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Identification of a New Agar-hydrolyzing Bacterium Vibrio sp. S4 from the Seawater of Jeju Island and the Biochemical
Characterization of Thermostable Agarose
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Agar-hydrolyzing bacteria were isolated from the coastal sea water of Jeju Island. One isolate, designated as S4, was
selected for further study. The S4 cells were Gram-negative and rod-shaped with smooth beige surfaces and single polar fla-
gellum. Cells were grown at 15-42°C, 0.5-5% (w/v) NaCl, between pH 6.0 and 9.0, and in media containing 0.5-5% (w/v)
NaCl. The G+C content was 49.93 mol%. The major fatty acids (>15%) were C4s.1m7¢, C16.0 and Summed feature 3 (compris-
ing C1s.1m7cliso-Cqs5.9 2-OH). Based on 16S rRNA sequencing and biochemical and chemotaxonomic characteristics, the
strain was designated as Vibrio sp. S4. In liquid culture supplemented with 0.1% agar the cell density and agarase activity
reached a maximum level in 72 h, while agarase activity in the culture without agar was negligible, implying agarose expres-
sion is induced by agar. The optimum pH and temperature for the extracellular crude agarase of S4 were 7.0 and 45°C,
respectively. However, it also exhibited 98.6% and 87.6% at 40°C and 50°C, respectively, of the maximum activity seen at
45°C. The crude agarase hydrolyzed agarose into (neo)agarotetraose and (neo)agarohexaose.
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Fig. 1. Phenotyphic characteristics of agarolytic bacterial
strain S4. (A) Detection of agarolytic activity on agar plates. Strain
S4 was cultivated on ASW-YP agar plate at 40°C for 2 days. The
agar plate was stained with Lugol’s iodine solution. (B) Transmis-
sion electron microscopy (TEM) analysis. Strain S4 grown on
ASW-YP agar plate at 40°C for 2 days was negatively stained
and observed using transmission electron microscopy. Scale
bar=1 um.
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IF S4+= 15-42°C, pH 6-9, 0.5-5%(w/v) NaCl 5 xof A
ZF A2k, chloramphenicol(25 ug)ol] AL Hol= Hhy,
ampicillin(100 pg), apramycin(100 pg), kanamycin(100 pg),
neomycin(100 ug), thiostrepton(100 pg)oll= A4S ES
t}. #5F S4+= nitrate 39, indole A AH(weak), arginine
dihydrolase, urease(7}#3)), alkaline phosphatase, esterase
(C4 and C8), leucine arylamidase, valine arylamidase(2F
3h), acid phosphatase, naphtol-AS-BI-phosphohydrolase,
B-glucosidase(Z}FH &) %A HH-S-S EFH B, Voges-
Proskauer, gelatinase, lipase(C14), cystine arylamidase,
trypsin, O-chymotrypsin, d-galactosidase, P-galactosidase,
B-glucuronidase, o-glucosidase, N-acetyl-B-glucosaminase, O-
Wee wyr. D
glucose, D-fructose, D-mannose, D-maltose, D-lactose, D-

mannosidase, O-fucosidased= 4

trehalose, D-mannitol, D-melibiose(2F3}), D-xylose, D-
saccharose, methyl-o.-D-glucopyranoside(2F3}), N-acetyl-
glucosamineZ ¢ 57|14t AA o] T E A cH(Table 1).

T 849 Yalstd BY
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(comprising Ci6107c/iso-Ci50 2-OH) 522 A&t}

FF S49| ASUASHY SR 7

w3 549] 16S rRNA A2 A/ €& 353t NCBI9|
BlastN X210 2 12 0|4 EET o] 45N S ZAG
A3}, St Vibrio £9) FEI £ HEHS BTt 53, 7
ZF S49] 16S rRNA FAHA A EL Vibrio variabilis R-
404927(99.23%), Vibrio neptunius LMG 205367 (98.31%),
Vibrio coralliilyticus ATCC BAA-4507(97.09%) 53 =&
AEAL e THTable 1). ol 48 AR Y 3 S4k
Vibrio £2] gt £02 #AEith. 16S yRNA AR A4
2 B2 EXRFETY AFIAY ABWAS TPt
A N-J oz ASSE Aslget. 1 AT, 35 S4= 168
YRNA $787 4% A4 A7ie} IR 2 V. neptunius
LMG 205367 (98.31%), V. coralliilyticus ATCC BAA-
4507(97.09%), V. variabilis R-404927(99.23%) 53} clade
£ JAstgen, E3] V. variabilis R-404927¢} 2} U
3t subclustergs A3t THFig. 2).

A& uhe} o] Fehota et SN S
A3t E4ES EYE o5 S4& Vibrio 9] mAE
2 559 5 ok 2 S FRE Vibrio 49| ATA
A APAA 7} =& o2 F V. neptunius LMG 205367, V.
coralliilyticus ATCC BAA-450", V. variabilis R-404927
Su: e A H ST B Al WSS B
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Table 1. Phenotypic characteristics of strain S4 and its closely related type strains of genus Vibrio.
Strains: 1, Strain S4; 2, V. variabilis R-404927 [6]; 3, V. neptunius LMG20536" [24]; V. coralliifyticus YB1T [2, 6]. All strains did not grow at
0% and 8% NaCl. Symbols : +, positive; -, negative; ND, Not detected/not mentioned; W, weak positive; V, vary

Characteristic 1 2* Sh 4*
G+C content (mol%) 49.93 46.8 46 45.6
Growth at 40°C + + - ND
Colony color beige beige beige yellow
Enzyme activity:
Lipase (C14) - - + w
Cystine arylamidase - + - -
Trypsin - + + +
Acid phosphatase + + - ND
Naphtol-AS-Bl-phosphorylase + + - ND
o-galactosidase - + - ND
[-galactosidase - + - +
o -glucosidase - + - ND
B -glucosidase e - - +
N-acetyl-B-glucosaminase - + + -
Urease % - - -
Acidification from:
D-mannitol + + - \%
D-melibiose w - - -
Voges Proskauer test - - + +

@Positive reaction in APl 20NE strip (esculin hydrolysis) but not in APl ZYM strip (6-Br-2-naphthyl-3 D-glucopyranoside hydrolysis).
bPositive reaction in APl 20NE strip but not in API Staph strip. All strain positive for glucose fermentation and nitrate reduction.
*Data were obtained from the cited literatures

97 ,— Vibrio neptunius LMG 20536T (AJ316171)

I Vibrio coralliilyticus ATCC BAA-450T

(ACZN01000020)
479,7 Vibrio sp. S4 (JN578474)
Vibrio variabilis R-40492T (GU929924)

Vibrio brasiliensis LMG 20546T (AEVS01000097)

51

—— Vibrio caribbenthicus ATCC BAA-2122T (AEIU01000064)

Vibrio proteolyticus ATCC 15338T (X74723)

Vibrio nigripulchri
(X74717)
Vibrio marinus R-40493T (GU929925)

99 Vibrio tubiashii ATCC 19109T (X74725)

do ATCC 27043T

Vibrio hep ius LMG 20362T (AJ345063)

—59’7 Vibrio sinaloensis CAIM 797T (DQ451211)
Vibrio mediterranei CIP 103203T (X74710)

oot

Fig. 2. Neighbour-joining (NJ) phylogenetic tree based on 16S rRNA gene sequences. Distances was determined according to the
Kimura's two-parameter evolutionary model and bootstrap values (>50%) based on 1,000 replicates are listed as percentages at nodes.
Nucleotide sequence accession numbers are given in parentheses. Scale bar, 0.01 substitutions per 100 nucleotides.
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Fig. 3. Cell growth and agarase activity of strain S4 in liquid
culture. (A) Cell growth and agarase activity. Strain S4 was culti-
vated in ASW-YP based broth and agarase activity was measured
by DNS method. Open circle and square indicate cell growth and
agarase activity in ASW-YP broth, respectively. Filled circle and
square indicate cell growth and agarase activity in ASW-YPA sup-
plemented with 0.1% agar. All data shown are mean values from
at least three replicate experiments. (B) SDS-PAGE analysis of
total extracellular proteins of strain S4. The protein samples were
prepared from 72 h cultured broth of strain S4 and concentrated
by ultrafiltration. M, molecular weight standards; lane 1, proteins
prepared from culture broth in ASW-YP; lane 2, proteins prepared
from culture broth in ASW-YPA. lane 3, zymogram of proteins pre-
pared from culture broth in ASW-YPA. lane 4, zymogram of pro-
teins prepared from culture broth in ASW-YP. Proteins showing
enhanced production by addition of agar are indicated by arrows.
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3 S49| MR} agarase Mt

5 S4= ASW-YP v R| oA 2% vjF A](37°C) 12A1%F
e G738 47Aste] wjeF 244 7kol| 2313 (0Dgo = 0.56)
of =23 & AA3] o] dastiith W agar7t £
 ASW-YPA ujz]of| A= ujeF 7247kl 2t 447%(ODgoo =
113)% 23l ¥ A Aasdte Aoz BEE Y oh(Fig. 3A).
ASW-YP Hjz] o X 9] agarase 42> ALY FAT Tkt 4=
F(F AL 0.7 Uml)o] Lo}, ASW-YPA s | of| Al = 72A17F
HjoF Al F3 84 (17.7 UmlE 2T o 23 2722 H
w5 84 iAo FFH agar2RE g2 2 YA LS
HE FomA Aol £2E &5t ofve} o]o adt
agarase AJATE FEH O 2 PAibst= Aoz o iET.

HAE AAT i FA Y AZ & F AL ultrafiltration
(10 kDa cut-off) 0.2 5=3}9] 0.1% SDS-12% polyacrylamide
gel 47|95 o2 BAS 23}, Aok A T/ dafdo]
agar 47} Hj A (ASW-YPA)o A A4to] fse Aoz &
A=t o] & Al T7F DU agarase 4= zymography
Hyoz gelstylen, SDS-PAGE A7 9521 EAlee
tj2F 25., 50-, 66-kDa A== 2AEoIcH(Fig. 3B). E3F, oF
80-kDa A= 9] agarase &S 2t thil A o] agar F& 7}
B 2| (ASW-YP) ol A 9k AALE = A& gelstgint. ohabA
agarase 4 W= Fug 2HAAH 0] A5kl Sl=
Ao g ey, o] WA Wd 2o gt FA A
A7t S asieh

T S471 MAGHE agarase?| SAX EM

T3 S47F A EZ Q2 &3St F agarasex 45°CS pH
7.09] ZANA Hd AL EATH(Fig. 4). =3+ S4 agarase
£ 40°Col A= At B4 oF 98.6%%] &5 Holi 50°C
A= ) B4 oF 87.6%%] B/do] WEE Ut whEhA
T+ S47F A agarasew 40-50°C Ho A =2 &
A2EAE §A5t= WEA agaroseZ THHE THTig. 4A).
40°Co A EAEHEE FE3%9S o, pH 7.0014 Hdf 24
o] W E I pH 10.001 4= o &9 < 40% w]vHe]
gdute] #z = }loh(Fig. 4B).

TF 549 24A1Z HiFH O 2 RE FHE 2ELE o] &
3t agaroseE 7|AE stz AaNES FET F WAL

=& TLCE 243 Hth(Fig. 5). 1 23, o5 S4°] <J3)
A AEYRZ AAEE agarases agaroseS 233510
(neo)agarotetraose?} (neo)agarohexaoseS ZHFTAHEZE AYAt
T 4 lee Felsklt

AR G E7e AYUNE £E oo mobu
RN EZHE agarase AAto] R E o] Yo} 3HA| gk R E
9] A9 agarse?] E4 EAJo] 35-40°C H$olA S B
ol T4 Aaolth A FHY aaH BTN A
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Fig. 4. Biochemical properties of the extracellular agarases.
(A) Effect of temperature on agarase activity. The reaction was
carried out at pH 7.0 at various temperatures. The values
obtained at 45°C were taken to be 100%. The relative activities
are the averages from three independent experiments. (B) Effect
of pH on agarase activity. The reaction was carried out at 40°C
at various pH conditions. The values obtained at pH 7.0 were
taken to be 100%. - ¢-, 20 mM MOPS buffer; -e-, 20 mM Tris-Cl
buffer; -m-, 20 mM Glycine-NaOH buffer. All data shown are mean
values from at least three replicate experiments.

7+3} ;(«“6]—_9_/\7}. aA _4 e 250]1:]- 5]-%-]_8_ ]/\—] A
3} Bl §40] Slo 24 agaraseE AHEE H¢ 0 5% ©|
3to] o Aut g Augo| 7153ttt Tl agarase?] 2
E2&27F 43°C o)4do] oW 1.5% FE9 FHSE/A =

aadkgo] 7hesiA L FAAY HolA B o]dE A E
ok 22 u @A7EA AF7HA] 43°C o] oA FEste &
29 Hues %A %A Yrh(Table 2). Hio o5t
Microbulbifer JAMB-A7 7} A3l agarase= 50°C [18],
Microbulbifer thermotolerans JAMB-A947} A As}+= MtAgaA
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- <— Neoagarotetraose

<— Neoagarohexaose

. . s R e
G2 G4 S4 SD

Fig. 5. Thin layer chromatography (TLC) analysis of the aga-
rose hydrolysate by S4 crude agarase. The hydrolysis reac-
tions were carried out at 40°C for 24 h in 20 mM Tris-Cl buffer (pH
7.0) containing 0.2% agarose and then separated on a Silica Gel
60 TLC plate. G2, galactobiose; G4, galactotetraose; S4, hydro-
lyzed sample by S4 agarase; SD, neoagarotetraose and neoag-
arohexaose prepared with DagA [23]. The spots corresponding to
neoagarotetraose and neoagarohexaose are depicted by arrows.

agarase[22]= 55°Coll A Zof B4 & sttt 2 dF4
A& T £9| Pseudoalteromonas Z5-E| 45°Co|| A 2 )&
A& Hol: agaraseE R 18 v} QIth[4, 5]. FLoll= 60°C
2} 70°Co A H A& Bl agarase’} Catenovulum
agarivorans YMO1[8]Z}+ Bacillus sp. BI-3 70 [14]°]A B
A= ’5}‘21‘:}

SEPELETE REE ERREEEAE EESEE
59 75 A4S 2 9E ACE BaE Yo
ATUOHE BRL Do T % M, WAL 2

o §oT ERE HolT 9EE BIT u OH, 9
neoagarotetraose®t neoagarohexaosef’—] a7t gghe
Zatgdrhjatal® E35 29WME 10-2012-0128087, 10-
2013-0112706). whatA E Ao A AHE3E Vibrio sp. S4
FFE AZT BAS WEA QT A EATHS 0|3
o] 45°Cof| A] neoagarotetraose®} neoagarohexaoseS A%
T 5 e B AT 4 e HUD FUS 27 Uk

2 o

dgnls AlFE ¢t sjs2 e agarased A=
F S48 Beletdnh. 25 Sak I9-249 By Axz

neae WolN A 99 22UE g4, o e 24
HRE zHet) S4 #FE 15-42°C, 0.5-5%(w/v) NaCl, pH
6.0-9.0, 0.5-5%(w/v) NaCl 50| A QP E A4S Holtt. 54

Z9] G+C content= 49.93 mol%, A|ZY FQ2 A|=HHAF
(>15%)2 Cig107c, Cig0, Summed feature 3(comprising



Table 2. Summary of thermostable -agarases from literatures.
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Glycosyl

Optimum Final product from

S Agarase name hydrolase family temperature (°C) agarose Reference

Vibrio sp. S4 - - 45 neoagarotetraose This study
neoagarohexaose

Pseudoalteromonas hodoensis AgaA7 - 45 neoagarotetraose [5]
neoagarohexaose
neoagarooctaose(minor)

Pseudoalteromonas sp. H9 AgaH92 16 45 neoagarotetraose [4]
neoagarohexaose

Catenovulum agarivorans Agarase YM01-3 16 60 neoagarotetraose [8]

YMO1T neoagarohexaose

Bacillus sp. BI-3 - - 70 neoagarobiose [14]

Microbulbifer thermotolerans MtAgaA 16 55 neoagarotetraose [22]

JAMB-A94

Microbulbifer JAMB-A7 - 16 50 neoagarotetraose [18]

Ci6107¢/is0-Cq50 2-OH) 0] k. 16S rRNA F7]1 A &, A3}t
A 9 E7 EA 7128t S4 FFE Vibrio sp. S42
BT 0.1% agarE H7He AR A S4 #FF=
72X 7t N Z5 =9 agarase B/ o] HYAE EHAH. Ht
W, agar & F7}6tA] b2 wjofA oA 2 agarase > F
A ETreE =Eo|gl ey, o= #F9 agarase FAA LH
o] agarol| 93 FEEHS AABIL Qlth #F S47F Al Z¢
B2 Bu|stE £ agarases 45°Ce} pH 7.009014 A9 &
2 E4E Bon, agaroseE #3159 (neo)agarotetraose
9} (neo)agarohexaoseS AYAFstA T
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