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The article presents the results of a study of the phylogenetic position of the strain 2K1 and the effect of volatile
substances (VS) on the growth of Fusarium proliferatum AC. Strain 2K1 was isolated from Kirov region soil. The strain
2K1 identification was carried out using cultural-morphological, physiological-biochemical features, as well as on the
basis of analysis of the 16S rRNA gene partial sequence. The species of the strain 2K1 has not been established by the
methods used. The closest related species of strain 2K1 according to phylogenetic analysis is Streptomyces fulvissimus
strain SS-A28 (MK611756). Reliability of clustering within a single node of the phylogenetic tree at bootstrap 1000
is 86%. In the double culture experiments, the metabolic effect of VS of the strain 2K1 on the radial growth rate of the
F. proliferatum AC fungus was studied. The strain AC belonging to Fusarium genus is confirmed by molecular genetic
analysis results. [t was found that VS of strain 21 reduce the rate of radial growth of F. proliferatum AC culture by more
than 2 times at the age of 14 days. This allows speaking about the predominant effect of VS on the development of fun-
gal hyphae, but not spores. According to gas chromatography mass spectrometry, volatile organic compounds of strain
2K1 include substances belonging to different classes of organic compounds. Among them are derivatives of alcohols,
organic acids, mercaptans and esters are present. It is assumed that the inhibitory effect of VS strain 2K1 is determined
by methylhydroxylamine. Since VS are able to easily overcome phase boundaries, the strain 2K1 can be recommended
as a biocontrol agent against the F. proliferatum. The sequences of the 16S rRNA gene of Streptomyces sp. strain 2K1 and
the ITS region of strain F. proliferatum AC are deposited in GenBank (accession numbers MT280320 and MT280199
respectively).

Keywords: Streptomyces, molecular genetic analysis, 16S rRNA gene, double culture, gas chromatography mass
spectromelry, volatile substances, radial growth rate, Fusarium proliferatum, I'TS region, biocontrol.
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IlouBennbnii mirtamm Streptomyces sp. 2RK1:
uaoreneTnyecKoe NOJIOKReHNE, BIUSTHIE
Ha pocr rpuda Fusarium proliferatum
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B craTbe IpuBejleHbl pe3yJjabraTbl nccjaeloBaHnsA q)VlJlOI‘eHe’I‘M YEeCKOTO I10JIOYKEeH A IITaMMa 2H1 N BJIMAHNA JIeTy4YnXxX
BettectB Ha poct Fusarium proliferatum AC. Ilramm 2K 1 Boiztesien n3 moussl Kuposcekoit obnacrin. Mpenrundurariio mramma
2R npoBopmin ¢ MCIOTL30BAHIEM KYJIbTYPAIbHO-MOPMOIOTIYeCKIX, (PU3HOTOr0-0MOXUMITUYeCKIX TPU3HAKOB, & TAKKe
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Ha ocHoBe anannsa parmenra rena 16S pPHR. Bunosast npunamieskuocrs mramma 2K1 nenonb30BaHHBIMI METOAM N
He yeraHosiaeHa. Haubosee 6in3K1M (JOCTOBEPHOCTH KIacTepu3aliii B pejiesax ofiHoOTo y3Jia (QuaoreHeTH4ecKoro epesa
mpu bootstrap 1000 — 86%) pogersernmpim BrmoM mramma 2K 1 mo gammsiv hrioreeTmaeckoro anaamsa sBasercst Strep-
tomyces fulvissimus strain SS-A28. B onbiTax ¢ ABOIHOI RYJIBTYPOIl MCCIeOBAHO MeTaboanIeckoe AeicTBIe JeTyunx
gertects (JIB) mramma 2K1 Ha paguanbuyio ckopocts pocra rpuda F. proliferatum AC. Ilpunajeskuocts mramma AC
K pony Fusarium monTBepsena pesyasrataMn MOTeKYIAPHO-TeHeTHIecKOro anaanmsa. ¥ cramonaerno, ato JIB mrammva
2K1 cumzkaior Gosiee uem B 2 paza CKOPOCTh pajiiaibHOTo pocTta Kyabrypbl F. proliferatum AC B Bozpacre 14 cyTok, uro
103BOJISIET TOBOPUTH O HIpenMyliecTBeHHoM BiaustHuu JIB na passurtie rpububix rud, Ho He crop. [To nanubiM razosoii
XPOMATO-MACC-CITeKTPOMETPI, B COCTAB JTETYUNX OPTAHNTICCKIX coefimienuii mramMmma 2K 1 BXOAT BemmecTBa, OTHOCSTINECS
K PasHBIM KJIaccaM opranmdeckux coemuernii. Cpejin HUX Mpons3BOJIHbIE CITUPTOR, OPraHNYeCKUX KICTOT, MEPKATITAHOB
n caoxHbIX 3upos. Lpennonaraercs, uro nnrudupyiotiee peiicreie JIB imramma 2R 1 onipesiesisiercs METHITHPORCHIAMUHOM.
[Tocrombry JIB crocobmnt merko mpeogonesars rpanuisl paspena gas, mramm 21 Mosker ObITh peROMEHI0BAT B KA4ecTBe
arexTa Jiyist GuoroHTpoJist rpuba F. proliferatum. IocnenoBarensnoctu hparmenra reva 16S pPHR Streptomyces sp. strain

2K1 (MT280320) n yuacrka I'TS mramma F. proliferatum AC (MT280199) nenonuposans 8 GenBank.

Kuouesote caosa: Streptomyces, mosneryssipuo-renerndeckuii ananus, 16S pPHK, yuacrox ITS, pBoiinas wkyssrypa,
ra3oBast XpOMaTo-Mace-CIeKTPOMETPIISL, JIETYUIE BEIIECTBA, CKOPOCTH PAIUATILHOT0 pocta, Fusarium proliferatum, GOKOHTPOIID.

Currently, increasing attention is being
paid to microbial producers of biologically active
substances that improve the growth of various
plant species, including through biocontrol ac-
tion [1, 2]. The members of the Fusarium genus
are among the most famous fungal pathogens.
Species capable of producing mycotoxins dan-
gerous to humans and animals are of particular
concern [3]. These include F. proliferatum, which
in various countries causes damage to economi-
cally important crops such as wheat, cotton,
onions, tomato [4—7].

It is possible to reduce damage from fu-
sarioses by using biocontrol agents based on
microbial strains [8—12]. The members of the
genera Bacillus, Pseudomonas, Lysobacter and
Streptomyces are among of these bacteria [13,
14]. Despite the wide range described in the
literature of fungal antagonists of the genus
Fusarium, the search for new biocontrol agents
does not lose its relevance due to the formation
of resistance in pathogens.

The aim of this work was to study the compo-
sition of volatile substances (VS) of a new bacte-
rial strain 2K 1 and the effect of these metaholites
on the growth of the fungus F. proliferatum AC.

Objects and methods

Strain 2K1 was isolated from the soil us-
ing selective isolation techniques — pre-sowing
warming of the soil sample at 70 °C for four
hours. The location of the soil sampling site
is Kirov, Russia (N 58°30.380", E 49°36.683').
Strain 2K1 was isolated by spreading soil sus-
pensions on casein glycerin agar [15].

To characterize the strain at the species
level, conventional methods of studying cultural,
morphological, as well as physio-biochemical
features were used in accordance with the manu-

als [15-17]. Streptomyces isolate was cultured
on diagnostic media (oatmeal agar (ISP 3),
glycerin-nitrate agar, organic agar 2, and min-
eral agar 1). Melanoid pigment production was
tested on peptone-yeast extract iron agar (ISP 6).
The use of carbon sources was evaluated on the
10th day of cultivation on Pridham and Got-
tlieb’s medium (ISP 9) with the carbohydrates
addition (1%): D-glucose (positive control),
L-arabinose, sucrose, D-mannitol, D-fructose,
ramnose, glycerol and no carbon source (nega-
tive control).

The morphology of the reproductive struc-
tures of the streptomycete strain was studied
on the Micromed-1 light microscope (China) at
a magnification of x100. The spore surface was
studied with a JSM-6510 LV scanning electron
microscope (Japan) with an accelerating voltage
of up to 30 kV, without spraying. Preparation
for microscopy consisted of formalin fixing the
spores of a 21-day streptomycete culture grown
on mineral agar 1.

The strain 2K1 was identified by molecular
genelic analysis. Sequencing of the partial 16S
rRNA gene sequence was carried out at the
Research and Production Company “Synthol”
(Moscow, Russia). To search for related spe-
cies, the received sequence was compared to the
sequences available in the Genbank database
[18] via BLAST service. To study the taxonomic
position of the strain, phylogenetic analysis was
performed using the MEGA-X program [19].
Multiple alignment of nucleotide sequences
was performed using the ClustalW algorithm.
Phylogenetic trees were constructed using two
different methods: neighbor-joining (NJ) and
minimum evolution (ME). A bootstrap test
(1000 replicates) was used to evaluate the tree
topology [20]. The Rhodococcus rhodochrous
strain DSM43274T was used as the outgroup.
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In order to determine the sequence similar-
ity 16S rRNA gene of the strain 2K1 and the
reference strain S. globosus LMG 19896 (the
species most corresponding to the test strain
according to the cultural and morphological
characteristics), pairwise sequence alignment
was performed using the LALIGN program [21].

The fungus F. proliferatum AC was isolated
from the soil of the Kirov region. The taxonomic
affiliation of the strain AC was determined on
the basis of cultural and morphological features
[22], as well as the analysis of the nucleotide
sequence of the I'TS region by BLAST.

The VS’s effect of strain 2K1 on the growth
of the fungus F. proliferatum AC was studied by
a double culture, creating a physical separation
between them. Streptomycete was seeded with a
“strip” on mineral agar 1, F. proliferatum AC —
with a “injection” on the Czapek agar medium.
After inoculation the bottom of the Petri dishes
were joined and the joints of the dishes were
sealed with a Parafilm to prevent VS leakage.
The VS effect of strain 2K1 on F. proliferatum
AC was evaluated by the rate of radial growth
of micromycete colonies. To do this, on the 3rd,
4th, and 14th day after inoculation, the diameter
of the fungus colony was measured in two mutu-
ally perpendicular directions. The control was a
variant with the monoculture F. proliferatum AC.
The repetition of the experience was threefold.
Statistical processing of the obtained data was
carried out by standard methods using Microsoft
Excel 2007.

The composition of volatile organic com-
pounds (VOCs) produced by the strain 2K1
was analyzed using a gas chromatography
quadrupole type mass spectrometer GCMS-

QP2010Plus of the Shimadzu company (Japan)
with a “pre-ROD” system, a pyrolytic attach-
ment PY-2020iD, and a capillary quartz column
HP-5MS. Chromatographic column parameters
were 30 m length, 0.25 mm internal diameter,
0.25 microns thickness of the fixed phase layer.
Helium was used as a carrier gas. For analysis,
the streptomycele strain was grown on min-
eral agar 1 in Petri dishes, which were sealed
with Parafilm. The VOCs were concentrated on
calcined silica gel, which was placed in Petri
dishes immediately after inoculation with the
2K1 strain. After 21 days silica gel with VOCs
adsorbed on its surface was desorbed by heating
and then analyzed. Detection conditions were:
desorption temperature 300 °C, column tem-
perature 50 °C, ion source temperature 200 °C,
scanning speed 10000 amu/s. The analysis data
were processed using GCMS Solution software
version 2.5, and mass spectrum identification
was performed using the NIST library.

Results and discussion

Using light and electron microscopy, it was
found that strain 2K1 forms short straight or
flexuous spore chains (Fig. 1 a); the spores are
oval with smooth surface (Fig. 1b).

Streptomyces sp. strain 2K1 forms an aerial
mycelia (AM) of various colors. AM is powdery,
from pale to purple-gray on mineral agar 1,
oalmeal and organic agar 2, and it is while on
glycerine-nitrate agar. The color of substrate
mycelia (SM) is yellow to light brown on min-
eral agar 1, oatmeal and organic agar 2; and it is
colorless on glycerine-nitrate agar. The soluble
pigments present on mineral agar 1 and organic

SSAV : 1
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Fig. 1. Micrographs of spore chains of strain 2K1 obtained on light (magnification x100) (a)
and scanning electron (magnification x 10000) (b) microscopes
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Fig. 2. Phylogenetic relationships between the Streptomyces sp. strain 2K1 and closely related Streptomyces
strains. The trees were constructed used NJ (a) and ME (b) methods based on 16S rRNA gene sequences.
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test

(1000 replicates) are shown next to the branches.

agar 2 have a light brown color. The strain forms
melanoid pigments on the ISP 6 medium. The
abundant growth of the strain 2K1 is mani-
fested on the ISP 9 medium containing glucose,
D-fructose, D-mannitol, maltose, glycerol as
the sole carbon source; moderate growth — with
L-arabinose, ramnose.

Sequence analysis of the 16S rRNA gene
confirmed that strain 2K1 belongs to the genus
Streptomyces of the Streptomycetaceae family
of Streptomycetales order of the Actinobacteria
class. However, it does not allow identifying the
strain more accurately than up to the genus.
According to the BLAST service, Streptomyces
sp. strain 2K1 was equally close (95.6%) on the
nucleotide sequence of 16S rRNA gene to strains
of the genus Streptomyces of various species:

Evolutionary analyses were conducted in MEGA-X

S. fulvissimus, S. pratensis, S. griseoplanus,
S. griseus, S. lavendulae, S. fimicarius, S. globispo-
rus, S. parvus, S. luridiscabiei, S. microflavus,
S. pluricolorescens, S. badius. According to phy-
logenetic analysis, the closest related species are
S. fulvissimus and S. pratensis, formerly referring
to S. flavogriseus |23] (Fig. 2 a, b).
Comparison of the phenotypic properties
of S. fulvissimus [15, 16] and the 2K1 strain
revealed several principal differences between
the strain 2K1 and this species. S. fulvissimus
belongs to the Ruber series of the Roseus sec-
tion [15]. Strains of this section form AM with
a characteristic pink tint, and SM with red
tint on diagnostic medium. The strain 2K1
did not correspond to S. fulvissimus by color
description of the AM and SM, but it showed
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similarity in morphological features and the
use of carbon sources for growth. According to
[15] the strain 2K1 was previously assigned to
S. globosus (Chromogenes series of the Cinereus
section). At the same time, the similarity of 16S
rRINA gene Streptomyces sp. strain 2K1 with the
sequence of the reference strain of this species
S. globosus LMG 19896, available in Genbank
(NR042295.1), according to the pair alignment
data was significantly lower (94.4%) than for the
species offered by the BLAST service (95.6%).
Thus, at this stage of the research, the species of
the strain 2K1 could not be clearly established.
The 16S rRNA gene partial sequence of the
strain 2K1 is deposited in GenBank as Strepto-
myces sp. strain 2K1 (MT280320).

Taxonomic identification allowed the AC
strain to be classified as Fusarium. F. prolifera-
tum, F. fujikuroi, F. verticillioides are the closest
relatives of the strain ACaccording to the nucleo-
tide sequence of the ITS region found by BLAST.
The culture-morphological features of the strain
AC were as described by F. proliferatum (velvet
colonies; the AM is white, fast-growing, the
reverse is colorless on the Czapek agar medium;
hyphas are colorless, septate; simple conidio-
phores; conidiogenic cells are monophialides and
polyphialides) [22]. The I'TS sequence of strain
ACis listed in GenBank as F. proliferatum strain
AC (MT280199).

Streptomycetes are known to produce
volatile metabolites with antifungal activ-
ity [24]. The study of the VS metabolic effect
of strain 2K1 on the rate of radial growth of
F. proliferatum ACin the early stages of develop-
ment (4 days) did not reveal a significant effect.
The rate of radial growth of fungus colonies in
the monoculture was (0.7+0.1), in the double
culture — (0.6+0.1) mm/hour. However, at a
later date (14 days), the rate of radial growth
of colonies of F. proliferatum AC was observed
to slow down by more than 2 times under the
VS action of strain 2K1. Thus, the rate of radial
growth of fungus colonies in a monoculture was
0.15£0.01 mm/hour, while in a double culture
itwas 0.07£0.04 mm /hour. The VS’s inhibitory
effect of strain 2K1 on the intensity of radial
growth of the strain AC at later stages of its
development indicates their predominant effect
on the growth of fungal hyphae, rather than on
spores germination of the fungus.

The VOCs produced by Streptomyces sp.
strain 2K1 were identified by gas chromatog-
raphy mass spectrometry, and their ratio was
determined. Substances belonging to different
classes of organic compounds, such as deriva-

tives of alcohols, organic acids, mercaptans and
esters, have been identified as the main compo-
nents of VOCs of strain 2K1. (Methylsulfinyl)
(methylthio)methane and methylhydroxyl-
amine were found in the volatile substances and
were more than 80% in total. Propyl acetate,
2-mercaptoethylamine, and propanoic anhydride
were found in smaller amounts (less than 20% in
total). Methylhydroxylamine is of greatest inter-
estamong the identified compounds. A review of
the literature has shown that this compound is
an antimicrobial agent effective against Gram-
negative and Gram-positive bacteria. The mech-
anism of its action consists in specific inhibition
of ribonucleotide reductase enzyme activity, the
work of which is necessary for cell proliferation
[25]. The negative effect of this substance was
also observed on eukaryotic cells [26].

Conclusion

Thus, a complex of cultural, morphological,
physiochemical and molecular-genetic features
of the bacterial strain 2K 1 was studied. It was not
possible to identify the species of the Streptomy-
ces sp. strain 2K 1 by the methods used. VS of the
strain 2K1 are capable of inhibiting the growth
of hyphae F. proliferatum AC. According to the
gas chromatography mass spectrometry, VOCs
of strain 2K1 include substances belonging to
different classes of organic compounds. Deriva-
tives of alcohols, organic acids, mercaptans, and
esters are among them. Methylhydroxylamine
is the most interesting. The radial growth of
F. proliferatum AC is believed to be inhibited by
methylhydroxylamine. The detected antifungal
activity of VS strain 2K 1 has a practical interest.
Since VS are able to easily overcome the phase
boundary, the strain 2K1 can be recommended
as a biocontrol agent against F. proliferatum
fungus.
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