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Abstract—Glycosidase activities of 177 strains of the phylum Bacteroidetes, belonging to 18 genera and iso-
lated from the algae Chondrus sp., Polysiphonia sp., Neosiphonia japonica, Saccharina crassifolia, Saccharina
Jjaponica, Chorda filum, Acrosiphonia sonderi, and Ulva fenestrata collected in the littoral zones of the Sea of
Okhotsk and the Sea of Japan, Pacific Ocean, were studied. According to the data obtained, glycosidases cat-
alyzing hydrolysis of the B-glycoside bond were present in over 70% epiphytes of marine algae. It should be
noted that a-galactosidases and the extremely rare enzymes, a-/N-acetylgalactosaminidases, were more fre-
quent in the Bacteroidetes than in the proteobacteria analyzed previously. It was found that the overwhelming
majority of the bacteria of the dominant genera Zobellia and Maribacter contained the complete set of the
tested glycosidases involved in degradation of algal polysaccharides. Apparently, the presence of the wide
range of glycosidases in bacterial strains of these genera makes it possible for them to occupy diverse ecolog-
ical niches under extreme conditions of the tidal zone. However, such important enzymes of the microbial
lytic complex as o-galactosidases, -galactosidases, or -xylosidases, were not detected in the numerically
important genus Winogradskyella. The noted difference in the metabolic profiles of the strains of these genera
suggests the assumption that Winogradskyella strains play an unique role in the microbial communities, unre-
lated to the hydrolysis of such polysaccharides as agar and carrageenan. Significant differences in production
of glycosidases among the different taxonomic groups were revealed, which is of importance for directed
search of promising enzymes for biotechnology.
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The major structural components of cell walls of
most marine macroalgae are cellulose, organized in
crystal microfibrils (in brown algae), and hemicellu-
lose, comprising 1,3-B-D-xylan or 1,4-3-D-mannan
(in green and red algae, respectively) [1]. Matrices of
the cell walls of marine algae contain polyanionic
homo- and heteropolysaccharides [1—5]: various
fucoidan (sulfated fucans) structures and alginic acids
in brown algae, agars and carrageenans (sulfated
galactans) in red ones, or ulvans (sulfated rhamnoglu-
cans, glucogalactans, arabinogalactans, and rham-
noxylogalactans) in green ones. Quantitative compo-
sition and structure of these polysaccharides vary
depending on the taxonomic affiliation of the algae
and their habitat [2—4]. Moreover, the following com-
pounds are contained in seaweeds as storage carbohy-
drates: laminaran, in brown [6], floridean-starch, in
red [7], and starch and laminaran, in green algae [8].

1 Corresponding author; e-mail: bakun@list.ru

Degradation of polysaccharides is performed by
the enzymes secreted by microorganisms associated
with algae. These enzymes include various depoly-
merases acting on the biologically important glycoside
bond of the polysaccharides. There are reports on the
enzymes of marine proteobacteria and Bacteroidetes
degrading alginate [9, 10], laminaran [11], as well as
agar, carrageenan, and hemicellulose (1,3-B-xylan)
[12], and enzymes of bacteria of the genus
Pseudoalteromonas and the family Flavobacteriaceae
involved in fucoidan and porphyran degradation [13—
17]. Glycoside hydrolases of marine origin are used in
hydrolysis and synthesis of various biologically active
oligosaccharides [12].

Marine gram-negative heterotrophic pigmented
bacteria of the phylum Bacteroidetes dominate in the
primary epiphyte community [18]. They are known
for their high metabolic activity [ 19] resulting from the
diversity of their enzymatic systems. Transfer of the
glycoside hydrolase genes from marine Bacteroidetes
to the members of this phylogenetic cluster, which are
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an important component of the human colonic
microbiota, was reported [17]. However, glycosidases
synthesized by marine bacteria of the phylum
Bacteroidetes associated with seaweed remain practi-
cally uncharacterized.

Earlier, we demonstrated that marine Bacteroidetes
have a high potential as sources of fucoidanases, algi-
nate lyases, and laminaranases [20], as well as biotech-
nologically important o-/N-acetylgalactosaminidases
[21, 22].

The goal of the present work was comparative study
of glycosidase diversity in the Bacteroidetes isolated
from red, green, and brown algae growing in the lit-
toral zones of Far Eastern seas, together with matching
of various glycosidase activities with the taxonomic
position and source of bacterial producers. The results
of the work may be used for characterization of the
metabolic potential and selection of the biotechnolog-
ically promising strains of marine bacteria of the phy-
lum Bacteroidetes.

MATERIALS AND METHODS

Strains of marine bacteria used in the work were iso-
lated from red algae Chondrus sp. (Iturup Island, Sea of
Okhotsk, October 1997), Polysiphonia sp. (Paramushir
Island, Sea of Okhotsk, August 1992), and Neosipho-
nia japonica (Cove of Trinity, Posyet Bay, Sea of Japan,
June 2000), brown algae Chorda filum (Iturup Island,
Sea of Okhotsk, October 1997 and Cove of Trinity Bay,
Posyet Bay, Sea of Japan, June 2000), Saccharina cras-
sifolia (Iturup Island, Okhotsk Sea, October 1997),
and Saccharina japonica (Cove of Trinity, Posyet Bay,
Sea of Japan, June 2000), and green algae Acrosipho-
nia sonderi (Cove of Trinity, Posyet Bay, Sea of Japan,
June 2000) and Ulva fenestrata (Cove of Trinity, Posyet
Bay, Sea of Japan, August 1999 and June 2000).

Algal samples were collected aseptically in y-ray-
sterilized plastic bags. Samples of algal tissues (1 g per
10 mL of sterile seawater) were treated in a glass
homogenizer. Microorganisms were isolated by direct
plating of the algal homogenate applied in 0.1-mL ali-
quots per petri dish with marine agar (Difco, United
States). Heterotrophic bacteria isolated from single
colonies after incubation for 7 days at 28°C were puri-
fied by sequential transfers. The obtained pure bacte-
rial cultures were stored in plastic tubes containing
artificial seawater and glycerol (30%) as a cryoprotec-
tor at —80°C in the Collection of Marine Microorgan-
isms of the Pacific Institute of Bioorganic Chemistry,
Far Eastern Branch of the Russian Academy of Sci-
ences.

Identification of bacterial strains. Bacteria were
identified on the basis of their standard phenotypic,
chemotaxonomic, and genomic characteristics as
described previously [23]. Affiliation to a genus or spe-
cies was determined by the nucleotide sequence of the
16S rRNA gene using the GenBank BLAST data base
(http://www.ncbi.nlm.nih.gov/BLAST), confirmed
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by the physiological and biochemical characteristics
of the strains.

Bacteria were cultured for 96 h at 28°C on a solid
medium containing the following (g/L): bacto pep-
tone, 5.0; yeast extract, 2.0; agar, 18.0 (Difco, United
States); glucose, 1.0; KH,PO,, 0.2; K,HPO,, 0.2;
MgSO, - 7H,0, 0.05; seawater, 500 mL; and distilled
water, 500 mL; pH 7.6—7.8.

Glycosidase activity in bacteria was tested in ELISA
plates. Each cell contained 0.05 mL suspension with
approximately 50 pg bacterial biomass transferred to
the plates with a platinum loop, together with 0.05 mL
0.025% of the relevant synthetic chromogenic glyco-
side substrate (0.05 M sodium phosphate buffer,
pH 7.3). The plates were incubated for 3 h at room
temperature.

To detect the o- and P-D-galactosidase, a-D-
mannosidase, B-D-glucosidase, a-L-fucosidase, and
o-N-acetylgalactosaminidase activities, p-nitrophe-
nyl (pNP) derivatives of a- and -D-galacto-, a-D-
manno-, B-D-gluco-, o-L-fucopyranoside, and
N-acetyl-a-D-galactosaminide  (Sigma,  United
States), respectively, were used. To determine the 3- V-
acetylglucosaminidase and [-xylosidase activites,
PNP-N-acetyl-3-D-glucosaminide (Chemapol,
Czech Republic) and 4-methylumbelliferyl-B-D-
xylopyranoside (Ferak, Germany), respectively, were
used.

Enzyme activities were evaluated visually 5, 10, 15,
30, 60, 120, and 180 min after addition of the substrate
by the appearance of yellow coloration due to forma-
tion of p-nitrophenol in the course of enzymatic reac-
tion. Solutions of the respective glycosides and biom-
ass suspensions were used as the controls.

RESULTS

The presence of 3-D-glucosidase, 3-D-galactosi-
dase, [-N-acetyl-D-glucosaminidase, [-D-xylosi-
dase, o-D-galactosidase, o-D-mannosidase, o-N-
acetyl-D-galactosaminidase, and a-L-fucosidase
activities was determined in 177 strains of marine bac-
teria of the phylum Bacteroidetes isolated from algae of
the Sea of Okhotsk and the Sea of Japan. The results
are presented in Table 1. As follows from the data,
among the 18 identified taxa of the phylum
Bacteroidetes, Maribacter (23.2%), Zobellia (22.6%),
Cellulophaga (14.7%), Formosa (9.6%), and Wino-
gradskyella (7.9%) were the most frequent. The genera
Aquimarina, Gillisia, Kriegella, Olleya, Pseudozobellia,
and Salegentibacter were each represented by a single
strain (0.6%).

The most abundant enzymes among all of the stud-
ied epiphytes were B-glucosidases (81.9%), B-galac-
tosidases (79.1%), and B-N-acetylglucosaminidases
(78.5%). Less frequent were a-galactosidases (72.3%),
B-xylosidases (71.3%), and o.-mannosidases (65.5%).
a-/N-Acetylgalactosaminidases (37.9%) and o-L-
fucosidases (34.5%) were relatively rare among gly-
cosidases.
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Fig. 1. Frequency of occurrence of bacteria of the following genera in microbial communities of sea algae Saccharina japonica
(A), Acrosiphonia sonderi (B), Ulva fenestrata (C), and Neosiphonia japonica (D): Algibacter (1), Algoriphagus (2), Aquimarina (3),
Arenibacter (4), Cellulophaga (5), Gillisia (6), Formosa (7), Kriegella (8), Maribacter (9), Mesonia (10), Olleya (11), Pseudozobellia
(12), Roseivirga (13), Salegentibacter (14), Tenacibaculum (15), Ulvibacter (16), Winogradskyella (17), and Zobellia (18) (% of the

total number of strains isolated from each alga).

The Bacteroidetes community of the green alga
Acrosiphonia sonderi yielded the largest number of iso-
lates (83). Bacterial genera Zobellia and Maribacter
(Fig. 1 and Table 2) predominated in the community.
The next largest community was the one of the green
alga Ulva fenestrata (53 isolates), dominated by Mari-
bacter and Cellulophaga (Fig. 1 and Table 2). Among
the 17 isolates from the brown alga Saccharina japo-
nica (Fig. 1 and Table 2), Cellulophaga, Formosa, and
Winogradskyella prevailed considerably. Among the
13 isolates from the red alga Neosiphonia japonica, six
Maribacter strains and four Winogradskyella strains
were identified (Fig. 1 and Table 2). It should be noted
that among the representatives of numerous microbial
communities of the four above-mentioned algae of the
Sea of Japan, no 7enacibaculum strains were found
(Fig. 1), while this genus has been isolated from the
algae of the Sea of Okhotsk.

From the microbial communities of Chondrus sp.,
Polysiphonia sp., Chorda filum, and Saccharina crass-
No. 6
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Jolia bacteria of the phylum Bacteroidetes were isolated
in minor amounts (Fig. 1).

Table 2 presents the results of the distribution of
above-listed glycosidases among bacteria of the pre-
vailing genera isolated from four algae, typical inhab-
itants of the littoral zones of the Cove of Trinity in the
Posyet Bay of the Sea of Japan. Zobellia and Mari-
bacter, isolated from Acrosiphonia sonderi, contained
practically all of the tested glycosidases (Tables 1 and
2). Bacteria of the genus Winogradskyella isolated
from the brown alga Saccharina japonica and the red
alga Neosiphonia japonica contained the same, less
representative set of glycosidases whose qualitative
composition did not depend upon the strain isolation
source. No a-galactosidases, P-xylosidases, o-N-
acetylgalactosaminidases, or o-L-fucosidases were
revealed in these strains (Table 2). The absence of
a-L-fucosidase was noted in Cellulophaga isolates
associated with the green alga Ulva fenestrata, while
producers of this enzyme were revealed among associ-
ates of the brown alga Saccharina japonica (Table 2).
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Table 2. Occurrence of glycosidases among the marine bacteria of the Bacteroidetes dominating genera of the associated

with the marine algae

Number of active strains
1}Iumber a-N- B-N-
Taxon of studied | -galac- -galac- . acetylglu-|acetylglu-| o.-man- . -xylosi-
strains tosgidase E)osgidase B-glucosidase cosa}r,n%ni- cosa}r]ngini— nosidase o-fucosidase P gse
dase dase
Acrosiphonia sonderi
Total number 83 58 68 64 32 59 57 28 64
Zobellia 29 24 29 22 15 17 28 10 26
Maribacter 19 19 19 18 10 14 15 7 18
Ulva fenestrata
Total number 53 34 39 38 17 42 29 16 36
Maribacter 17 15 17 15 14 17 16 7 15
Cellulophaga 7 6 6 5 0 6 2 0 5
Saccharina japonica
Total number 17 11 9 16 5 15 6 9 12
Cellulophaga 6 5 3 6 1 6 4 5 4
Formosa 3 3 1 2 1 1 0 2 3
Winogradskyella 3 0 0 3 0 3 1 3 0
Neosiphonia japonica
Total number 13 9 9 13 5 12 7 5 7
Maribacter 6 6 6 6 2 5 3 6 6
Winogradskyella 4 0 0 4 0 4 2 3 0
DISCUSSION isolated from the brown alga Saccharina japonica

Application of traditional biochemical methods for
screening of the metabolically active bacterial isolates
under standard conditions using chromogenic glyco-
sides made it possible to investigate the distribution of
a number of glycosidases among the 177 strains of bac-
terial epiphytes of the algae of Far Eastern secas
(Table 1) and indirectly evaluate the importance of
bacterial epiphytes of the phylum Bacteroidetes in the
degradation of alga.

Our results showed that communities of marine
Bacteroidetes in each of the studied algae differed by
species composition forming species-specific micro-
bial associations (Fig. 1). High metabolic activity is
apparently a prerequisite for the domination of certain
bacterial genera over the others. The ability of bacteria
of the genera Zobellia and Maribacter to produce the
whole set of glycosidases tested indicates their physio-
logical plasticity which determines their success in
competition with other Bacter\oidetes (Table 2). At the
same time, among the numerically important Wino-
gradskyella isolates, independently of the host species,
no producers of the important enzymes of such com-
ponents of the lytic complex as o-galactosidases,
[B-glactosidases, or B-xylosidases were found. The dif-
ference in the metabolic profiles of the above-men-
tioned genera suggests that Winogradskyella occupies a
specific ecological niche in the algal microbial com-
munities unrelated to their involvement in hydrolysis
of such polysaccharides as agar or carrageenan. The
absence of producers of o-L-fucosidases among the
Cellulophaga from the green alga Ulva fenestrata, in
contrast to the representatives of this taxonomic group

(Table 2) may be explained by the different structures
of the cell walls of these algae. For example, green
algae have no fucose-containing oligo- or polysaccha-
rides that could be degraded by this glycosidase.

Generally, the results presented in Table 1 and Fig-
ure 2 evidence that glycosidases catalyzing hydrolysis
of the B-glycoside bond occurred in over 70% of the
strains under study. a-Galactosidases and [-xylosi-
dases were equally abundant. It should be noted
that among the marine Bacteroidetes, epibionts of
algae, a-galactosidases and o.- N-acetylgalactosamini-
dases occurred more frequently than among the previ-
ously studied proteobacteria isolated form various
sources [24—26].

B-Glucosidase (EC 3.2.1.21), which catalyzes
hydrolysis of the 3-glucoside bond in natural and syn-
thetic -glucosides and oligosaccharides, was the most
abundant glycosidase among the studied epibionts
(Table 1 and Fig. 2). Apparently, this is caused by its
functions in the process of polysaccharide degradation
by bacteria. Along with cellulase (endo-glucanase)
and cellobiohydrolase, [(-glucosidase is one of the
three main types of enzymes involved in the degrada-
tion of cellulose [27], widely represented in marine
algae. Moreover, together with endo-p-(1—3)-glu-
canase, P-glucosidase participates in utilization of
other B-D-glucans widely occurring in marine envi-
ronment, e.g. laminaran, by catalyzing hydrolysis of
laminaribiose and gentiobiose to glucose [28].

The next abundant group included [(3-galactosi-
dases (EC 3.2.1.23), B-xylosidases (EC 3.2.1.37), and
o.-galactosidases (EC 3.2.1.22), i.e., glycosidases cata-
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Fig. 2. Frequency of occurrence of producers of - N-acetylglucosaminidases (a), 3-glucosidases (b), a-galactosidases (c),
B-xylosidases (d), -galactosidases (e), a-mannosidases (f), a.-fucosidases (g), and o.- N-acetylgalactosaminidases (h) in bacteria
of the following genera: Algibacter (1), Algoriphagus (2), Aquimarina (3), Arenibacter (4), Cellulophaga (5), Gillisia (6), Formosa
(7), Kriegella (8), Maribacter (9), Mesonia (10), Olleya (11), Pseudozobellia (12), Roseivirga (13), Salegentibacter (14), Tenacibac-
ulum (15), Ulvibacter (16), Winogradskyella (17), and Zobellia (18) (% to the total number of strains of the corresponding genus).
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lyzing hydrolytic cleavage of the terminal residues
from the non-reducing ends of various oligosaccha-
rides, branched polysaccharides, as well as glycosides
and carbohydrate components of various natural gly-
coconjugates (Table 1 and Fig. 2). These enzymes may
act as components of microbial enzymatic systems
responsible for biotransformation of hemicellulose
(another widespread polysaccharide in marine algae),
agar—agar and carrageenan. o-Galactosidases from
the marine bacterium Pseudoalteromonas sp., isolated
from the coelomic fluid of the shellfish Crenomytilus
grayanis and the Sea of Okhotsk water, were reported
[26, 29]. According to the CAZy structural classifica-
tion, o.-galactosidase of the strain Pseudoalteromonas
sp. KMM 701, isolated from the water of the Sea of
Okhotsk, was referred to family 36 of glycoside hydro-
lases [29]. A new 1,3-a-3,6-anhydro-1-galactosidase,
performing the last step of agar degradation, was iso-
lated from Zobellia galactanivorans [30]. No data was
found in the literature on [-galactosidases and
B-xylosidases of marine bacteria and their physiologi-
cal function. However, B-xylosidases were used as
marker enzymes in the studies of the structure and
function of biofilm-forming river microbial commu-
nities [31].

There is no data on marine o-mannosidases
(EC 3.2.1.24) or a-fucosidases (EC 3.2.1.51) of bacte-
rial origin, the enzymes catalyzing the cleavage of
mannose and fucose residues bound by a-glycoside
bonds both at non-reducing ends of oligosaccharides
and in branched polysaccharides. To summarize, all
mentioned enzymes are components of the bacterial
metabolic complex which carries out alga degradation
and drives the Ocean carbon cycle in whole.

Among the studied epiphytes, a large number of
producers of - N-acetylglucosaminidases
(EC 3.2.1.52) was noted. The glycosidase may possess
both wide and narrow substrate specificities and cata-
lyzes hydrolytic cleavage of either 3-1,4-bound resi-
dues of either N-acetylglucosamine/N-acetylgalac-
tosamine or N-acetylglucosamine alone from the non-
reducing ends of glycoconjugates. Moreover, B-N-
acetylglucosaminidase is identified as a chitobiase and
is one of the components of the microbial chitinolytic
complex, performing the degradation of the widely
spread biopolymer, chitin, in marine environment. It
may be stated that, along with chitinases, this enzyme
is involved not only in carbon but also in nitrogen
turnover in the environment surrounding the bacteria.

a-N-Acetylgalactosaminidase  (EC  3.2.1.49)
removes o.-bound residues of N-acetamido-2-deoxy-
a-D-galactopyranose from the non-reducing ends of
glycosides and carbohydrate components of natural
glycoconjugates. In our previous studies a-galactosi-
dases, a-N-acetylgalactosaminidases, and [-N-
acetylglucosaminidases were demonstrated to occur
among the proteobacteria of the Sea of Okhotsk and
Sea of Japan at the ratio of 28, 19, and 43%, respec-
tively [25]. In the present study o-/N-acetylgalac-
tosaminidases were found to be rather rare enzymes

BAKUNINA et al.

among alga-associated marine Bacteroidetes as well,
although they occurred more frequently in this group
of bacteria, at the ratio of 38% (Table 1 and Fig. 2).

Currently, the only thoroughly studied o.- N-acetyl-
galactosaminidase is that of the marine bacterium
Arenibacter latericius of the family Flavobacteriaceae
[21, 32].

Thus, the massive screening made it possible for the
first time to characterize the profiles of distribution of
glycosidases, the enzymes playing an important role in
trophic links between the microorganisms and the host
species, among the alga-associated marine
Bacteroidetes.

The ability of marine Bacteroidetes associated with
algae to produce various glycosidases evidences their
high metabolic activity. The data obtained confirm
our assumption that representatives of the natural
microflora of algae are directly involved in the degra-
dation of both matrix and structural polysaccharides
of the macrophyte cell walls. Apparently, the presence
of a wide spectrum of glycosidases in marine
Bacteroidetes allows them to occupy various ecological
niches and ensures there dominance in the competi-
tion with other microorganisms. The revealed signifi-
cant differences in glycosidase production among the
members of various taxonomic groups are important
for directed search for the promising enzymes for bio-
technology.
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