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Abstract: [Objectives] To optimize the culture conditions of Pseudoalteromonas sp. AJ5 for a higher production of
extracellular k-carrageenase. [Methods] A k-carrageenan-degrading bacterium AJ5, capable of utilizing k-carra-
geenan as sole source of carbon and energy, was isolated from the intestine of holothurian Apostichopus japonicus
by enrichment culture technique. The strain was identified as the genus Pseudoalteromonas sp. according to its
morphological and physiological characterization and 16S rRNA gene analysis. Culture conditions for the bacte-
rium were standardized for the maximal productivity of the extracellular k-carrageenase by the single factor and
orthogonal tests. [Results] According to the single factor test, the optimal culture conditions were: 75 mL medium
in 250 mL Erlenmeyer flask, shaking speed of 150 r/min, inoculum’s volume 7%, and pH 8.0. Based on the single
factor and orthogonal tests the optimal medium components were: k-carrageenan (1 g/L), beef extract (2 g/L ),
NaCl (20 g/L), K,HPO4-3H,0 (1 g/L), MgS0O47H,0 (0.5 g/L), MnCl,-4H,0 (0.2 g/L), FePO,4H,0 (0.01 g/L),
with the incubation temperature and time of 28°C and 28 h. [Conclusions] Pseudoalteromonas sp. AJ5 secreted an
extracellular k-carrageenase. Under the optimal culture conditions, four-fold increase in k-carrageenase activity
was achieved as compared to the control.
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1 INTRODUCTION

have biological activities such as anti-viral and anti-tu-
mor activities!'*",

Carrageenans are cell wall polysaccharides found
in several members of the Rhodophyceae. The carra-
geenans are notated k-, A-, 1-, etc. according to their
structure. k-Carrageenans are alternating galactan of
1,3-linked B-D-galactopyranose 4-O-sulfate and 1,4-
linked 3,6 anhydro-o.-D-galactopyranose ',

k-Carrageenases have been found in several genera
of marine bacteria, such as Pseudoalteromonas'' ™!,
Pseudomonas!”, Cytophagal®®, Zobellia"* and Vibrio®.

k-Carrageenases degrade K-carrageenan by hy-
drolyzing the -1, 4 linkages to a series of homologous,
even numbered oligosaccharides, which is a useful tool
for the structural analysis of the cell walls and protoplast
isolation from red algae'. Carrageenan and its depoly-
merized products, oligosaccharides, have been shown to

Studies regarding the optimization of culture
conditions for the production of carrageenase are still
few in the scientific literature . In this paper we de-
scribe the isolation of a new potent k-carrageenan-
degrading bacterium AJ5 capable of utilizing carra-
geen as sole source of carbon and energy by enrich-
ment culture technique. The optimal culture conditions
for the production of k-carrageenase were studied. These
studies led to a significant improvement in the k-carra-
geenase activity.

2 MATERIALS AND METHODS

2.1 Screening of microorganism

Samples of holothurian Apostichopus japonicus
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and marine algae were collected from a holothurian
farm and sea area in Dalian, China. For isolation of
k-carrageenase producing organism, the intestine of
holothurian and the pieces of alga washed with aseptic
seawater were inoculated into 25 mL of enrichment
medium containing: K-carrageenan (commercial car-
rageenan, Yantai Seaweed Industry Co., Yantai, China)
(2 g/L), NaNO; (2 g/L), inorganic salt solution 100 mL
[salt solution containing: K,HPO43H,O (10 g/L),
MgS047H,0 (5 g/L), FePO44H,0 (0.1 g/L ),CaCl,
(1 g/L)], dissolved in 900 mL seawater, pH 8.0. Suc-
cessive transfers were made in the same medium and
finally 0.1 mL diluted enriched sample was plated out
on first-screened medium containing: k-carrageenan
(12 g/L), NaNO; (2 g/L), NaCl (15 g/L), inorganic salt
solution 100 mL, dissolved in 900mL distilled water,
pH 8.0. The colonies of bacteria which hydrolyzed
k-carrageenan were surrounded by an area of depres-
sion or liquefaction. A pure culture of a strain was
obtained by repeated subculture on the above
Kk-carrageenan plate. A total of 33 isolates that actively
degraded «-carrageenan were screened for k-carra-
geenase production by shaking culture. The fermenta-
tion medium contained the same composition as
first-screened medium except 2 g/L k-carrageenan was
used. Strain AJS which showed maximum activity was
selected for optimization of culture conditions for
enzyme production and maintained in the same me-
dium containing 30%(V/V) glycerol at —80°C and on
slants at 4°C containing: k-carrageenan (12 g/L), pep-
tone (5 g/L), yeast extract (I g/L), FePO,4H,0
(0.01 g/L), dissolved in 800 mL seawater and 200 mL
distilled water, pH 7.6.

2.2 Identification of k-carrageenase-produc-
ing bacterium

The morphological and physiological characteri-
zation of the strain AJ5 was identified according to
Bergey’s Manual of Determinative Bacteriology "%,
The 16S rRNA gene from strain AJ5 was amplified
using the F27 and R1492 primer set ''” and sequenced
from both primers (ABI377 DNA analyzer). Sequence
was aligned by using BLAST analysis "®. For com-
parison with currently available sequences, several
sequences were retrieved from NCBI (http://www.ncbi.
nlm.nih.gov/BLAST) and multiple alignment was
performed by using Clustal X 1.83 and phylogenetic
tree was constructed by PHYLIP 3.56 "), Distance ma-
trices were generated by the DNADIST program, based
on Kimura’s two-parameter model **, Neighbour-joining
analysis of the data sets was carried out with the pro-
gram Neighbour of the PHYLIP package. Vibrio fumissii
was used as outgroup during the construction of consen-
sus tree of the strain AJ5 based on 16S rDNA sequence.

2.3 Production of k-carrageenase

For enzyme preparation, 250 mL Erlenmeyer
flasks containing 100 mL fermentation medium were
inoculated with 5 mL of 24 h seed culture of AJS,
which was prepared in the same medium (50 mL) in-
oculated with active slant culture. The flasks were
shaken at 150 r/min and 25°C in an incubator shaker
for 36 h. The bacterial supernatant obtained by centri-
fuging the culture at 7,000xg for 10 min was assayed
for k-carrageenase activity.

2.4 «-Carrageenase assay

k-Carrageenase activity was determined by
measuring the increase in the concentration of reduc-
ing sugar ends formed by enzymic reaction, by apply-
ing the dinitrosalicylic method of Miller 2", Standard
incubation conditions were 5 g/L k-carrageenan in
25 mmol/L Tris-HCI (pH 8.0) at 32°C for 30 min. One
unit (U) of k-carrageenase activity is defined as the
amount of enzyme needed to liberate 1 pmol of
D-galactose equivalents per minute under the given
conditions. All assays were conducted in triplicates
and the standard errors of the means were calculated.

2.5 Optimization of culture conditions for «-
carrageenase production

The optimization of fermentation conditions and
medium compositions were carried out based on the
stepwise modification of the governing parameters for
k-carrageenase production. They include: the culture
volume, shaking speed, inoculum volume, pH, sole
carbon source, different concentrations of optimum
carbon source, sole nitrogen source, different concen-
trations of optimum nitrogen source, inorganic salts.
The optimum culture condition obtained in previous
step was used in next step.

2.6 Orthogonal test

NaCl, k-carrageenan, beef extract in fermentation
medium and culture temperature were chosen to de-
sign four factors three levels orthogonal test L9 (4°) to
examine the effects of them on k-carrageenase pro-
duction. Other conditions were optimized as above
mentioned.

2.7 Cell growth and k-carrageenase activity
curves

For cell growth and k-carrageenase activity curves
measurement, 250 mL Erlenmeyer flasks containing
75 mL fermentation medium optimized by orthogonal
test were inoculated with 7% seed culture. The flasks
were shaken at 150 r/min and 28°C in an incubator
shaker for 36 h. Growth was estimated by taking cell
counts and enzyme activity by the reducing assay.
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3 RESULTS

3.1 Isolation and identification of «k-carra-
geenan-degrading bacterium

By enrichment culture technique and first-screened
by carrageenan plate containing k-carrageenan as sole
carbon source 33 isolates which hydrolyzed k- carra-
geenan were obtained. The strain AJ5 showed maximum
K-carrageenase activity by second-screened of shaking
culture. Electron micrograph of the strain AJ5 showed a
polarly flagellated and rod-shaped cell (data not shown).
It was Gram-negative, oxidase-and catalase-positive,
urease, indole, and arginine dihydrolase negative. It
required sodium ion for growth, had an oxidative me-

Table 1 Morphologic and physiological characteristics of
Pseudoalteromonas sp. AJ5

Characteristics tested Results

Cell shape rod
Endospores

Polar flagellum +
Production of pigments

Growth at 4°C

Growth at 35°C

Growth at 40°C

Anaerobic growth

Organic growth factors required
Oxidase reaction X
Catalase reaction 3
Urease *

Indole *

Arginine dihydrolase *
Accumulation of PHB
O/F test 0
Reduction of NO5~ +
Production of H,S
Requirement of sodium for growth +
Hydrolysis of starch, k-carrageenan, and gelatin +
Hydrolysis of alginate

Utilization of D-glucose, sucrose,
maltose, cellobiose, D-mannitol,

L-arabinose, N-acetyl-D-glucosamine °,
citrate, L-glutamic acid

and L-tyrosine +
Utilization of salicin and succinic acid ® W

Utilization of a-D-lactose °,
D-galactose ® D-fructose °, D-mannose °,

D-melibiose °, glycerol, a-ketoglutaric acid °,
cis-aconitic acid

and L-threonine®

w: weak;* API 20E;" Biolog.

tabolism, and did not accumulate poly-B-hydroxybu-
tyrate (PHB) as an intracellular reserve product. The
preliminary identification results showed that the
morphologic and physiological characteristics of this
strain were in accordance with Alteromonas according
to Bergey’s Manual of Determinative Bacteriology !'®!
or Pseudoalteromonas *! (Table 1). Total 1285 bp se-
quence of the 16S rRNA gene was determined for
strain AJ5 (GenBank accession number: EF208037).
The 16S rDNA sequence of strain AJ5 was compared
to sequences available from public databases. Fig. 1
shows a consensus tree of the Pseudoalteromonas
species. Thus, the strain AJ5 was identified as Pseu-
doalteromonas sp.

3.2 Effect of culture volume, shaking speed,
inoculum volume and initial pH on «-carra-
geenase production

Pseudoalteromonas sp. AJ5 with initial k-carra-
geenase activity 1.274 U/mL was used to optimize the
culture conditions to increase the enzyme activity.
Varying the amount of medium (50-150 mL) during
the fermentation indicated that 250 mL Erlenmeyer
flasks containing 75 mL fermentation medium was
optimal for the synthesis of k-carrageenase (Fig.2).
Increase or decrease of the amount of medium was
found to adversely affect the enzyme production. Fig.3
shows the effect of shaking speed (0—200 r/min) on
Kk-carrageenase production. k-Carrageenase activity
enhanced gradually when shaking speed was increased
from zero to 150 r/min but reduced over 150 r/min.
Different inoculum volume of bacterial cell [3%—9%
(V/V)] inoculating fermentation medium resulted in
changes of carrageenase activities. Maximum enzyme
activity was observed with 7% (V/V) inoculum vol-
ume (Fig.4). Fermentation medium with different ini-
tial pH(6—-10) had remarkable effect on k-carrageenase
production (Fig.5). The optimum pH for production of
K-carrageenase by Pseudoalteromonas sp. AJ5 was
around 8.

3.3 Effect of carbon, nitrogen sources and
inorganic salts on k-carrageenase production

The effect of different carbon sources (2-5 g/L)
on K-carrageenase production was determined and the
data are shown in Table 2. k-Carrageenan was the
dominant carbon source, yielding 2.384 U/mL of en-
zyme activity, although agar, alginate, starch, lactose,
glucose, fructose and sucrose could be used as the sole
carbon source, the k-carrageenase production was
lower. Therefore we studied the effect of various con-
centrations of k-carrageenan on the enzyme produc-
tion (Table 2), and found that 2 g/L k-carrageenan was
optimal for the synthesis of the k-carrageenase. Addi-
tion of beef extract to the medium resulted in the
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Vibrio fumissii
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(EU204961)

Pseudoalteromonas denitrificans (X82138)

—— AJ5 (EF208037)

—— Pseudoalteromonas carrageenovora (X82136)

Pseudoalteromonas undina (X82140)

Pseudoalteromonas nigrifaciens (X82146)

100

100

99

0.01

"

95 Pseudoalteromonas antarctica (X98336)

Pseudoalteromonas haloplanktis (X67024)
Vibrio marinus (X74709)

Pseudoalteromonas tetraodonis (X82139)
Pseudoalteromonas atlantica (X82134)
Pseudoalteromonas espejiana (X82143)
Pseudoalteromonas citrea (X82137)

Pseudoalteromonas aurantia (X82135)

Pseudoalteromonas luteoviolacea (X82144)

Pseudoalteromonas piscicida (X82215)

Pseudoalteromonas rubra (X82147)

Fig. 1 Phylogenetic tree of the strain AJ5 based on 16S rDNAs used in this study and 16 previously published from Genbank. The outgroup
we used was Vibrio fumissii. Numbers in parentheses represent the sequences’ accession number in GenBank. The number at each branch
points is the percentage supported by bootstrap. Bar, 1% sequence divergence.
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Effect of culture volume on k-carrageenase production by

Fig. 4  Effect of inoculum volume on k-carrageenase production by
Pseudoalteromonas sp. AJ5. Bars denote standard deviation (n=3).

Pseudoalteromonas sp. AJ5. Bars denote standard deviation (n=3).

161 25-
14 P s g
3 / S
£ 12} 2 2.0r
-} =
2 10f / z
z / g sl
§ 08 I g :
172} L o
= 2 0
o 04 5 )
S o2 L= * 05
v . 1 1 J
0.0 : . . . ! 5 7 9 11
0 50 100 150 200 250 pH
Shaking speed/(r/min)

Fig. 3

Effect of shaking speed on k-carrageenase production by
Pseudoalteromonas sp. AJ5. Bars denote standard deviation (n=3).

Fig. 5 Effect of initial pH of medium on k-carrageenase production
by Pseudoalteromonas sp. AJS. Bars denote standard deviation (n=3).
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maximal k-carrageenase yield among the eight nitro-
gen sources supplemented (Table 2). Different con-
centrations of beef extract supplemented during the
fermentation showed that 2 g/L beef extract was opti-
mal for the enzyme production. The fermentation me-

dium supplemented with complex inorganic salts
compared with single salt led to the higher Kk-carra-
geenase activity (Table 3). Of those tested, the best com-
bination for the enzyme production was K,HPO43H,0
+MgSO0,7H,0 +FePO44H,0 + MnCl,-4H,0.

Table 2 Effect of carbon sources and nitrogen sources on k-carrageenase production by Pseudoalteromonas sp. AJ5

Carbon source k-Carrageenase

Nitrogen source k-Carrageenase

/(g/L) activity £SD/(U/mL) /(g/L) activity +SD/(U/mL)
Lactose, 5 0.950+0.005 NaNOs, 2 1.239+0.111
Glucose, 5 1.192+0.346 KNO;, 2 0.597+0.043
Fructose, 5 1.159+0.023 NH,CI, 2 0.579+0.048
Sucrose, 5 0.080+0.009 (NH4),SO0y4, 2 0.439+0.018
Starch, 2 0.620+0.037 NH4NOs, 2 0.146+0.007
Agar, 2 0.682+0.115 Yeast extract, 2 1.305+0.213
Sodium alginate, 2 0.245+0.058 Peptone, 2 0.922+0.009
k-Carrageenan, 0.5 0.522+0.153 Beef extract, 0.5 1.907+0.125
k-Carrageenan, 1 1.421+0.111 Beef extract, 1 1.974+0.188
k-Carrageenan, 2 2.384+0.043 Beef extract, 2 2.100+0.063
k-Carrageenan, 3 2.227+0.266 Beef extract, 3 1.803+0.254
k-Carrageenan, 4 1.593+0.177 Beef extract, 4 1.575+0.354

Table 3  Effect of inorganic salts on k-carrageenase
production by Pseudoalteromonas sp. AJ5

Inorganic salts/(g/L) k-Carrageenase activity

+SD/(U/mL)

K,;HPO43H,0, 1 + MgS047H,0, 0.5 + 2.100+0.063

FePO44H,0, 0.01 + CaCl,, 0.1

K;HPO43H,0, 1 + MgS047H,0, 0.5 + 2.817+0.133

FePO4‘4H20, 0.01 + MHC12'4H20, 0.2

K,HPO43H,0, 1 + MgS047H,0, 0.5 + 2.073+0.049

CaCly, 0.1

K,HPO43H,0, 1 + MgSO,7H,0, 0.5 1.905+0.116

K,HPO,-3H,0, 1 1.772+0.049
1.274+0.063

FePO,4-4H,0, 0.01

3.4 Orthogonal test

Nine group tests were conducted based on the de-
sign of the orthogonal test and the k-carrageenase ac-
tivities are shown in Table 4. The primary and secon-
dary order for the effect of NaCl, k-carrageenan, beef
extract and temperature on the enzyme production was
The
best combination for the strain AJ5 to produce k-carra-
geenase was NaCl 20 g/L, k-carrageenan 1 g/L, beef
extract 2 g/L, and temperature at 28°C(Table 4).
ANOVA of orthogonal test data also indicated that
temperature affected the production of k-carrageenase
significantly (Table 5).

temperature>NaCl>beef extract>k-carrageenan.

Table 4 Data of orthogonal test

Run No. NaCl/(g /L) k-Carrageenan/(g /L) Beef extract/(g /L) T/°C k-Carrageenase activity/(U/mL)
1 15 1 1 25 2.026
2 15 2 2 28 2.194
3 15 3 3 32 0.125
4 20 1 2 32 1.138
5 20 2 3 25 2.005
6 20 3 1 28 2.047
7 30 1 3 28 1.870
8 30 2 1 32 0.406
9 30 3 2 25 1.775
K, 4.344 5.034 4.479 5.086
K, 5.190 4.604 5.106 6.110
K; 4.051 3.947 4.000 1.669
R 1.139 1.087 1.106 4.441
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Table 5 ANOVA of orthogonal test data

Source of variation Sum of squares df Mean square F value Critical value Significance
NaCl 0.700 2 0.350 5.959 Fo.01(2, 18)=6.01 0.010
k-Carrageenan 0.598 2 0.299 5.088 0.018
Beef extract 0.616 2 0.308 5.241 0.016
Temperature 12.316 2 6.158 104.861 0.000
Error 1.057 18 0.059

3.5 Cell growth and k-carrageenase activity
curves

Fig.6 illustrates the growth curve of Pseudoaltero-
monas sp. AJ5 and the associated rise in k-carrageenase
activity under the culture conditions optimized by single
factor and orthogonal tests. The highest level of
k-carrageenase (6.543 U/mL ) was reached during the
stationary phase, which was four-fold higher than that
under unoptimized conditions.
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Fig. 6 Growth (cell number A )and k-carrageenase activity (@) of
Pseudoalteromonas sp. AJ5. Bars denote standard deviation (n=3).

4 DISCUSSION

Several species of carrageenan-degrading bacte-
ria have been isolated from marine algae "%, In ad-
dition, bacteria isolated from the abalone gut can hy-
drolyze carrageenan™. The k-carrageenan-degrading
bacterium AJS, identified as Pseudoalteromonas sp., was
isolated from the intestine contents of holothurian
Apostichopus japonicus. Alginic acid and fucoidan-
degrading bacteria have also been isolated from the
coelomic liquid of the holothurian Apostichopus ja-
ponicus?*! and the gut contents of the sea cucumber
Stichopus japonicus!**.

The morphologic and physiological characteris-
tics of the strain AJ5 were in accordance with Altero-
monas based on Bergey’s Manual of Systematic Bac-
teriology, however, the differences between the bacte-
rium and other 12 species in this genus were observed.
Pseudoalteromonas is a new genus created from Al-
teromonas according to phylogenetic comparisons
performed by Gauthier et al. in 1995, Using 16S
rRNA gene analysis, the strain AJ5 could be identified

as Pseudoalteromonas sp., which was different from
the P. carrageenovora in production of amylase and
alginase and utilization of D-fructose, melibiose, lac-
tose, N-acetyl-D-glucosamine and glycerol. Pseu-
doalteromonas sp. CL19 can degrade A-carrageenan'®®).
Alteromonas fortis produced 1-carrageenase >,

The optimization of culture conditions for en-
zyme production indicated that the culture volume,
shaking speed, inoculum volume, pH and temperature
significantly affected the production of k-carrageenase
by Pseudoalteromonas sp. AJ5. 250 mL Erlenmeyer
flask containing 75 mL medium and 150 r/min were
optimum for the enzyme production. The lower culture
volume and higher shaking speed result in increased
shear stress, which might decrease the growth of the
bacterium and the k-carrageenase production. The
optimum pH and temperature for enzyme production
were around 8 and 28°C, respectively, and this might
because the bacterium was adapt to the alkaline and
low temperature marine environment for the growth of
holothurian. The pH of the culture strongly affects
enzymatic processes and transport of compounds
across the cell membrane. Several carrageenan-de-
grading bacteria were found to produce carrageenases
at pH 7-8 [+ 722281 However, various bacteria pro-
duced carrageenases at different temperatures, ranging
from 25°C %% to 37°C " *?1, The mechanism of tem-
perature control in carrageenase production needs to
be elucidated.

k-Carrageenan can be used as the dominant car-
bon source by Pseudoalteromonas sp. AJ5. As to the
effect of k-carrageenan concentrations on enzyme
production, the results of this study were comparable
to those reported earlier [ ). The «-carrageenases
production were optimal when bacteria Pseudomonas
elongata and Zobellia galactanovorans were grown in
the presence of 2 g/L. k-carrageenan and 3 g/L non-
purified A-carrageenan, respectively *"~*1. When differ-
ent carrageenan concentrations were directly compared
in parallel cultures, all concentrations within 0.5-1 g/L
gave maximal activities at 90 U/mL, but the activity
dropped rapidly at higher carrageenan levels ). This
effect appeared to be related to the increasing viscosity
of the medium **). Addition of certain concentration of
NaCl to the fermentation medium affected signifi-
cantly on the k-carrageenase production by Pseudoal-
teromonas sp. AJS5. The results revealed that 20 g/L
NaCl supplemented was optimal for the enzyme pro-
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duction. The media used for k-carrageenase produc-
tion in previous studies contained 25-30 g/L NaCl > ¥
or seawater !l Artificial seawater components were
necessary for carrageenase production by a marine
Cytophaga 1k-C7835), and only NaCl and MgCl, were
utilized by the organism to produce carrageenase among
artificial seawater salts *°". These findings suggest NaCl
or (artificial) seawater is important to the carrageenase
production by marine bacteria.

Under optimized condition the cell density of Pseu-
doalteromonas sp. AJ5 reached its maximum within 20 h
(Fig. 6), followed by a decrease. The k-carrageenase
production continued after growth had ceased, reaching
the highest level after 28 h of incubation. This observa-
tion was in agreement with the report for P. carrageeno-
vora growth and k-carrageenase production in shaking
flask cultures ®°!. Furthermore, the maximal k-carra-
geenase activities of AJS5 were higher than, and
comparable to those of P. carrageenovora in batch cul-
tures, and in fermentor studies %',
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