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ABSTRACT ARTICLE HISTORY
The potential antibacterial activity of secondary metabolites produced Received 11 February 2016
by Streptomyces sp. 156A isolated from Lake Baikal was investigated. ~ Accepted 3 July 2016
The selective liquid-liquid extraction method was applied to obtain a
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1. Introduction

Bacterioplankton plays an important role in the breakdown of organic compounds in aquatic
ecosystems and thus is an important part of food web (Teeling et al. 2012). Despite the
intensive study of freshwater bacterial biodiversity (Tang et al. 2014), the concept of the
mechanisms that lead to the change in bacterioplankton community composition is still far
from being understood. Nevertheless, there are two factors supposed to be the main causes
of the changes in the microbial community. They are (1) the variation in the phytoplankton
structure (Teeling et al. 2012) and (2) presence of microorganisms producing biologically
active compounds (Bhatnagar & Kim 2010) in the aquatic ecosystem. The synthesis of anti-
biotic compounds assists microorganisms, such as actinomycetes, to participate in the antag-
onistic microbial interactions (Terkina et al. 2006; Mokni-Tlili et al. 2011).
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Lake Baikal is well known for its oligotrophic environment (Grachev 2002). The specific
ecological conditions in Lake Baikal, first and foremost, the low content of dissolved organic
matter and biogenic elements, are likely to affect the vital functions of microorganisms and
cause competition between bacteria for nutrient sources.

Actinomycetes are widely distributed in all the ecological niches of Lake Baikal: in the
water column, in sediments and in various aquatic organisms (as associates) (Terkina et al.
2002; Bel'’kova et al. 2003; Parfenova et al. 2008). Actinomycetes of Streptomyces and
Micromonospora genera were reported to possess the antagonistic activity against bacteria
isolated from water and sediments of Lake Baikal, as well as against selected antibiotic-re-
sistant microorganisms (Terkina et al. 2006). These biologically active compounds produced
by the Lake Baikal actinomycetes have not been previously isolated and characterised.

Streptomyces is a large genus of bacteria, which is well known for its production of sec-
ondary metabolites. Indeed, about 34% of all known microbial natural products are produced
by Streptomyces (Bérdy 2005). Among them are cyclic dipeptides (Wattana-Amorn et al.
2015), anthracyclines (Hu et al. 2016), pyrrol compounds (Chen et al. 2015; Yang et al. 2015)
and lipopeptides (Yang et al. 2014) .

This study aimed at (1) isolation of secondary metabolites responsible for in vitro antag-
onistic activity of the strain Streptomyces sp. 156A using bioassay-guided fractionation and
selective liquid-liquid extraction; (2) identification of the isolated compounds by MALDI-MS/
MS and NMR spectroscopy; (3) probing of these compounds against micro-organisms iso-
lated from multiple ecosystems of Lake Baikal; and (4) probing of these compounds against
laboratory test cultures, including antibiotic-resistant strains.

2. Results and discussion
2.1. Isolation and identification of bacteria

Bacterioplankton was collected from the coastal zone of Lake Baikal and strain 156A was
isolated as described (see Sobolevskaya et al. 2006 and supplementary material). According
to our studies, it showed a wide range of extracellular enzymatic activities, namely phos-
phatase, protease, lipase and phospholipase.

Molecular genetic identification based on ribosomal phylogeny allowed the strain to be
assigned to Streptomyces genus. Automatic comparison of the protein profile of the strain
156A with Bruker Daltonics database showed score at 1.9 and the best match with
Streptomyces griseus. Such score value allows the identification of strain at the genus level
(1.7-2.0), though identification at the species level is not achieved. Previous studies demon-
strated MALDI-TOF-MS profiling to be useful for rapid identification of environmental bacteria
with high accuracy (Cayrou et al. 2010). Our MALDI-TOF-MS results confirm the accuracy of
the assignment of the strain 156A to genus Streptomyces.

2.2. Isolation and identification of bioactive compounds

It has been previously shown that the ethyl acetate extract obtained from the liquid culture
of the strain 156A possesses antibacterial activity against Gram-positive bacteria, such as
Listeria seeligeri, Staphylococcus epidermidis, Bacillus subtilis, Enterococcus faecium,
Enterococcus faecalis and pathogenic Staphylococcus aureus, Listeria monocytogenes and
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Listeria ivanovii (Sobolevskaya et al. 2006). Antifungal activity of the extract against diploid
fungi Candida albicans has also been reported (Sobolevskaya et al. 2006).

Therefore, the ethyl acetate extract of Streptomyces sp. 156A was fractionated using C18
column. Based on the activity of obtained fractions against B. subtilus, the compounds
responsible for antibiotic activity were eluted in the range of high retention times
(Ty = 10-20 min, 100% eluent B). Subsequently, liquid-liquid hexane extraction was used to
isolate hydrophobic antibiotic compounds from the ethyl acetate extract. The hexane frac-
tion obtained (Figure S1) and the residue after the extraction were further tested against B.
subtilus and showed 15-18 and 0 mm zones of bacterial growth inhibition, respectively. The
latter value indicates a high extraction degree of antibiotic compounds by hexane. Further
LC-ESI-TOF analysis of the hexane fraction showed the presence of five major compounds
with m/z 754.5, 768.5, 782.6, 796.6 and 810.5 (Figure S2(a)), while m/z 759.6, 773.6, 787.6,
801.6 and 815.6 were detected by MALDI-TOF (Figure S2(b)). The 14 Da difference between
the m/z values was the same for both types of ionization and indicated the presence of
homologous compounds. The 5 Da difference between ESl and MALDI, e.g. m/z 754.5 (ESI)
and m/z 759.6 (MALDI), is assigned to the mass difference between ions [M + NH,I* and
[M + Nal*.

MALDI-MS/MS spectra allowed the identification of cyclic copolymerisation of nonactic
and homononactic acids on the basis of fragments lost (Figures S3 and S4). The main frag-
mentation pathway is C-O bond cleavage in an ester moiety and the formation of fragment
ions corresponding to the loss of the acid units of 184 or 198 Da.

According to the comparison of the obtained data to those published previously, the
compounds 1-5 were referred to nonactin, monactin, dinactin, trinactin and tetranactin,
respectively. The methylation vs. ethylation patterns were suggested analogously to those
published for nactins. (Rezanka et al. 2010; Crevelin et al. 2014) (Figures 1 and S5-57). The
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Figure 1. Structures of the naturally occurring macrotetrolides (Rezanka et al. 2010).
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polynactin of Streptomyces sp. 156A was found to contain nonactin (3%), monactin (18%),
dinactin (36%), trinactin (31%) and tetranactin (12%) according to MALDI-TOF (measured
with £5% accuracy), while its content in the hexane fraction was estimated to be 96.3% using
total ionic current chromatogram of ESI-MS. The polynactin production by the Streptomyces
sp. 156A under periodic cultivation was about 2 mg/L.

Previously, nactins were isolated from various Streptomyces species as a polynactin or
individual compounds of different composition and in various proportions (Table S1). It has
to be noted that among nactins, antibacterial activity was reported for polynactin and tetra-
nactin (compound 5) only (Zizka 1998).

2.3. Antimicrobial activity

According to the published data, polynactin exhibited a wide spectrum of biological activ-
ities: antibacterial, insecticidal, antifungal, immunosuppressive and antitumor (Borrel et al.
1994; Zizka 1998). Biological activity of nactins was usually associated with their ionophoric
properties (Kusche et al. 2009), and the potencies of these activities appeared in parallel to
the size of the alkyl substituents (Jizba et al. 1991). Moreover, tetranactin was shown to be
the most potent member of the nactin’s homologues (Zizka 1998).

We tested polynactin against B. subtilis at concentrations of 10, 25, 50 and 100 pg/mL,
and the diameter of bacterial growth inhibition zone from 10 to 25 mm was observed. The
highest inhibition concentration (100 ug/mL) was chosen for further analysis to achieve the
stable inhibition effect. This concentration was based on the published observations, par-
ticularly suppression of phytopathogenic fungi by nactin-containing crude extract (100 pg/
mL) (Silva et al. 2014), and inhibition of Escherichia coli growth by polynactin (25 pg/mL)
(Nefelova et al. 1985). Further, we tested polynactin against opportunistic strains (see sup-
plementary material for details), including antibiotic-resistant ones (Table S2). The inhibition
zone of Gram-positive B. subtilis, E. faecium and E. faecalis ranged from 20 to 24 mm. The
smaller inhibition zone was observed for L. monocytogenes (14 mm) and S. aureus (10—
12 mm). Among the Gram-negative opportunistic bacteria, Pseudomonas aeruginosa, Yersinia
pseudotuberculosis, Klebsiella pneumoniae and E. coli were tested. All Gram-negative strains
tested as well as fungi C. albicans showed resistance to polynactin. Thus, the inhibition of
growth was revealed only for Gram-positive test cultures.

Naturally occurring strains of Proteobacteria, Firmicutes and Actinobacteria phyla were
selected for further study of the polynactin biological activity. Several strains were isolated
from various ecological habitants of Lake Baikal: water, sediments and biofilms (Table S3).
As a result of further probing, the specific inhibition of Gram-positive bacteria belonging to
the two most populated phyla (Actinobacteria (Rhodococcus spp., Microbacterium sp.) and
Firmicutes (Bacillus spp., Paenibacillus sp.)) was confirmed. The diameter of the bacterial
growth inhibition zone was defined by individual features of cell interactions. It was found
to vary from 10 to 20 mm and to be independent on the strain origin (Table S4). Among
Gram-negative bacteria, representatives of two widespread genera (Brevundimonas and
Pseudomonas) were tested. They belong to Alphaproteobacteria and Gammaproteobacteria
classes of Proteobacteria, respectively. All of the nine strains tested showed no sensitivity to
polynactin.
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3. Conclusions

Summarising the results of our study, a mixture of the antibiotic compounds produced by
Baikalian strain Streptomyces sp. 156A was isolated and identified by MALDI-MS/MS, LC/
ESI-TOF-MS, IR and NMR spectroscopy as polynactin. It contained 3% nonactin, 18% mon-
actin, 36% dinactin, 31% trinactin and 12% tetranactin. Polynactin showed a suppressive
effect on all tested Gram-positive bacteria, including those isolated from different ecosystems
of Lake Baikal (Rhodococcus spp., Microbacterium sp., Bacillus spp. and Paenibacillus sp.) and
those from opportunistic laboratory cultures. None of the Gram-negative strains tested
showed the sensitivity to polynactin.

Lake Baikal is well known for its oligotrophic environments where high competition for
nutrients exists. Such a competition is most extensive between bacteria belonging to the
same taxon. Thus, the production of secondary metabolites, such as polynactin, might give
an advantage to Streptomyces sp. 156A to compete for substrate and thereby to survive in
microbial community of Lake Baikal.

Supplementary material

Experimental details related to this article are available online, alongside Figures S1-S7 and Tables
S1-5S4.

Acknowledgement

Analytical equipment was provided by the Baikal Joint Instrumentation Center ‘Ultramicroanalysis"

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This research was funded by the Federal Agency for Scientific Organizations (FASO Russia) [grant
number 0345-2014-0004 (V1.55.1.3)], [grant number 0345-2014-0006 (VI1.61.1)].

References

Bel’kova NL, Parfenova VV, Kostornova TYa, Denisova LYa, Zaichikov EF. 2003. Microbial biodiversity in
the water of Lake Baikal. Microbiology. 72:203-213 (Translated from Mikrobiologiia).

Bérdy J. 2005. Bioactive microbial metabolites. J Antibiot. 58:1-26.

Bhatnagar I, Kim S. 2010. Immense essence of excellence: marine microbial bioactive compounds.
Mar Drugs. 8:2673-2701.

Borrel MN, Pereira E, Fiallo M, Garnier-Suillerot A. 1994. Mobile ionophores are a novel class of
P-glycoprotein inhibitors. The effects of ionophores on 4'-O-tetrahydropyranyl-adriamycin
incorporation in K562 drug-resistant cells. Eur J Biochem. 223:125-133.

Cayrou C, Raoult D, Drancourt M. 2010. Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry for the identification of environmental organisms: the planctomycetes paradigm.
Environ Microbiol Rep. 2:752-760.



644 e T. A. SHISHLYANNIKOVA ET AL.

Chen H, Yang Ch, Ke T, Zhou M, Li Z, Zhang M, Gong G, Hou T. 2015. Antimicrobial activity of secondary
metabolites from Streptomyces sp. K15, an endophyte in Houttuynia cordata Thunb. Nat Prod Res.
29:2223-2225.

Crevelin EJ, Crotti AM, ZucchiTD, Melo IS, Moraes LB. 2014. Dereplication of Streptomyces sp. AMC 23
polyether ionophore antibiotics by accuratemass electrospray tandem mass spectrometry. J Mass
Spectrom. 49:1117-1126.

Grachev MA. 2002. O sovremennom sostoyanii ecologicheskoi sistemy ozera Baikal [On actual state
of Lake Baikal ecosystem]. Novosibirsk: SB RAS (In Russian).

Hu Z, Qin L, Wang Q, Ding W, Chen Z, Ma Z. 2016. Angucycline antibiotics and its derivatives from
marine-derived actinomycete Streptomyces sp. A6H. Nat Prod Res. doi:10.1080/14786419.2015.1
120730.

Jizba J, Sedmera P, Zima J, Beran M, Blumauerova M, Kandybin NV, Samoukina GV. 1991. Macrotetrolide
antibiotics produced by Streptomyces globisporus. Folia Microbiol. 36:437-443.

Kusche BR, Smith AE, McGuirl MA, Priestley ND. 2009. Alternating pattern of stereochemistry in the
nonactin macrocycle is required for antibacterial activity and efficient ion binding. J Am Chem Soc.
131:17155-17165.

Mokni-Tlili S, Jedidi N, Hassen A. 2011. Antagonistic interactions among cultivable actinomycetes
isolated from agricultural soil amended with organic residues. Afr J Microbiol Res. 7:3304-3320.
Nefelova MV, Sverdlova AN, Egorov NS. 1985. Macrotetrolide antibiotics from mycelia of Streptomyces

chrysomallus. Antibiot Med Biotekhnol. 30:163-166.

Parfenova VV, Terkina IA, Kostornova TYa, Nikulina IG, Chernykh VI, Maksimova EA. 2008. Microbial
community of freshwater sponges in Lake Baikal. Biol Bull. 35:374-379 (Translated from Izv Akad
Nauk Ser Biol).

Rezanka T, Prell A, Spizek J, Sigler K. 2010. Pilot-plant cultivation of Streptomyces griseus producing
homologues of nonactin by precursor-directed biosynthesis and their identification by LC/MS-ES.
J Antibiot. 63:524-529.

Silva LJ, Crevelin EJ, Souza WR, Moraes LB, Melo IS, Zucchi TD. 2014. Streptomyces araujoniae produces
a multiantibiotic complex with ionophoric properties to control Botrytis cinerea. Phytopathology.
104:1298-1305.

Sobolevskaya MP, Terkina IA, Buzoleva LS, Li IA, Kusaikin MI, Verigina NS, Mazeika AN, Shevchenko
LS, Burtseva YuV, Zvyagintseva TN, et al. 2006. Biologically active compounds from Lake Baikal
streptomycetes. Chem Nat Comp. 42:82-87 (Translated from Khimiya Prirodnykh Soedinenii).

Tang X, Li L, Shao K, Wang B, Cai X, Zhang L, Gao G. 2014. Pyrosequencing analysis of free-living and
attached bacterial communities in Meiliang Bay, Lake Taihu, a large eutrophic shallow lake in China.
Can J Microbiol. 61:22-31.

Teeling H, Fuchs BM, Becher D, Klockow C, Gardebrecht A, Bennke CM, Amann R. 2012. Substrate-
controlled succession of marine bacterioplankton populations induced by a phytoplankton bloom.
Science. 336:608-611.

Terkina IA, Drukker VV, Parfenova VV, Kostornova TYa. 2002. The biodiversity of actinomycetes in Lake
Baikal. Microbiology. 71:404-408 (Translated from Mikrobiologiia).

Terkina IA, Parfenova VV, Ahn TS. 2006. Antagonistic activity of actinomycetes of Lake Baikal. Appl
Biochem Microb. 42:195-199 (Translated from Prikl Biokhim Mikrobiol).

Wattana-Amorn P, Charoenwongsa W, Williams C, Crump MP, Apichaisataienchote B. 2015. Antibacterial
activity of cyclo(L-Pro-L-Tyr) and cyclo(D-Pro-L-Tyr) from Streptomyces sp. strain 22-4 against
phytopathogenic bacteria. Nat Prod Res. doi:10.1080/14786419.2015.1095747.

Yang H-J, Huang X-Z, Zhang Z-L, Wang C-X, Zhou J, Huang K, Zhou J-M, Zheng W. 2014. Two novel
amphomycin analogues from Streptomyces canus strain FIM-0916. Nat Prod Res. 28:861-867.

Yang X, Peng T, Yang Y, Li W, Xiong J, Zhao L, Ding Z. 2015. Antimicrobial and antioxidant activities of a
new benzamide from endophytic Streptomyces sp. YIM 67086. Nat Prod Res. 29:331-335.

Zizka Z. 1998. Biological effects of macrotetrolide antibiotics and nonactic acids. Folia Microbiol.
43:7-14.


http://dx.doi.org/10.1080/14786419.2015.1120730
http://dx.doi.org/10.1080/14786419.2015.1120730
http://dx.doi.org/10.1080/14786419.2015.1095747

	Abstract
	1. Introduction
	2. Results and discussion
	2.1. Isolation and identification of bacteria
	2.2. Isolation and identification of bioactive compounds
	2.3. Antimicrobial activity

	3. Conclusions
	Supplementary material
	Acknowledgement
	Disclosure statement
	Funding
	References



