s−1M−1, respectively.

Enzymatic product analysis

The agarose degradation products by AgaXa were analyzed
by TLC (Fig. 5a). At the initial stage, the enzyme hydro-
lyzed agarose to generate oligosaccharides with various
polymerization degrees, suggesting that AgaXa is an endo-
type agarase. The enzymatic products at 2 h were identified
by MALDI-TOF mass spectrometer (Fig. 5c). As shown in
the mass spectrum, the main peaks were at 975, 1,281,
1,587, 1,893, and 2,199 m/z which were close to the calcu-
lated molecular mass of neoagarohexaose (DP6), DP8,
DP10, DP12, and DP14, respectively. Therefore, after 24 h
of agarose degradation, the end enzymatic products were
DP6, DP8, DP10, and DP12 (Fig. 5a). Also, AgaXa could
hydrolyze the NAOS mixture containing DP8, DP10, DP12,
and DP14 into DP4, DP6, and DP8 (Fig. 5b). Therefore,
AgaXa cannot hydrolyze DP8 or smaller NAOS. The end

products of agarose degradation by AgaXa were further
identified by 13C NMR. The resonances at about 97 and
93 ppm, which were assigned to α- and β-anomer carbon,
respectively, at the reducing end of NAOS, were found in
the 13C NMR spectrum (Fig. 6). No signal at 90.72 ppm was
detected, which was typically found at the reducing end of
agarooligosaccharides. These results confirmed that AgaXa
is a β-agarase.

Discussion

Most of the agar-degrading bacteria were isolated at 25 °C.
In order to obtain some new agar-degrading bacteria with
thermostable agarase, the culture temperature for strain iso-
lation was increased to 37 °C in this study. Finally, the
agarolytic strain X3 showing good growth at 37 °C was
obtained, indicating the presence of thermostable agarase in
the bacterium. New bacteria suggest the presence of novel
agarase genes. Agarase AgaXa is the first reported agarase
of Catenovulum.

CAZy has classifiedAgaXa,AgaB fromPseudoalteromonas
sp. CY24 (Ma et al. 2007), and AgaC from Vibrio sp. PO-303
(Dong et al. 2006) into a novel glycoside hydrolase family
GH118. This classification is supported by the phylogenetic tree
constructed in this study based on the amino acid sequences of
AgaXa and the β-agarases from known glycoside hydrolase

Fig. 6 13C NMR spectrum of
the enzymatic products of
agarose by rAgaXa. G, β-D-
galactopyranose; A 3,6-anhy-
dro-α-L-aglactopyranose; r
reducing end; nr non-reducing
end; α, α-anomer; β, β-anomer

Table 2 The enzymatic properties of agarases from family GH118

β-agarase and its origin GH family Optimal temperature Optimal pH End products Reference

AgaXa (Catenovulum sp. X3) 118 52 °C 7.4 DP6, DP8, DP10, DP12 This study

AgaB (Pseudoalteromonas sp. CY24) 118 40 °C 6.0 DP4, DP6, DP8, DP10 Ma et al. 2007

AgaC (Vibrio sp. PO-303) 118 35 °C 6.0 DP4, DP6, DP8 Dong et al. 2006
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families (Fig. 1) in which AgaXa and agarase AgaB formed an
independent clade. According to the reported properties of
AgaB and AgaC, there is one common characteristic of this
new glycoside hydrolase family GH118—the members cannot
hydrolyze DP8 or smaller NAOS. A structural analysis revealed
that AgaB has a large substrate-binding cleft that accommodates
12 sugar units, with eight sugar units toward the reducing end,
spanning subsites +1 to +8; with four sugar units toward the
non-reducing end, spanning subsites −4 to −1; and with enzy-
matic cleavage taking place between subsites −1 and +1. This
structural evidence helps explain the inability of AgaB to hy-
drolyze neoagarooctaose or smaller neoagarooligosaccharides
and its ability to produce larger agarooligosaccharides, predom-
inantly including neoagarooctaose, than otherβ-agarases (Ma et
al. 2007; Ren et al. 2010; Chi et al. 2012). AgaXa may have a
similar substrate-binding cleft as AgaB.

Polysaccharide-degrading enzymes generally contain a cat-
alytic module and one or more carbohydrate-binding modules
(CBM). The amino acids Gly, Ala, and/or Arg are the key
residues in the CBM of glycoside hydrolase (Ma et al. 2007),
while the key residues in the catalytic module of glycoside
hydrolase are Glu and/or Asp (Ohta et al. 2004a). Therefore,
some of these amino acid residues may play an important role
in the agarose degradation by AgaXa or AgaB (Fig. 2). The
crystallization of AgaB had been reported (Ren et al. 2010),
but the detailed structural properties especially the substrate-
binding cleft and its key residues are still unknown. The
crystallization of AgaXa is now undertaken for the determi-
nation of its 3D structure. It would be helpful to understand
the structural properties of members in the family GH118.

AgaXa also has different properties from AgaB and AgaC
as follows. AgaXa has the maximum activity at 52 °C while
AgaB and AgaC at 40 and 35 °C, respectively. Therefore,
AgaXa is more thermostable than AgaB and AgaC. Also, the
optimum pH of AgaXa is 7.4, while those of AgaB and AgaC
are 6.0 (Table 2). Besides, based on the sequence analysis
results of InterProScan, AgaB has a transmembrane motif
located at the region of amino acid 21–41, while there is no
such motif in the N terminus of AgaXa. Also, AgaB owns
more predicted parallel β-helixes (nine helixes) than AgaXa
(five helixes).

Industrial application requires agarase with high activity
and stability at temperatures higher than the gelling temper-
ature of agar (about 40 °C) (Ohta et al. 2004a). Nowadays,
there are only a few β-agarases that can meet that condition.
For example, Ohta et al. (2004b) reported a β-agarase, AgaA,
fromMicrobulbifer thermotolerans JAMB-A94; the maximal
activity was observed at 55 °C. The enzyme was stable up to
60 °C. The thermophilic bacteria, Thermoanaerobacter wie-
gelii and Caldoanaerobacter sp. (Bannikova et al. 2008),
were isolated from hot springs and can produce agarase with
optimum temperature over 55 °C, but the agarase genes have
not been reported. In this study, the stable and optimum

temperatures of AgaXa are higher than the gelling temperature
of agar. Therefore, agarase AgaXa has potential applications
in the industry.
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