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Agarose is a polysaccharide found in the cell walls of red algae. Most of the detec-
ted agarolytic microorganisms are gram-negative bacteria from several taxonomi-
cally diverse groups, but a few gram-positive ones were also detected, for exam-
ple — Bacillus sp. MKO03, Streptomyces coelicolor A3(2). S. coelicolor A3(2) destroys
agarose with 3 different hydrolases: two extracellular p-agarases (DagA and DagB),
and an intracellular a-neoagarobiose hydrolase ScJC117. The aim of the work was
to identify streptomycetes strains whose genomes contain sequences similar to
genes encoding proteins of the agarolytic system of S. coelicolor A3(2). The objects
of study were nucleotide sequences of streptomycetes deposited into databases of
The National Center for Biotechnology Information (USA). Analysis of the pri-
mary structures of streptomycete DNAs was done using BLASTN programs on the
NCBI server. BLASTN-analysis of information on databases NCBI revealed pre-
sence of five such strains (Streptomyces sp. SID7813, Streptomyces sp. NRRL
B-16638, Streptomyces sp. MEQ02-6977A, Streptomyces sp. SM1, Streptomyces sp.
S4.7). Their sequences contain fragments similar to S. coelicolor A3(2) genes that
code agarolytic enzymes and a special NA2-transport system of neoagarobiose.
Based on the similarity of the sequences of their «<housekeeping genes» (rpoB, rrnA,
gyrB, atpB, trpB, recA), conclusions were made about the closely related relation-
ships of 4 strains (Streptomyces sp. SID7813, Streptomyces sp. NRRL B-16638,
Streptomyces sp. ME02-6977A, Streptomyces sp. SM1) and S. coelicolor A3(2). The
strain Streptomyces sp. S4.7 is related to the strains of other species (S. niveus).

Key words. Streptomyces sp., agarase, hydrolysis, transport system, genetic affinity.

The vast majority of agarases are isolated from microorganisms that exist
in the marine environment; however, some live in fresh water or soil. Most
of the detected agarolytic microorganisms are gram-negative bacteria from
several taxonomically diverse groups (Alferomonas, Pseudomonas, Vibrio,
Cytophaga, Agarivorans, Thalassomonas, Pseudoalteromonas, Acinetobacter,
etc.) [1—4], but a few gram-positive ones were also detected, for
example — Bacillus sp. MKO03, Streptomyces coelicolor A3(2) [5—10].

Agar is a polysaccharide found in the cell walls of red algae of the
orders Gracilariales and Gelidiales. This polysaccharide consists of two dif-
ferent components, namely, agarose and agaropectin [8, 11, 12].
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It is known that Streptomyces coelicolor A3(2) is a unique strepto-
mycete that can use agar as its sole carbon source [13, 14]. The strepto-
mycete culture S. coelicolor (formerly Actinomyces coelicolor) was isolated
from tap water as an agar-decomposing actinomycetes strain with the
unique characteristic of producing colored pigments [13]. Later, S. coeli-
color A3(2) were reisolated from a soil sample [14].

Agar depolymerization by S. coelicolor A3(2) can be carried out by 3
different hydrolases (EC 3.2.1.81): extracellular B-agarase DagA, which
belongs to the hydrolase from the GH16 family, extracellular B-agarase
DagB (GH50 family), alpha-neoagarobiose hydrolase ScJC117 (GHI117
family) (Fig. 1) [11, 12].

The degradation pathway of agarose by .S. coelicolor A3(2) consists of
the upstream part, which includes the fermentation of agarose into its two
monomers (D-galactose and 3,6-anhydro-o-L-galactose), and the down-
stream part, which includes monosaccharide decomposition reactions. The
upstream part involves agarolytic enzymes such as B-agarase and o-neo-
agarobiose hydrolase. The downstream part includes the degradation path-
ways of D-galactose and 3,6-anhydro-o-L-galactose.

Agarose may be hydrolyzed mainly by DagA to neoagarotetraose and
neoagarohexaose. The resulting neoagarosaccharides will be further
hydrolyzed by DagB to form neoagarobiose. Additionally, agarose may be
directly hydrolyzed by DagB to neoagarobiose. Neoagarobiose will be
transported into the cytosol by a transporter and finally hydrolyzed into
D-galactose and 3,6-anhydro-L-galactose by the enzyme ScJC117 (Fig. 1).
S. coelicolor A3(2) transport system of neoagarobiose (encoded by the genes
SC03482, SCO3483 and SCO3484) was found (Fig. 1) [8, 11, 12].

The fairly close location of S. coelicolor A3(2) genes encoding proteins
of agarolytic catabolism in the genome has been established. It is assumed
that a number of these genes form a cluster (Fig. 2). The gene cluster
encoding proteins required for agarose metabolism in S. coelicolor A3(2)
contains both upstream and downstream genes (hereinafter denoted as agr-
cluster) [12].

paga _-Agarose

Neoagarotetraose/hexaose| D22B

DagB NA2-TS

Neoagarty

3,6-anhydro-L-galactose
+

D-galactose

Cell

Fig. 1. Schematic representation of beta-agarose hydrolytic pathways: DagA — beta-agarose
DagA, DagB — beta-agarose DagB, ScJC117 — alpha-neoagarobiose hydrolase, NA2-TS —
neoagarobiose transport system [3, 4]
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Fig. 2. Genomic context of the agr-cluster involved in agarose metabolism in Streptomyces
coelicolor A3(2): ACI — 3,6-anhydrogalactonate cycloisomerase; NABH — a-neoagarobiose
hydrolase; AHGD — 3,6-anhydro-L-galactose dehydrogenase; ABG — agarolytic B-galac-
tosidase

The aim of the work was to identify streptomycetes strains whose
genomes contain sequences similar to genes encoding proteins of the agr-
cluster of S. coelicolor A3(2).

Materials and methods

The objects of the study were the nucleotide sequences of streptomycetes
chromosomes deposited into the database (RefSeq Genome Database) of
The National Center for Biotechnology Information (NCBI) server
[www.ncbi.nlm.nih.gov/nucleotide/] (Table 1).

Analysis of the primary structures of streptomycete DNAs was done
using BLAST (Basic Local Alignment Search Tool) programs on the NCBI
server [www.ncbi.nlm.nih.gov/blast].

Results and discussion

The genes encoding proteins required for agarose metabolism in S. coeli-
color A3(2) are located as a cluster on the chromosome sequence
(3831705—3854645 bp). The presence of sequences similar to the fragment
agr-cluster in the genomes of 5 streptomycete strains was determined by
BLASTN-analysis of the database on the server of the NCBI (Fig. 3).
Sequences similar to the full sequences of the S. coelicolor A3(2) agr-
cluster were found in primary structures of 7 variants of S. coelicolor A3(2),
5 strains of Streptomyces spp., and a lot of streptomycete fragments. The
cluster sequence of Strepfomyces sp. ME02-6977A is located on 2 contigs

TABLE 1. Studied strains of streptomycetes and some characteristics of their nucleotide sequences
(GenBank)

. A i A i

Strains of Streptomyces égisélg)l?](s > ]eﬁcéf}isylgg Sources of streptomycetes
S. coelicolor NC 003888.3 8667507 USA, tap water*
A3(2) GB, soil
Streptomyces sp. NZ_ WWHF01000001.1 8667507 USA, insect
SID7813 (1 contig)
Streptomyces sp. NZ_JARAYD00000000.1 8853597  Canada, the lesion of potato
ME02-6977A (496 contigs)
Streptomyces sp. NZ_NEUB00000000.1 8054772 Ireland, sea sponge
SM1 (151 contigs)
Streptomyces sp. NZ_JARAWB00000000.1 8873229  Canada, the lesion of potato
NRRL B 16638 (1057 contigs)
Streptomyces sp. NC _CP048397.1 79200066  Germany, the rhizosphere of
S4.7 edelweiss
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Fig. 3. Distribution of sequences similar to the agr-cluster sequence of S. coelicolor A3(2)
(Query Sequence) in streptomycete genomes: I — Streptomyces sp.SID7813; 2 — Strepto-
myces sp. NRRL B_16638; 3, 6 — Streptomyces sp. ME02-6977A; 4 — Streptomyces sp. SM1;
5 — Streptomyces sp. S4.7

due to the fact that the nucleotide sequence of its genome was deposited
in the NCBI database as a set of 496 contigs. All identified sequences of 5
strepromycete strains had a high level of similarity to agr-cluster sequence
of S. coelicolor A3(2) (Table 2).

TABLE 2. Similarity level of 5 streptomycete sequences to the agr-cluster sequence of S. coelicolor
A3(2) sequence (Query Sequence)

Similarity indices to cluster
S. coelicolor

Strains of Streptomyces

(Subject Sequence) Localization of clusters on sequences

Streptomyces sp. WWHEF01000001.1 Q.c. =100 %
SID7813 3831705—3854645 bp I =100 %
Streptomyces sp. JARAYD010000020.1 Q.c. =88 %
ME02-6977A 1—20193 bp [1=99.73 %
JARAYD010000024.1 Qc.=11%
1—2740 bp [=100 %
Streptomyces sp. NEUB01001033.1 Qc. =99 %
SM1 3831705—3854645 bp I =198.36 %
Streptomyces sp. JARAWB010000075.1 Q.c. =100 %
NRRL B_16638 1071—24011 bp I =100 %
Streptomyces sp. CP048397.1 Qc. =99 %
S4.7 786023—809597 bp I =198.36 %
Note. Q.c. — Query coverege, I — identity.
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later recommended the use of a number of essential genes for the hierar-
chical classification of a number of «housekeeping genes» (rpoB, afpD,
trpB, ricA, hrpA) [16, 17].

Determination of the genetic relationship between the 5 identified
strains was carried out in 2 stages. Determination of the genetic relation-
ship of the 5 strains based on similarity of their 16S RNAs sequences were
made at first. In our experiment, the rrnA-gene sequence of S. coelicolor
A3(2) was used as a reference sequence (Table 4). The length of all iden-
tified fragments of streptomycetes is completely equal to the length of gene
sequence of S. coelicolor A3(2) (Query Coverege = 100 %).

Levels of similarity in the sequences of 16S RNA genes of four strep-
tomycetes strains demonstrated that streptomycetes are related to .S. coeli-
color A3(2). However, the 16S RNA gene sequence of Strepfomyces sp. S4.7
had an identity index (I = 97.3 %) less than the required level (98.7 %)
[15].

Then the tree of genetic consanguinity of 6 strains was constructed on
the basis of the similarity of their «housekeeping genes» sequences. The
summary sequence of 6 <«housekeeping genes» (rpoB, rrnA, gyrB, atpB,
trpB, recA) of S. coelicolor A3(2) was used as Query Sequence (Fig. 4).

The strain S. coelicolor A3(2) was reportedly isolated twice from dif-
ferent sources on different continents [13, 14]. It is possible that the strain
Streptomyces sp. SID7813 is the next isolation of S. coelicolor A3(2), since
complete similarity of the sequences of their 16S RNAs, agr-clusters, and
6 «housekeeping genes» was revealed (Tables 3 and 4, Fig. 4). In addition,
the complete identity (Q.c. = 100 %, I = 100 %, M = 0, G = 0) of the

TABLE 4. Levels of identity of 16S RNA-genes sequences of streptomycetes to rrnA-gene of
S. coelicolor A3(2) (Query Sequence)

Strain of streptomycetes 16S RNA-genes and their levels of identity to rrnA-gene of
(Subject Sequence) S. coelicolor A3(2)

Streptomyces sp. S4.7 SSPS47_04185 1=973 % (M/G = 42/3)
Streptomyces sp. SID7813 GTY87_06950 [ =100 %
Streptomyces sp. NRRL B-16638 PV411_40795 1=99.9 % (M/G = 1/0)
Streptomyces sp. ME02-6977A PV708_41240 1=99.9 % (M/G = 1/0)
Streptomyces sp. SM 1 B9S61 19200 =993 % (M/G = 11/0)
Note. I — identity, M — mistake, G — gate.

9@ Streptomyces sp. S4.7

] @ Streptomyces sp. SM1

9 S. coelicolor A3(2)

Streptomyces sp. SID7813

I 0.01 | g Streptomyces sp. ME02-6977A

° Steptomyces sp. NRRL B-16638

Fig. 4. The tree of genetic consanguinity of Streptomyces species built on the basis of simi-
larity to S. coelicolor A3(2) sequences of 6 genes that coding conservative proteins
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chromosome sequences of S. coelicolor A3(2) and Streptomyces sp. SID
7813 was established. However, there is no mention of the presence of
plasmids in the Streptomyces sp. SID7813 cells, while the strain . coelico-
lor A3(2) contains 2 plasmids (SCP1, SCP2).

It should be noted that the sequences of 5 contigs of the Streptomyces
sp. NRRL B-16638 (NZ_JARAWB010000039, NZ JARAWB010000046,
NZ _JARAWB010000049, NZ_JARAWB010000059, NZ_JARAWB010000069)
contain 97 % (I = 99.99 %) of the plasmid SCP1 sequence. In addition,
there are 2 Streptomyces sp. S4.7 plasmids (pSSPS4.7a, pSSPS4.7b) in the
database, but their sequences are completely different from the plasmid
sequences (SCP2 and SCP1) of S. coelicolor A3(2).

It was interesting to determine the close relationship of the Strepro-
myces sp. S4.7 strain. The sequence of the 16S RNA gene of the Streptomyces
sp. S4.7 strain has the greatest affinity for sequences of 16S RNA genes of
strains SCSIO 3406 (I = 99.93 %), NRRL2449 (I = 99.74 %), NRRL2466
(I =99.03 %) of S. niveus.

Thus, the existence of 5 streptomycetes strains (Streptomyces sp.
SID7813, Streptomyces sp. NRRL B-16638, Streptomyces sp. ME02-6977A,
Streptomyces sp. SM1, Streptomyces sp. S4.7) the genomes of which contain
genes that determine agarolytic enzymes and the NA2-transport system was
found. It has been established that the strains (Strepfomyces sp. SID7813,
Streptomyces sp. NRRL B-16638, Streptomyces sp. ME02-6977A, Strepto-
myces sp. SM1) are closely related S. coelicolor A3(2). It is very interesting
that the strain Streptomyces sp. S4.7 is related to the strains of other species
(S. niveus).
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HOBI LITAMUW CTPENITOMILIETIB, B TEHOMAX AKX BUABJIEHO
KJACTEPH T'EHIB KATABOJII3MY ATAPO3U

JI.B. Ioaiwyx

Incruryt MmikpobioJorii i Bipycosorii iM. [I.K. 3a6onorHoro HauioHanbHOI akamemii Hayk
Yxpainu

03143 Kwuis, Bya. Akanemika 3abosotrHoro, 154
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Arapoza — mosticaxapul, 10 MiCTUTbCS B KJIITUHHUX CTiHKaX Y€pBOHUX BOAOPOCTEii. Binb-
1IiCTh BUSIBJICHUX arapojliTMYHUX MIKpPOOPTraHi3MiB € TpaM-HEraTUBHUMU OakKTepisMu 3
KiJTbKOX TaKCOHOMIYHO Pi3HOMAaHIiTHUX TPyIl, aje OyjJ0o BUSBJICHO TaKOX KiJlbka rpam-mo-
3UTUBHUX, Hanpukian, Bacillus sp. MKO03, Streptomyces coelicolor A3(2). S. coelicolor A3(2)
depMeHTye araposy 3a JOMOMOror 3 pi3HUX TigpoJia3: IBOX MO3aKJITUHHUX B-arapas
(DagA i DagB) i BHYTpPilIHBOKJIITUHHOI a.-Heoarapo6io3Hoi rimposasu ScJC117. Meta po-
00TH ToJisiraia B ileHTUdiKyBaHHI IITaMiB CTPENTOMILIETiB, TEHOMU SIKMX MiCTSTh MOCIiI0-
BHOCTi, MOMiOHi A0 IeHiB, 110 KOAYIOTh OiJIKM arapojituyHoi cuctemu S. coelicolor A3(2).
O0’eKTaMM IOCTIIKEHHST Oy HYKJICOTUIHI MOCIiZOBHOCTI CTPENTOMILIETiB, AEITOHOBAHI B
6asax gaHux HatioHanpHoro 1eHTpy 6iotexHonoriuHoi iHbopmauii (NCBI, CIIIA). AHani3
nepBuHHUX cTpykKTyp JAHK cTpenTomineTiB mpoBonuiu 3a mornomoroio nporpam BLASTN
Ha cepBepi NCBI. BLASTN-aHani3 iHbopmalii B 6a3ax nanux NCBI BUSBUB HasiBHiCTb Y
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HUX 5 Takux wmTamiB (Streptomyces sp. SID7813, Streptomyces sp. NRRL B-16638, Strepto-
myces sp. ME02-6977A, Streptomyces sp. SM1, Streptomyces sp. S4.7). Ix mocninoBHocTi
MICTATh (PparMeHTH, MoaioHi reHaM S. coelicolor A3(2), sIKi KOAYIOTh arapoJliTUuHi (pepMeH-
TH Ta ocoOnuBy NA2-TpaHCMOPTHY cUCTeMy Heoarapo6io3u. Ha migctaBi cxoxocTi mocii-
NOBHOCTE IXHIX «TeHIiB TocriofmaploBaHHs» (rpoB, rrmA, gyrB, atpB, trpB, recA) 3pobiaeHo
BUCHOBKM Mpo OJM3bKe criopigHeHHs 4 wtamiB (Streptomyces sp. SID7813, Streptomyces sp.
NRRL B-16638, Streptomyces sp. ME02-6977A, Streptomyces sp. SM1) i S. coelicolor A3(2).
Lltam Streptomyces sp. S4.7 HajexXUTh A0 LITaMiB iHIIOro BULY (S. niveus).

Knrouosi caosa: Streptomyces sp., arapasa, TiIpoJi3, TpaHCIIOpPTHA CUCTeMa, FreHeTUYHa CIo-
DiZTHEHICTb.
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