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α�N�Acetylgalactosaminidase (EC 3.2.1.49) cata�
lyzes the hydrolytic cleavage of the terminal α�O�gly�
coside�bonded residues of N�acetylgalactosamine
from the nonreducing ends of various complex carbo�
hydrates and glycoconjugates. Glycolipids, glycopep�
tides, and glycoproteins containing the structures with
the O�glycoside core, oligosaccharides, and blood
group A erythrocyte antigens are it’s physiological
substrates [1–3]. An increased interest in this enzyme
was generated by the possibility of its use in biotech�
nology when the group 0 “universal blood” was
obtained by enzymatic conversion of A and AB donor
blood [4, 5]. The practical solution of the problem is
hampered by the absence of economically advanta�
geous sources of the enzymes, which act effectively
under conditions where erythrocytes retain viability
(neutral pH, temperature of 20–25°C, and low ionic
strength). Therefore, the search for new sources of
specific, stable, and efficient enzymes for the large�
scale modification of A�erythrocytes is topical.

To date, α�N�acetylgalactosaminidases with the
required properties were revealed in the anaerobic

bacteria of terrestrial origin, Clostridium perfringens
[6–9] and Ruminococcus torques [10, 11] of the phy�
lum Firmicutes and Elisabethkingia meningoseptica
of the phylum Bacteroidetes [12–14]. The evidence of
α�N�acetylgalactosaminidases from marine bacteria
is scarce.

Earlier, we investigated the distribution of these
enzymes in the inhabitants of various ecotopes of the
World Ocean and Lake Baikal [15, 16]. As result of
thorough screening of over 800 strains, α�N�acetylga�
lactosaminidase, which inactivated the serological
activity of A�erythrocytes at neutral pH, was isolated
from the biomass of the obligate marine bacterium
Arenibacter latericius KMM 426T of the phylum
Bacteroidetes and studied [17]. No Bacteroidetes epi�
phytic bacterial strains isolated from the algoplane of
marine algae were among the isolates tested.

The aim of the present study was to investigate the
distribution of α�N�acetylgalactosaminidases among
the marine bacteria of the phylum Bacteroidetes,
which are the epiphytes of the algae in the Seas of
Okhotsk and Japan.
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and biotechnologically significant α�N�acetylgalactosaminidases.
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MATERIALS AND METHODS

The red algae Chondrus sp., Polysiphonia sp., and
Neosiphonia japonica sp., the brown algae Chorda
filum, Saccharina crassifolia, and Saccharina japonica,
and the green algae Acrosiphonia sonderi and Ulva
fenestrata were used in the present work. The habitat
water area and the dates of algae harvesting are indi�
cated in Table 1.

For primary screening of the strains, the brown,
green, and red algae were sampled aseptically into
sterile plastic bags treated with γ�rays. The algal tissue
samples (1 g in 10 mL of sterile seawater) were decom�
posed in a glass homogenizer. The microorganisms
were isolated by directly inoculating the petri dishes
with marine agar (Difco, United States) with the algal
tissue homogenate sample (0.1 mL per plate). The
heterotrophic bacteria isolated from well�isolated col�
onies after incubation for seven days at 28°C were
purified using sequential transfers. The pure bacterial

cultures obtained were stored at –80°C in plastic test
tubes containing artificial seawater and glycerol (30%)
as a cryoprotector. In order to screen for glycosidases,
the bacteria were cultivated on marine agar (Difco,
United States) for 96 h at 28°C.

Identification of bacterial strains. The bacteria were
identified based on the study of the standard pheno�
typic, chemotaxonomic, and genotypic characteristics
as described earlier [18]. The genus and species iden�
tities were determined from the nucleotide sequences
of the 16S rRNA gene using the GenBank BLAST
databank (http://www.ncbi.nlm.nih.gov/BLAST) and
by the set of the physiological and biochemical char�
acteristics of the strains.

Preparation of the extracts from bacterial biomass.
The bacterial cells were separated from the culture
medium by centrifugation at 3000 g. The supernatant
was discarded. The bacterial biomass was frozen at
⎯20°C. The weighed portion of the frozen raw biom�

Table 1. Occurrence of α�N�acetylgalactosaminidases among marine epiphyte bacteria isolated from different algae

Taxonomic position 
of the alga Sampling area Sampling date Total number 

of strains
Number of active strains 

(% of those studied)

Brown algae (Phaeophyta)

Chorda filum Iturup Island, Sea of 
Okhotsk 

October 1997 5 3 (60%)

Saccharina crassifolia Iturup Island, Sea of 
Okhotsk 

October 1997 3 0

Saccharina japonica Cove of Trinity, Posyet Bay, 
Sea of Japan

June 2000 17 5 (29%)

Green algae (Chlorophyta)

Acrosiphonia sonderi Cove of Trinity, Posyet Bay, 
Sea of Japan

June 2000 83 30 (36%)

Ulva fenestrata Cove of Trinity, Posyet Bay, 
Sea of Japan

August 1999 3 3 (100%)

Ulva fenestrata Cove of Trinity, Posyet Bay, 
Sea of Japan

June 2000 50 18 (40%)

Red algae (Rhodophyta)

Chondrus sp. Paramushir Island, Sea of 
Okhotsk

August 1992 1 0

Neosiphonia japonica Cove of Trinity, Posyet Bay, 
Sea of Japan

June 2000 13 5 (38%)

Polysiphonia sp. Paramushir Island, Sea of 
Okhotsk

August 1992 2 0

Total: 177 64 (36%)
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ass was resuspended in 0.01 M of Na+ phosphate
buffer solution, pH 7.3, on an ice bath. The biomass to
buffer ratio did not exceed 0.2 g/mL. The cells were
homogenized using an ultrasound sonicator at a fre�
quency of 22 kHz and a current of 0.4 A by exposing
them to ultrasound for 40 s four to five times at a 20�s
intervals. The cell suspension was incubated at 4°C for
3 h; the homogenate was then centrifuged at 10000–
15000g for 30 min. The pellet was discarded; the pro�
tein concentration and α�N�acetylgalactosaminidase
activity were determined in the extract.

Determination of the α�N�acetylgalactosaminidase
activity. In the first screening procedure, the α�N�
acetylgalactosaminidase activity in bacteria was deter�
mined in plates for immunoenzyme assay. Each well
contained 0.05 mL of the cell suspension containing
50 μg of the biomass of bacteria grown on solid
medium and transferred into the wells with a platinum
loop, as well as 0.05 mL of 0.025% substrate solution
in 0.05 M Na+ phosphate buffer, pH 7.3. The plates
were incubated for 3 h at room temperature. p�Nitro�
phenyl�α�N�acetyl�D�galactosaminide (Sigma, United
States) was used as the substrate for determining the
α�N�acetylgalactosaminidase activity. The enzyme
activity was assessed visually after 5, 10, 15, 30, 60,
120, and 180 min from the moment of the substrate
addition by the appearance of the yellow color due to
the p�nitrophenol releasing in the course of the enzy�
matic reaction. The glycoside solutions and the biom�
ass suspensions were used as controls.

In order to measure the α�N�acetylgalactosamini�
dase activity in bacterial extracts, 0.05 mL of the
extract solution and 0.35 mL of p�nitrophenyl�α�N�
acetyl�D�galactosaminide solution (1 mg/mL) in
0.1 M Na+ phosphate buffer, pH 7.3, was incubated
for 15 to 180 min at 20°C. The reaction was stopped by
addition of 0.6 mL of 1 M Na2CO3, and the optical
density was measured at 400 nm. The initial reaction
rate was determined from the linear segment of the
time dependence of A400. The substrate solution in the
same buffer with 1 M of Na2CO3 served as the control.

The standard hydrolytic glycosidase activity was
determined by the amount of p�nitrophenol
formed during the enzymatic reaction. The
amount of p�nitrophenol was determined spectro�
photometrically at 400 nm (ε400 = 18300 mol–1 cm–1).
One unit of enzyme activity was defined as the amount
of the enzyme in 1 mL of the solution required to
release 1 nmol of p�nitrophenol per minute. The spe�
cific enzyme activity in the extracts was calculated as
the standard activity value to the protein concentra�
tion ratio (mg/mL).

Protein concentration in bacterial biomass extracts
was determined according to the Lowry method [19]
using bovine serum albumin (Sigma, United States) as
the standard.

RESULTS AND DISCUSSION

The microbial communities colonizing the sur�
faces of marine macroalgae are primarily represented
by the Proteobacteria and Bacteroidetes [20, 21].
According to one of the hypotheses, these bacterial
phyla, especially the Bacteroidetes, play a key role in
the biodegradation and mineralization of organic mat�
ter in the ocean [22, 23].

The polysaccharides of the marine environments
are diverse in chemical composition and differ signifi�
cantly in their composition and structure from com�
pounds of this group occurring in terrestrial sources
[24, 25]. Bacterial glycosidases, including α�N�
acetylgalactosaminidases, are involved in the degrada�
tion of these biopolymers. However, the interactive
CAZy (Carbohydrate�Active enZyme, http://
www.cazy.org) database presently includes only several
enzymes which exhibit specificity to the true marine
polysaccharides, forming independent families of gly�
coside hydrolases [26].

In this work, we present the analysis of screening of
the epiphytes of marine algae, which produce α�N�
acetylgalactosaminidases, infrequently occurring gly�
cosidases.

One hundred seventy�seven Bacteroidetes bacterial
strains isolated from the red, green, and brown algae
were analyzed (Table 1). An average of 36% of the iso�
lates from marine algae contained α�N�acetylgalac�
tosaminidase. Those were mainly the epiphytes of
Saccharina japonica (29%), Neosiphonia japonica
(38%), Ulva fenestrata (40%), and Acrosiphonia son�
deri (36%). Sixty�four strains of epiphytic bacteria
exhibited the α�N�acetylgalactosaminidase activity;
of them, 16 strains had activity from 0.60 to
5.5 nmol/(min mg protein) (Table 2). It should
be noted that our earlier large�scale screening revealed
α�N�acetylgalactosaminidase to be a relatively rare
enzyme, because only 24% of the bacterial strains iso�
lated from different water areas of the World Ocean
synthesized α�N�acetylgalactosaminidases [15].
Among animal associants, this enzyme had a higher
frequency of occurrence than among free�living bac�
teria (12 and 6% of the total number of the strains
studied, respectively) [16]. Among the Sea of Okhotsk
red alga associants, 9.5% of active strains were discov�
ered among the not numerous algal isolates.

Occurrence of α�N�acetylgalactosaminidases
among the marine epiphytic bacteria is shown in Table 3.
The bacteria of the genera Arenibacter, Cellulophaga,
Formosa, Maribacter, Zobellia, and Winogradskyella
were the prevailing taxa. Nine (90%) of the 10 Areni�
bacter isolates studied revealed the α�N�acetylgalac�
tosaminidase activity. Fifty�eight percent of Mari�
bacter isolates and 50% of Zobellia isolates contained
α�N�acetylgalactosaminidase. In our previous study,
we showed that the bacteria of the genera Maribacter
and Zobellia were characterized by a broad range of
glycoside hydrolases [27]. The bacteria synthesizing
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α�N�acetylgalactosaminidase were scarce among the
representatives of the genera Mesonia and Formosa.

The epiphytic bacteria of the genera Algibacter,
Algoriphagus, Aquimarina, Gillisia, Olleya, Salegenti�
bacter, Tenacibaculum, Ulvibacter, and Winograd�
skyella revealed no α�N�acetylgalactosaminidase
activity (Table 3).

Table 4 shows the occurrence of α�N�acetylgalac�
tosaminidases among the numerically significant bac�
terial genera isolated from different algal species.
Among the strains of the genus Maribacter, α�N�
acetylgalactosaminidase was synthesized by 40% of
Neosiphonia japonica, by 53% of Acrosiphonia sonderi,
and 29% of Ulva fenestrata epiphytes. Acetylga�
lacosaminidase was found in 67% of Zobellia strains
(epiphytes of Neosiphonia japonica and Saccharina
japonica), as well as in 52 and 20% of the epiphytes of
Acrosiphonia sonderi and Ulva fenestrata, respectively.

It was established that α�N�acetylgalactosamini�
dases occurred more often among the epibionts of
green algae (80% of the number of active strains;
Tables 1, 4). In this connection, it is interesting to note
that the bacteria colonizing the surface of marine
green algae play the main role in the development of
normal morphogenesis and the attachment of the host
zoospores [28, 29]. Moreover, it has been found
recently that N�acetylgalactosamine enters into the
composition of the plasma membranes of the
zoospores of green algae Enteromorpha flexuosa and
Ulva fasciata [29]. It is possible that the presence of
bacterial α�N�acetylgalactosaminidases cleaving the
terminal N�acetylgalactosamine in glycoconjugates

Table 2. Strains of the marine bacteria synthesizing the most active α�N�acetylgalactosaminidases

Ordi�
nal no. Taxonomic position Strain no. Source of isolation Activity, nmol/(min mg protein)

1 Arenibacter latericius KMM 3523 Chorda filum 5.1

2 A. latericius KMM 3528 Chorda filum 1.7

3 A. palladensis KMM 3980 Ulva fenestrata 1.83

4 A. palladensis KMM 3961T Ulva fenestrata 0.83

5 Arenibacter sp. KMM 6041 Acrosiphonia sonderi 0.84

6 Cellulophaga sp. KMM 6483 Saccharina japonica 1.80

7 Cellulophaga sp. KMM 6488 Acrosiphonia sonderi 5.5

8 Formosa sp. KMM 6408 Saccharina japonica 0.92

9 Kriegella aquimaris KMM 3942 Ulva fenestrata 0.64

10 Maribacter sp. KMM 6487 Acrosiphonia sonderi 0.68

11 Maribacter sp. KMM 6485 Acrosiphonia sonderi 0.91

12 Maribacter sp. KMM 6489 Ulva fenestrata 0.79

13 Maribacter sp. KMM 6484 Ulva fenestrata 0.65

14 Maribacter sp. KMM 6486 Ulva fenestrata 0.63

15 Maribacter sp. KMM 3952 Ulva fenestrata 1.38

16 Zobellia laminariae KMM 6205 Saccharina japonica 0.68

Table 3. Prevalence of α�N�acetylgalactosaminidases in
marine epiphytic bacteria

Taxonomic 
position

Total 
number 
of strains

Number of active strains 
(% of those studied)

Algibacter 6 0

Algoriphagus 3 0

Aquimarina 1 0

Arenibacter 10 9 (90%)

Cellulophaga 26 4 (15%)

Gillisia 1 0

Formosa 17 3 (18%)

Kriegella aquimaris 1 1

Maribacter 41 24* (58%)

Mesonia 5 1

Olleya 1 0

Pseudozobellia 1 1

Roseivirga erhenbergii 2 2*

Salegentibacter 1 0

Tenacibaculum 2 0

Ulvibacter 5 0

Winogradskyella 14 0

Zobellia 40 20 (50%)

Total: 177 64 (36%)

Note: * The α�N�acetylgalactosaminidase activity in the extracts
of these bacteria did not exceed 0.1 nmol/(min mg pro�
tein).
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exerts a direct influence on the morphological changes
in the algae.

An information about the isolates containing a
highly active α�N�acetylgalactosaminidase is summa�
rized in Table 2. The highest specific activity of the
enzyme was observed in Cellulophaga sp. KMM 6488
and Arenibacter latericius KMM 5523. This fact is of
special interest because earlier we purified and charac�
terized α�N�acetylgalactosaminidase capable to inac�
tivate the serological activity of blood group A erythro�
cytes from the biomass of the Arenibacter latericius
type strain KMM 426T isolated from the bottom of the
South China Sea [17]. Based on the homology of the
amino acid sequence, this enzyme was attributed to
the 109th family of glycoside hydrolases (GH) [30].
The closest related enzyme of this family is a single,
comprehensively characterized α�N�acetylgalac�
tosaminidase from the anaerobic pathogenic bacte�
rium Elisabethkingia meningoseptica of the phylum
Bacteroidetes, which has already found application in
biotechnology [12]. The α�N�acetylgalactosamini�
dases of the family GH109 realize the mechanism of
hydrolysis of the O�glycoside bond with the involve�
ment of NAD+ [12, 13] in contrast to the enzymes of
the bacteria Clostridium perfringens [8] and Rumino�
coccus torques [10] of the phylum Firmicutes, which
are included in the family GH36 and appear to be the
classical glycoside hydrolases (http://www.cazy.org/
GH36_bacteria.html).

Thus, the results of this investigation showed that
aerobic nonpathogenic marine algal associants of the
Bacteroidetes phylum, which do not require special
conditions for cultivation, are the promising, econom�
ical, and ecologically pure sources of unique and bio�
technologically significant α�N�acetylgalactosamini�
dases.
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