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Abstract: [Background] Agaro-oligosaccharides (AOS) have become a research hotspot in cosmetics, food,
medicine and other fields. Biological enzyme method is considered as an efficient method to prepare AOS.
[Objective] The agarase gene aga2660 was obtained from Flammeovirga pacifica WPAGA1. The gene
aga2660 was cloned and transformed to be expressed in Escherichia coli. The properties of recombinant
enzyme and enzymatic hydrolysate were analyzed. [Methods] The pure expression product was obtained by
clone expression and nickel column purification. Enzymatic products of the agarase were analyzed by
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thin-layer chromatography (TLC) and ion chromatography (IC). The optimization of enzyme production

conditions was carried out in a 5 L fermentor using the strategies of exponential feeding in the feeding stage

and continuous feeding of lactose in the induction stage. [Results] The elected gene aga2660 possessed
typical sequence characteristics of glucoside hydrolase family 50 (GHS50). The end-product of agar
degradation by Aga2660 was neoagarobiose. The optimum temperature and pH of Aga2660 was 30 °C and
7.0, respectively. Meanwhile, Aga2660 showed outstanding temperature and pH stability. Activities of
Aga2660 were enhanced by Mn*’, Ca®>" and Mg2+ (1 mmol/L). The enzyme activity reached 11.81 U/mL
after fermentation optimization strategy, which was 13.2 times higher than that before optimization.
[Conclusion] The agarase Aga2660 was an agarase of GH50 family and indentified with high agar-degrading
activity and excellent stability against acid, alkali and thermo. Its enzymolysis product is neoagarobiose,
which lays a good foundation for large-scale preparation of AOS with single polymerization degree.

Keywords: Flammeovirga pacifica WPAGAL1, agarase, neoagarobiose, fermentation optimization
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A DNA 485 U/uL) 1 ul, 1E. RIa514
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2.1 EHMEA aga2660 HIFFI5H
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Table 1 Feeding fermentation process

7N, aga2660 R g% ) IR E 51 R
F Flammeovirga sp. MY 04 By i il 24 KL 1R 51 AH L
PEfr, 55 100%.
22 EAEMBHRESEK

f BIE R aga2660 ()T 5519, LA
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EcoR 1, Xho 143 BIEATXUEFY], XUEEYI=4 [ i
JEH T4 DNA JEIEMRERIH, WS YA
% E. coli DHS5o JZAS4NHE, Phik vafe 72 H
JRE 22 il 1) 4 5 R P B iE, S5 SR IEA, R
13RI vk .

Fe [f1¢2 REETLZ IRF A
Serial No.  Stage Fermentation process Time (h)
1 DagiiRE A H I 10 g/L, BB A PE A 9

Batch culture The initial glycerol concentration was 10 g/L until the dissolved oxygen increased rapidly
2 KB B TIIHIMAREE 500 /L, % MR RO S AT 10

Feeding stage
strategy
3 75 BB
Induction stage
out until the maximum ODggo

PRAF M AT 6 g/(L-h), IXBNHR ODgoo N AT

The flow acceleration of glycerol was maintained at 6 g/(L-h), and the induction was carried

Glycerol was fed with a concentration of 500 g/L according to the exponential feeding

12.5-15

—
99

o —ml

,—Reichenbachie//a sp. SM10 (WP 099600745)

Tenacibaculum jejuense (WP 095073287)
Tenacibaculum agarivorans (WP 075342997)
Aquimarina agarilytica (WP 010180283)
Flammeovirga sp. MY 04 (WP 084005914)

aga2660 (KY826424.1)

100 Y— Reichenbachiella sp. MSK19-1 (WP 119844951)
— Catenovulum agarivorans DS-2 (EWH 122951)

100 |—Catenovulum agarivorans (WP 035012866)

—
0.1

E1 EE aga2660 RFEHL D
Figure 1 Phylogenetic analysis of gene aga2660
TE: B RALED 1000 W B AER I 3 m oR ok

Thermogutta terrifontis (WP 095415513)

Note: Bootstrap values (expressed as percentages of 1 000 replications) are shown at branch points
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Figure 2 Gene aga2660 amplification (A) and SDS-PAGE analysis of agarase Aga2660 (B)
TE: A: M: DNA 4p Ttnifi Marker; 1: JE[F aga2660 #4523 . B: M: TR (IBtbaEM; 12 R IPTG ;5 2: M IPTG

WS 30 difbIBREE Aga2660

Note: A: M: DNA Marker, 1: Results of gene aga2660 amplification. B: M: PageRuler pre-stained protein ladder (kD); 1: Without IPTG

induction; 2: IPTG induction; 3: Purified agarase Aga2660

SDS-PAGE (] 2B)Z5 R /R, SR IPTG 1Y
XTHRAIAH LG, HE B 21480 kD), KHE
MR Aga2660 TERIF LB T ma kR
Ko SR FVERAE N B2 S R A T A, VRS2
MR R IR JE R 250 mmol/L B, 55— 4% B —
i, SHMEA S FRK/MATT . Sl B A
BEE TR AIE , SRR 2R A2 AT G T 1k X B
JKiTE Aga2660 (LA BCRET, Ak s e Rk
H 87.71%, B LIS J1ik#] 3 525 U/mg.
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0.5 h /&, HIAPERKE, Hot ] o,
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fIC, BB R BRI V3 hIE, IRYISE Ak
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H, F—BUE TR A

NA2Z—
NAd— B
NA6—
L)
Mo 2 3 4

B3 IRAREE Aga2660 [EAEFIRIUAE. MR =YD

Figure 3 TLC analysis of hydrolyzed products of
neoagarotetraose and neoagarohexaose by agarase
Aga2660

e M: B HE . BB PURE R B SR RRRE s 1 BRI
PUBEFIH SR A 2: BfF 0.5 h; 3. Ff# 1 h; 4. T
fE3h

Note: M: Standards of neoagarobiose, neoagarotetraose and
neoagarohexaos; 1: Mixture of neoagarotetraose and
neoagarohexaose; 2: Enzymolysis for 0.5 h; 3: Enzymolysis for
1 h; 4: Enzymolysis for 3 h
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2.4 IRFCES Aga2660 EEFIE RS AR il pH {H 7.0, HAATEM pH iGNy, 78 pH

LI Aga2660 7 20—40 °C Z A1 RFLH & E  4.0-8.0 FITERINBEMRES 80% LA EAURES, 1H pH
(R AERT TR, Hodpcil S E IR EE A 30 °C (8 5A), 75 355 9.0 B, s 1Rl R (& 5B). #AERE th4s
50-80 °C JLHINAIREE 50%Lh ERYREE Ty, KB REW(E 5C), 73 77E 30 °C F1 40 °C T {7 24 h,
FABNNE Aga2660 HA RAFIUMN AL, 2 HEEIREE 90% L A EETE 1, X 3% B B fi

A 2-7.417 B 2-7.200
3-9.067
4-11.684
e -
0.0 10.0 200 0.0 10.0 200

4 IRBXEE Aga2660 FEREHMRIE F&IEZS
Figure 4 Ion chromatography analysis of hydrolyzed products by agarase Aga2660
e A BiBIERbR R ; B BT Aga2660 FEME™ Y. 20 BB M 3. BEIUBE; 4. BB

Note: A: Standards of neoagarooligosaccharides; B: Enzymolysis products of agarase Aga2660. 2: Neoagarobiose; 3: Neoagarotetraose; 4:

Neoagarohexaose
A B
100 - A 100 4
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5 IREIN pH MIRFLES Aga2660 HI M0

Figure 5 Effects of temperature and pH on enzyme activity of agarase Aga2660

T Ax IREXRE IR B pH XTHEE IR0 5 C: BB Aga2660 HUFEEN:; D: B Aga2660 ) pH F2E T
Note: A: Effect of temperature on enzyme activity; B: Effect of pH on enzyme activity; C: Thermal stability of agarase Aga2660; D: pH
stability of agarase Aga2660
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Aga2660 HA AP RFRErE. pH FRE S In s
RE/R(E SD), ZEEE pH 4.0-8.0 (922 i Hh itk
TR 24 h J5 HAR RS J17E 80%L) 1(30 °C), &
AH 2 T T 1 R rp PR 2R AT R i R
ARG i oy T 55 o

BB T EE Aga2660 HIEFIEA ASF Y
20, R 2 iR, 1 mmol/L [ Mn*", Ca*".
Mg” B RESR RIS 7, FRBIE Mo RER HIE f13R
5 36.19%; 1 mmol/L fij Cu®", Fe**, Ba®". Co*'.
NiZ B @AMEIEEE; 1 mmol/L 9 Na™, KB Fxf
il 15 FL A TC R
2.5 IFBERES Aga2660 Fik FHBIMIL
251 AE A AGREER I A K FIEATES Aga2660
REAL

KT A WA T RS i Aga2660 [ KGA, 1
FRZE ODgoo H 0.5 LA, IIAZHREEA 1 mmol/L
() IPTG 4TS5 12 h, K H OB Ik
£ LI E B , BEE J74Xk 0.83 U/mL,  fi B 4
ODgoo WALK 2.13. N4 Ak iR R Gk
i, WA R BER m,  [R] B R R T ) 2R
(2 gLyl AR A ik, R e

Fz2 EEBFMIEREE Aga2660 ;& HAIFZ M
Table 2 Effects of metal ions on enzyme activity of
agarase Aga2660

- A T
Metal ions (1 mmol/L) Relative activity (%)
CK 100.00+1.07
Mn** 136.19+1.03
Co** 43.33+1.21
K 97.05+0.73
Ccu** 56.34+1.66
Ccd** 62.11+0.61
Na" 102.12+1.37
Ca*t 121.53+2.31
Mg 116.23+0.82
Zn*' 63.56+1.45
Ni** 52.05+1.12
Ba®' 47.61£0.35
Fe** 31.39+0.24

LR R W TR AR R, BT
AR He A K (u=0.2 . 0.4 1 0.6 h™ )i fin sk
WA TOLA(ER 3, [B16), LA A R ANt B-B
it 225 P A AE K A5 I (IPTG #2241 mmol/L,
WK 25 °C)o M KA 1k 0.6 W i, 5
SIFIART AR T (Dry Cell Weight, DCW)ik |
3533 g/L. BLBSTFERHEAE R, WAL KZ3)
FEEEANE], AR DCW (U 31.71 g/L,
i & AR E] 2.32 U/mL. MR B AR K
WA 0.2 h ' F 0.4 b, BSLE G
DCW 4371355 36.74 g/L F135.12 g/L, &30
6.51 U/mL 1 4.13 U/mL. 545 REH, B4R
bl AR R X R AR AR B S i A, DT 2 B
IR AR R, RS T RIEE RS
WA BRI, (A5 00 IR s A
Wi 5 5 o B 1 2 (1 R R AR K

M 6 AT LAE H, Bl FMEBY BE F A K1)
Ak, ZIRHE AT S HAEKER A 0.2 0
B, &R AR 2 R A AR i (e (A
0.86 g/L); 4 HAE K R 4051k 0.4 h A1 0.6 h'

Fz3 AEEEERKIRRGE RS KFIHREE Aga2660 B
=7 ﬂru]

=

Table 3 Comparison of different specific growth rate for
cell growth and agarase Aga2660 production

ZH H AR A
Parameter Specific growth rate (h™")
1=0.2 1=0.4 1=0.6
P HT A T 16.1240.59 27.12+1.36 35.33+0.96
DCW before induction
(g/L)
R RATE 36.74+1.09 35.12+0.99 31.71%0.61
Final DCW (g/L)
e Pt A 6.51£0.21 4.13£0.19  2.32+0.22
Agarase activity (U/mL)
BR ORI E 0.86+0.08 2.94+0.17  4.73+0.13

Maximum acetic acid
concentration (g/L)

HIhHFE 73.4842.79 76.810£3.26 86.59+3.59
Glycerol consumption

(g/L)

%5 St ] 15 15 12.5

Induction time (h)
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Figure 6 Time profiles on different specific growth rate in feeding stage
e A BRAK; B: HKREE Aga2660 FEis; C: HINHFE; D: LUK

Note: A: Cell growth; B: The expression of agarase Aga2660; C: Glycerol consumption; D: Acetic acid concentration

W, AR FE IR i (e KB A3 0 2,94
4.73 g/L). SRR, ALK LA K HEEGF T
PRI A KRG ik, B, SPrbRBy
B R IG AR K HOR (1=0.2 h 7).
2.5.2 FRREXMMEEKINFEREE Aga2660 BY
Al

R Aga2660 ik FE A IS 1917
S, RAAFIRE(6. 20, 24, 28 °C)ikfT
PR RIL(IPTG MZME S 1 mmol/L), W 77
A, IR 24 °C Fl 28 °C I, HAEK
AEFFAER K, K DCW 43513k 5] 36.7 g/L il
42.5 g/L; TM4IFEFEEN 16 °C B, ALAREIAKEE
K ZB I, ek DCW {Ch 22.73 ¢/L.
FE SN 20 °C B, S 15 h GBS
8.61 U/mL, S55E3R0, IE 55w s 3 B AR AS
FIF B B 0 2235, AR AR A K Z 2013, &

s 5 5 | AR A R AT ERM,
g IR 7 Y1 A B WA IR R NUBI A A B 15|
I, LA EEREMBEA, ¥ 20 °C VEHELAH
PRE .

& 6 FE 7 n] LIA H, SRR AR
RN SR A H M A RE R A — R . M
KRR 020 FEFIRE R 20 °CHE, FIAHY
Hm T 30 g/L, B R vk B AT RE
WEHAEAMER, BT B BOH 0 m
BRI R 3 ¢/(L-h).
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