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Abstract
The objective of the present study was to isolate Actinobacteria, preferably Streptomyces spp. from the rhizosphere soils of three
ethno-medicinal plants collected in Serbia (Papaver rhoeas, Matricaria chamomilla, and Urtica dioica) and to screen their
antifungal activity against Candida spp. Overall, 103 sporulating isolates were collected from rhizosphere soil samples and
determined as Streptomyces spp. Two different media and two extraction procedures were used to facilitate identification of
antifungals. Overall, 412 crude cell extracts were tested againstCandida albicans using disk diffusion assays, with 42% (43/103)
of the strains showing the ability to produce antifungal agents. Also, extracts inhibited growth of important human pathogens:
Candida krusei, Candida parapsilosis, and Candida glabrata. Based on the established degree and range of antifungal activity,
nine isolates, confirmed as streptomycetes by 16S rRNA sequencing, were selected for further testing. Their ability to inhibit
Candida growth in liquid culture, to inhibit biofilm formation, and to disperse pre-formed biofilms was assessed with active
concentrations from 8 to 250 μg/mL. High-performance liquid chromatographic profiles of extracts derived from selected strains
were recorded, revealing moderate metabolic diversity. Our results proved that rhizosphere soil of ethno-medicinal plants is a
prolific source of streptomycetes, producers of potentially new antifungal compounds.
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Introduction

Soil is a nutritionally, biologically, and physically complex
and diverse habitat. Its inhabitants are able to perform a broad
range of metabolic processes and to produce an immense di-
versity of bioactive metabolites (Maleki et al. 2013). Soil mi-
croorganisms, such as bacteria and fungi, control the

ecosystem by decomposition of nutrients and may serve as
indicators of ecosystem health (Stamenov et al. 2018).
Recent advances in exploring microbial diversity in soil have
revealed the remarkably rich biosynthetic potential for the
production of new natural products among microbial strains,
especially within the group of Actinobacteria (Genilloud
2017). The genus Streptomyces is the largest antibiotic-
producing genus of the phylum Actinobacteria and its rep-
resentatives are widely distributed in soils, especially in
those that are dry, not too acidic, and rich in organic matter
(Waksman and Henrici 1943). The species belonging to the
genus Streptomyces constitute 50% of the total population
of soil actinomycetes and 75–80% of the commercially and
medicinally useful antibiotics have been derived from this
genus (Challis and Hopwood 2003). They produce com-
pounds with antibacterial, antifungal, anti-infective, anti-
cancer, and antitumor activity. Streptomyces spp. are thus
recognized as industrially important organisms for their
impressive ability to produce structurally and functionally
diverse novel secondary metabolites (Mellouli et al. 2003;
Williams and Mayfield 1971).
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Diverse microbes of economic importance, including strep-
tomycetes, are related to medicinal plants. Medicinal plants
harbor a distinctive microbiome due to their unique and struc-
turally divergent bioactive secondary metabolites that are
most likely responsible for the high specificity of the associ-
ated microorganisms (Rios and Recio 2005). Plant rhizo-
sphere soil contains a large phylogenetic diversity of microor-
ganisms which have proven to be an unlimited source for
potential drugs, agrochemicals, and biocatalysts (Köberl
et al. 2013; Spasic et al. 2018). These microorganisms have
been processed to produce hundreds of valued commercial
products in order to provide efficient industrial biotechnolog-
ical solutions (Golinska et al. 2015; Köberl et al. 2013).

Despite the long list of currently available antibiotics in the
market, antifungal drugs constitute a small but significant
group of molecules and they have an important role in the
control of mycotic diseases. Only a limited number of antifun-
gal agents are currently available for the treatment of life-
threatening fungal infections (Vicente et al. 2003). The search
for new, safer, and broad-spectrum antifungal drugs with
greater potency has been progressing slowly. Therefore, the
development of new antifungal agents, preferably naturally
occurring with novel mechanisms of action, is an urgent me-
dicinal need (Thakur et al. 2007). Keeping in view the exten-
sive utility of actinomycetes for natural product biosynthesis,
the aim of this study was to highlight the presence of
Streptomyces spp. in different rhizosphere soils of ethno-
medicinal plants collected in Serbia and to comprehensively
evaluate their potential to produce secondary metabolites with
antifungal activity.

Materials and methods

Sampling and isolation of Streptomyces species

Rhizosphere soil samples of medicinal plants were collected
in Serbia during the years 2015 and 2016. Soil samples were
stored at + 4 °C and transferred to the laboratory. The soil
samples (1 g) were suspended in HNC medium (yeast extract
60 g/L, sodium dodecyl sulphate 0.5 g/L, CaCl2 0.5 g/L) and
heated at 42 °C for 30 min (Schrey et al. 2012). Serial dilu-
tions of the suspension were prepared by the 10-fold dilution
method. For each of the 10−3, 10−4, and 10−5 dilutions of the
suspension, aliquots of 0.1 mLwere spread onto the surface of
MSF (mannitol 20 g/L, soybean flour 20 g/L, agar 20 g/L)
(Stankovic et al. 2013) and ISP2 (glucose 4 g/L, yeast extract
4 g/L, malt extract 10 g/L, agar 20 g/L), containing nystatin
(4 μg/mL), nalidixic acid (10 μg/mL), and cycloheximide
(5 μg/mL). Plates were incubated at 30 °C for 7 days, and
sporulating colonies of distinct morphological appearance
were subcultured in MSF medium to obtain pure isolates.
Spore suspensions were prepared in glycerol (20%, v/v),

maintained at − 80 °C, and used for the inoculation of cultures
for further experiments (Kieser et al. 2000).

Morphological characteristics of isolates

Morphological characteristics such as aerial mass color and
substrate mycelium were observed on MSF plates. The aerial
mass was classified according to Bergey’s manual of system-
atic bacteriology in the following color series: gray (G), white
(W), yellow (Y), blue (Bl), and mixed (Mix). Distinctive
colors of the substrate mycelium were recorded as follows:
beige (Bg), black (Bck), blue (Bl), biscuit (Bs), brown (Bw),
orange (O), yellow (Y) (Vos et al. 2009).

Cultivation of Streptomyces spp. and preparation
of crude culture extracts

Spore suspensions (20 μL) of different Streptomyces spp. iso-
lates were firstly inoculated into vegetative medium (maltose
15 g/L, tryptone soya broth 8 g/L, yeast extract 4 g/L, CaCO3

2 g/L) (Ilic-Tomic et al. 2015) and incubated on a shaker at
30 °C for 48 h, 180 rpm. This preculture was used for inocu-
lation (1%, v/v) of two production media: JS (glucose 20 g/L,
starch 20 g/L, mannitol 15 g/L, soybean flour 30 g/L, CaCO3

10 g/L) (Stankovic et al. 2013) and R2YE (K2SO4 0.25 g/L,
MgCl4 × 6H2O 10 g/L, sucrose 103 g/L, glucose 10 g/L,
casamino acids 0.1 g/L with additionally added 0.5% (w/v)
KH2PO4 10 mL/L, 3.68%(w/v) CaCl2 × 2H2O 80 mL/L,
20% (w/v) L-proline 15 mL/L, 4 М TES buffer 100 mL/L,
trace elements solution 2 mL/L, 1 M NaOH 5 mL/L, yeast
extract 6.2 g/L) (Kieser et al. 2000). Cultures were grown in
Erlenmeyer flasks (1:5, culture to volume ratio) containing
coiled stainless steel springs for better aeration at 30 °C,
180 rpm for 7 days. Extraction of Streptomyceswhole cultures
with ethyl acetate (EtOAc) (1:1/v:v) was performed by vigor-
ous mixing at 30 °C for 12 h. The EtOAc extract was separat-
ed from the cell debris by centrifugation (5000 rpm for 20 min
at 4 °C; Eppendorf 5804R bench top centrifuge). The myce-
lium residue was afterwards extracted with methanol (MeOH)
(1/10 of the original culture volume) by vigorous mixing at
30 °C for 30 min. The MeOH extract was separated from the
cell debris by centrifugation (5000 rpm for 20 min at 4 °C;
Eppendorf 5804R bench top centrifuge). Both extracts were
then separately dried with anhydrous MgSO4, followed by
drying under vacuum (BUCHI Rotavapor® R-300,
Germany) and the dry mass of each extract was determined.

Antifungal activity of Streptomyces spp. extracts

Antifungal activity was tested by standard disc diffusion as-
says against type strains: C. albicans ATCC 10231, C. krusei
ATCC 6258,C. parapsilosisATCC 22019,C. glabrataATCC
2001. Briefly, late stationary phase cells of individual test
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microorganisms were spread on Sabouraud dextrose agar
plates (Hamid et al. 2014). The extracts were dissolved in
dimethyl sulfoxide (DMSO) to a concentration of 50 mg/mL
and applied to sterile discs (500 μg per disc) with the same
amount of the DMSO solvent serving as a negative control.
The plates were incubated at 30 °C. For the initial screen, the
zones of inhibition were measured after 24 h. For the control
purpose, nystatin (Acros Organics, New Jersey, USA) was
dissolved in DMSO at 5 mg/mL and applied to sterile discs
to achieve 50 μg per disc.

Minimal inhibitory concentrations (MICs) were deter-
mined for nine selected isolates according to CLSI broth
microdilution guidelines (Clinical and Laboratory Standards
Institute 2008, 2012). MICs of the examined extracts were
determined in RPMI—1640 medium (Sigma, Adrich, USA).
The MIC value corresponds to the lowest concentration that
inhibited the growth of the respective test organism after 24 h
at 37 °C for the examined extracts. The highest concentration
of the examined extracts used in these assays was 250 μg/mL.

Antibiofilm activity was determined for nine selected
isolates using C. albicans. Minimal biofilm inhibitory con-
centrations (MBIC) and minimal biofilm eradication con-
centrations (MBEC) of the extracts were studied by using a
previously reported 96-well microtiter plate assay (Pierce
et al. 2008). In the biofilm inhibition and biofilm eradica-
tion assays inoculums were 106 CFU/mL. Starting concen-
trations of the examined extracts were 250 μg/mL with
two-fold serial dilutions following. The lowest concentra-
tion that inhibited biofilm formation was evaluated after
incubation for 48 h at 37 °C. In biofilm eradication assays,
pre-formed biofilms (24 h at 37 °C) were incubated for
24 h with decreasing concentrations of the examined ex-
tracts. Biofilm growth was analyzed by crystal violet (CV)
staining of adherent cells and estimated as absorbance at
530 nm on Tecan Infinite 200 Pro multiplate reader (Tecan
Group Ltd., Männedorf, Switzerland).

HPLC analysis of crude extracts of selected isolates

In order to estimate the metabolic complexity of the organic
extracts of the investigated bacterial strains, samples were
analyzed by analytical HPLC on a JASCO system consisting
of a UV-1575 Intelligent UV/VIS Detector, DG-2080-53 3-
Line Degasser, two PU-1580 Intelligent HPLC Pumps, AS-
1550 Intelligent Sampler and HG-1580-32 Dynamic Mixer
controlled by the Galaxie chromatography software (Version
1.8.6.1) provided by Jasco. A total of 20–50 μL of each ex-
tract was separated on a Eurosphere II 100-3 C18 A (150 ×
4.6 mm) column with integrated pre-column manufactured by
Knauer (KNAUER Wissenschaftliche Geräte GmbH, Berlin,
Germany). Eluents included water (A) and acetonitrile (B)
buffered with trifluoroacetic acid (0.1% TFA) at a flow rate
of 1 mL/min. The gradient started with 5% B and reached

95% B by 23 min. Peaks were detected by UV-VIS diode
array detector at 220 nm. Full UV spectra of the major metab-
olites were also recorded online.

DNA isolation and sequencing of the 16S rRNA gene

Genomic DNAwas isolated by a previously described method
(Nikodinovic et al. 2003). The 16S rRNA sequence was am-
plified from genomic DNA using universal bacterial primers
27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-
GGTTACCTTGTTACGACTT-3′) (Reysenbach et al. 1994).
PCR amplification was performed in a 2720 Thermal Cycler
(Applied Biosystems, Thermo Fisher Scientific, Waltham,
USA) using KAPA Taq PCR kit (KAPA Biosystems, USA)
following the manufacturer’s protocol. PCR products were
purified using a PCR purification kit (Qiagen, Germany).
Sequencing was performed with a BigDye™ Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, Thermo
Fisher Scientific, Waltham, USA) on an Applied Biosystems
3130 Genetic Analyzer. 16S rRNA gene sequences were iden-
tified using BLASTN program (Altschul et al. 1997).

16S rRNA gene phylogeny

The obtained forward and reverse sequences were assembled
by the SeqMan Pro software (DNASTAR Inc., Madison,
USA). Alignment of sequences and homologous sequences
taken from GeneBank was performed with the Clustal W 2.0
algorithm (Larkin et al. 2007). The phylogenetic tree was con-
structed by the maximum likelihood algorithm using Jukes-
Cantor distance correction and Bootstrap resampling method,
all included in the MEGA 7 package (Kumar et al. 2016). The
tree was rooted using the 16S rRNA gene sequence of
Bacillus subtilis 168 (NC000964.3) as an outgroup.
Sequences of the nearest type strains, as well as the outgroup
strain, were taken fromGeneBank. 16S rRNA gene sequences
(at least 1400 nt) were deposited in GeneBank under acces-
sion numbersMF11788,MF11800,MF11796,MF11789, and
MH128156–MH128160.

Results

Streptomyces spp. isolation

Rhizosphere soil samples were collected from three ethno-
medicinal plants (P. rhoeas, poppy; M. chamomilla, chamo-
mile; and U. dioica, nettle) and treated with conditions that
facilitate streptomycetes isolation. Pre-treatment of soil sam-
ples (including the choice of media, temperature, antibiotics,
and duration of incubation) was performed in order to induce
streptomycetes species growth and sporulation. A total of 103
sporulating isolates, presumably streptomycetes, were
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isolated: 50, 33, and 20 isolates from poppy, chamomile, and
nettle, respectively. Selected colonies were slow growing, aer-
obic, glabrous or chalky, heaped, folded, and with aerial and
substrate mycelia of different colors. In addition, all excreted
an earthy odor of geosmin, characteristic for Streptomyces
spp.

In accordance with the aerial mycelium color, 103 isolates
were grouped in the following series: white (57%), gray
(31%), and yellow (11%). Beside these, one isolate had blue
aerial mass and one was recorded as mix of colors (pink, blue,
and white color of colonies). With substrate mycelia of isolat-
ed strains, a broadened spectrum of colors was observed: yel-
low (29%), biscuit (18%), beige (17%), brown (15%), orange
(10%), black (5%), blue (4%), and gray (2%), with compara-
ble distribution for each plant (Fig. 1).

Antifungal activity of Streptomyces spp.

All 103 soil isolates were cultivated in two nutrient rich, but
distinctively different media, JS and R2YE. Seven days old
whole cultures were extracted with EtOAc and the mycelial
residues were subsequently extracted with MeOH. In total,
412 extracts from these cultivations (JS-EtOAc, JS-MeOH,
R2YE-EtOAc, and R2YE-MeOH for each isolate) were
screened for antifungal activity with disc diffusion assays
against C. albicans ATCC10231 with 21% (88/412) deter-
mined as positive (data not shown). Out of 206 extracts ob-
tained from JSmedium, 32% (66/206) were active, while 11%
(22/206) were active from cultures grown in R2YE. Out of the
EtOAc extracts, 29% (59/206) were active, while 14% (29/

206) active extracts were recorded when methanol was used
for residual mycelium extraction (data not shown). Overall,
the active extracts were associated with 43 different isolates
(Supplementary Table 1).

After this initial screening, the 43 isolates that showed in-
hibitory activity against C. albicansATCC 10231 were select-
ed for further antifungal activity assessment against three non-
albicans Candida type strains namely, C. krusei ,
C. parapsilosis, and C. glabrata (Supplementary Table 1,
Fig. 2). All extracts from these 43 strains (172 in total) were
included in the screen. Growth inhibitory activity against all
three non-albicans Candida species was detected with com-
parable sensitivity (Fig. 2a). Based on the relative numbers of
active isolates, C. albicanswas the most sensitive strain tested
(Fig. 2a). The analysis of only JS-EtOAc extracts showed that
50% of the strains isolated from P. rhoeas rhizosphere had the
ability to produce antifungal agents (25/50) while in the case
of M. chamomilla and U. dioica rhizosphere isolates, this
number was lower, roughly one third of the isolated strains
(11/33, 7/20, respectively) (Fig. 2b).

It was shown that the origin of the strains could not directly
be correlated to the activity of the derived extracts on tested
Candida strains (Fig. 2c). C. albicans was 1.5-fold more sen-
sitive in the case of extracts from P. rhoeas isolates, while
C. parapsilosis was more sensitive when extracts from
M. chamomilla rhizosphere isolates were used (Fig. 2c).

Given that 50 μg of clinically used antifungal nystatin
when loaded onto disc gives the zone of clearance of 10 mm
with C. albicans, we have selected strains that showed inhibi-
tion zones of 5 mm and higher againstC. albicans, nomatter if

Fig. 1 Distribution of rhizosphere
isolates by color of substrate
mycelium (P. rhoeas, poppy;
M. chamomilla, chamomile; and
U. dioica, nettle)
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they were grown in JS or R2YE medium or which type of
solvent was used for the extract generation. The additional
criterion was the ability to inhibit at least three out of four

used Candida strains, regardless of inhibition zones diameter.
Based on these selection criteria, nine strains were selected for
further examination (Supplementary Tables 1 and 2 and
Fig. 3). The selected strains originated from all three examined
rhizospheres and they showed different spectra of activity up-
on growth in JS (Fig. 3b) and R2YE media (Fig. 3c).

BV283, BV291, BV295, and BV305 were isolated from
rhizosphere of P. rhoeas. Antifungal activity of isolate BV283
was detected against all tested Candida spp. in both media,
except for the R2YE-MeOH extract, with growth inhibition
zones varying from 3 to 13 mm. Strain BV295 had similar
properties in a sense that antifungal activity was detected in
both media but the growth inhibition zones were smaller (1 to
7 mm). Still, there are few important differences between
strains BV283 and BV295. The first difference between these
two strains was related to JS-MeOH extract, active only
against C. krusei in the case of strain BV295 and the second
one is the lack of activity against C. glabrata for both R2YE
extract of the BV295 strain. Also, the activity of R2YE-
MeOH extracts against three Candida spp. was detected with
BV295 strain. The antifungal activity of isolate BV291 was
related to the JS-EtOAc extract. It was detected against three
of four tested Candida spp. but it was selected for further
analysis because of the largest inhibition zone against
C. krusei (10 mm). Antifungal compound(s) were produced
when isolate BV305 was grown in both media; the moderate
growth inhibition zones (2 to 8 mm) against all four Candida
strains were detected with EtOAc extracts, while MeOH ex-
tracts were active only against C. albicans and C. parapsilosis
with growth inhibition zones varying between 2 and 3 mm.

BV340 and BV410 originated from the M. chamomilla
rhizosphere. The antifungal activity of isolate BV340 against
all tested Candida spp. was mainly related to MeOH extract
when the strain was grown in JS medium, with the exception
of JS-EtOAc extract active against C. albicans. On the other
hand, when isolate BV340 was grown in R2YE medium an-
tifungal activity against three of four used Candida spp. was
related to EtOAc extract. Zones of Candida spp. growth inhi-
bition varied from 2 to 6 mm. Strain BV410 produced anti-
fungal compound(s) only in JS medium, successfully extract-
ed only with EtOAc. Clear zones of fungal growth inhibition,
varying from 2 to 7 mm, were observed in disk assays against
all tested Candida spp. except for C. krusei.

The selected strains originating from the U. dioica rhizo-
sphere (BV221, BV229, and BV231) produced antifungal
compound(s) only in JS medium. Clear growth inhibition
zones (from 3 to 10 mm) against C. krusei, C. parapsilosis,
and C. glabrata were detected with EtOAc and MeOH ex-
tracts of both BV229 and BV231.

For nine selected isolates, MIC, MBIC, and MBEC were
determined (Table 1). Two methanolic (BV231, BV283) and
one ethyl acetate extract (BV410) were active on C. albicans
ATCC 10231 in liquid culture, although a wider range of

Fig. 2 Antifungal activity. a Antifungal activity of extracts against
Candida albicans and three non-albicans Candida type strains
(C. krusei, C. parapsilosis, and C. glabrata). b Distribution of isolates
that showed activity against C. albicans from different rhizospheres. c
Sensitivity of different Candida strains against active isolates obtained
from three different plants
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activities was detected in disc assays (Fig. 3b, c). This differ-
ence in disc diffusion assay and liquid dilution method when
assessing antifungal properties may not be that surprising, as
bacterial extracts are complex mixes of structurally diverse
compounds that behave differently due to their physical-
chemical properties under different conditions. This phenom-
enon has been reported on numerous occasions whenCandida
spp. susceptibilities were tested even for the clinically used
antifungals (Kostiala and Kostiala 1984; Kumar et al. 2015).
The lowest concentration that inhibited C. albicans growth
was 8 μg/mL for the EtOAc extract of BV410. This extract
also had the ability to inhibit formation of C. albicans biofilm
at 125μg/mL (Table 1). EtOAc extracts of BV283 and BV295
showed strong inhibition of biofilm formation at concentra-
tions of 31 and 62 μg/mL, respectively. On the other hand,
only two extracts showed influence on already formed
Candida biofilms at the highest tested concentrations
(BV305 and BV340).

HPLC analysis of crude extracts

JS-EtOAc and JS-MeOH extracts of nine selected strains
were analyzed by analytical HPLC. HPLC chromato-
grams of JS-EtOAc extracts of nine selected strains were
more heterogeneous (Fig. 4) in comparison to corre-
sponding JS-MeOH extracts that showed no or rather
small peaks in HPLC chromatograms (data not shown).
The chromatograms of the EtOAc extracts derived from
BV221, BV229, BV231, BV283, BV295, and BV340
showed high similarity during initial chemical screening
although they originated from different plant rhizo-
spheres. All of them showed major peaks at 13.7 min
and 15.4 min with the same UV profile. Also, around
22.5 min, there was a group of minor peaks with identi-
cal UV profile among these different extracts. The
BV291 EtOAc extract had a major peak at 12.3 min,
but production of this compound seemed rather low.

Fig. 3 Selection of Streptomyces strains showing anti-Candida activity. a
Morphology of nine selected strains at MSF plates. b Antifungal efficacy
of extracts derived from nine selected strains cultivated in JS medium. c

Antifungal efficacy of extracts derived from nine selected strains
cultivated in R2YE medium. Shaded fields represent turbid zone of
Candida growth inhibition and symbol B/^ means no inhibition zone
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UV analysis of the major products in the BV305 EtOAc
extract showed that the compounds from 14 to 20 min
were all highly related to each other, having identical UV
profiles. The BV410 EtOAc showed distinctive peaks
with UV profile indicating the presence of conjugated
double bonds at 15.31 min, 16.37 min, and 19 min.

Phylogenetic relatedness of selected Streptomyces
strains

16S rRNA sequencing was used for confirmation that the
selected soil isolates belong to the Streptomyces genus. Also,
in this way, it was possible to estimate relatedness of selected

Table 1 Minimal inhibitory
concentration (MIC), minimal
biofilm inhibition concentration
(MBIC), and minimal biofilm
eradication concentration
(MBEC) for extracts derived from
cultivation of selected
Streptomyces strains in JS medi-
um. Results for active extracts are
given in microgram per mililiter

Streptomyces isolate Extract MIC (μg/mL) MBIC (μg/mL) MBEC (μg/mL)

BV221 EtOAc > 250 > 250 > 250

MeOH > 250 > 250 > 250

BV229 EtOAc > 250 > 250 > 250

MeOH > 250 250 > 250

BV231 EtOAc > 250 250 > 250

MeOH 250 250 > 250

BV283 EtOAc > 250 31 > 250

MeOH 32 62 > 250

BV291 EtOAc > 250 125 > 250

MeOH > 250 > 250 > 250

BV295 EtOAc > 250 62 > 250

MeOH > 250 > 250 > 250

BV305 EtOAc > 250 > 250 250

MeOH > 250 125 > 250

BV340 EtOAc > 250 125 250

MeOH > 250 250 > 250

BV410 EtOAc 8 125 > 250

MeOH > 250 > 250 > 250

Fig. 4 HPLC profiles of examined EtOAc extracts derived from selected Streptomyces strains
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streptomycetes from rhizospheres of ethno-medicinal plants
that showed antifungal activity. A phylogenetic tree was con-
structed with maximum likelihood statistical method and
B. subtilis as an outgroup (Fig. 5). Three distinct branches
were observed with BV283, BV295, BV231, BV229, and
BV221 grouping in one, BV410 in another and BV291 and
BV340 in a separate branch (Fig. 5).

Discussion

Soil represents a natural habitat of many organisms living
together and some of them are producers of very useful chem-
ical compounds, including antifungal agents. Past research
regarding medicinal plants was focused on the detection of
bioactive phytochemicals, but in the last decade, the focus
has shifted towards endophytic or rhizosphere associated bac-
teria, due to the recognition that a significant number of
phytotherapeutic compounds are actually produced by associ-
ated microbes or through interaction with their host
(Hartmann et al. 2008). For example, munumbicins and
kakadumycins, both wide-spectrum antibiotics, were con-
firmed to be produced by Streptomyces spp. associated with
Kennedia nigriscans and Grevillea pteridifolia, respectively
(Castillo et al. 2003; Castillo et al. 2002).

In this study, we aimed to isolate Actinobacteria, preferably
streptomycetes, from rhizosphere soil of common ethno-
medicinal plants col lected in Serbia (P. rhoeas ,
M. chamomilla, and U. dioica) as these bacteria are an
established source of novel antibiotics. In total, 103 soil spor-
ulating bacteria, presumably streptomycetes, were isolated.
The methodology that was used, with appropriate pretreat-
ment and the choice of isolation media that combined

selective isolation procedures with specific antibiotics in-
creased the range of isolated Streptomyces strains, when com-
pared to previously used methodology (Djokic et al. 2011).
The number and diversity of actinomycetes isolated from
P. rhoeas rhizosphere were significantly higher than from oth-
er rhizosphere soils. Previous studies have shown that the
diversity of actinomycetes in rhizosphere soils is positively
correlated to the level of organic matter and depended on the
species of plant (Khamna et al. 2009a). The presence of strep-
tomycetes plays an important role in plant rhizospheres be-
cause they affect plant growth either by nutrient assimilation
or by secondary metabolite production (Khamna et al. 2009b).
All obtained isolates grew on MSF media showing morphol-
ogy typical of streptomycetes (Vos et al. 2009). The color of
the substrate mycelium and aerial spore mass varied and can
be considered to indicate species diversity of the isolates. This
study showed that the white color series of mature sporulated
aerial mycelium dominated with 57% of isolated strains, al-
though there are reported examples showing the highest oc-
currence of streptomycete-like strain of the gray aerial myce-
lium (Alimuddin et al. 2011).

All obtained Streptomyces isolates were screened for their
ability to produce antifungal compounds. We used fundamen-
tally different media (JS and R2YE medium) in order to stim-
ulate isolates to produce a variety of antifungal agents. JS
medium was previously proven as a strong stimulator of sec-
ondary metabolism in Streptomyces strains; also, medium
similar to R2YE was previously successfully used for the
production of antimicrobial compounds by streptomycetes
(Ilic et al. 2005; Stankovic et al. 2013). In addition, two sol-
vents (ethyl acetate and methanol) were used to maximize the
chance of isolation and detection of potential active com-
pounds. Out of 412 different extracts, 88 (21%) were active

Fig. 5 Phylogenetic tree of
selected Streptomyces spp. based
on the 16S rRNA gene sequences.
The numbers at the branching
points are the percentages of
occurrence in 1000 bootstrapped
trees
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against C. albicans in disc diffusion assays. These extracts
originated from 43 different isolates, making the percentage
of active isolates 42%. This percentage was higher in compar-
ison with studies of the antifungal activity of streptomycetes
isolated from rhizosphere soil of date palm in Tunis (26%) or
those isolated from the rhizosphere of sixteen medicinal plants
collected in Lamphun, Thailand (7%), but on the other hand, it
was in accordance with previously obtained data referring to
streptomycetes isolated from the soils of southeastern Serbian
region, with 45% isolates showing antifungal potential with a
total of 20 isolates screened (Fguira et al. 2012; Ilic et al. 2005;
Khamna et al. 2009b). Streptomycetes with their nutrient cy-
cling, antifungal activity, and ability to thrive in harsh condi-
tions likely play a role in stimulating plant growth, increasing
yield and reducing pathogens as well as biotic or abiotic
stresses (Jog et al. 2014).

We found that JS medium is better in triggering the pro-
duction of antifungals in comparison to R2YE. This observa-
tion corroborates observations from the previous studies that
found that culture medium is a key factor in secondary metab-
olite biosynthesis in different Actinomyces genera (Bode et al.
2002). It is line with so-called OSMAC (one strain ± many
compounds) approach where nature’s chemical diversity is
revealed by systematic alteration of easily accessible cultiva-
tion parameters (for example, media composition) in order to
increase the number of secondary metabolites available from
one microbial source. Using this approach, it was shown that
when Streptomyces sp. (strain A1), primarily characterized as
a producer of rubromycins, was grown in a soybean meal/
mannitol medium, it produced streptazoline and streptazones
A and B1, while no rubromycins could be detected (Bode
et al. 2002). Regardless of the cultivation medium, we obtain-
ed more active extracts after whole culture extraction with
EtOAc in comparison to MeOH extraction of residual myce-
lium. When the biosynthetic capacity of 146 marine
Salinispora and Streptomyces strains differently grown and
extracted was analyzed, the significance of the choice of the
extraction methodwas clearly demonstrated (Crusemann et al.
2017). Extraction was carried out sequentially with three sol-
vents of increasing polarity (EtOAc, n-butanol, and MeOH),
which enabled the capture of a common core metabolome, but
solvent-specific metabolites were also discovered. These re-
sults support our finding that usages of different extraction
solvents will greatly enhance the molecular diversity beyond
the antifungal activity detected.

The spectrum of candidiasis has changed with the emer-
gence of non-albicans Candida spp. and their antifungal re-
sistance. Several published reports agree that Candida
tropicalis is the most common isolate (48%), followed by
C. parapsilosis (27.4%), C. albicans (22.5%), C. krusei
(0.88%), and C. glabrata (0.88%) (Capoor et al. 2005). In this
study, three non-albicans species were also used as test mi-
croorganisms. Among the strains that already showed

antifungal activity against C. albicans, 46.5% were (20/43)
also active against C. glabrata, the most sensitive tested
non-albicans species, whereas these percentages for
C. krusei and C. parapsilosis were 35% (15/43), and 30%
(13/43), respectively. The potent inhibitory activity against
C. albicans grown in liquid culture was detected for two an-
alyzed crude extracts (283 JS-MeOH and 410 JS-EtOAc) with
MIC values of 32 and 8 μg/mL, respectively. These prominent
antifungal activities of crude extracts, complex mixtures of
various compounds, imply that purified compound(s) would
have even better antifungal potency. There are examples in the
literature where crude extracts or purified antifungal com-
pound(s) from different soil Streptomyces spp. had strong in-
hibitory effect against C. albicans, with MIC values compa-
rable to well-known antifungal drugs amphotericin B or flu-
conazole (Cordova-Davalos et al. 2017; Vartak et al. 2014).
We also detected prominent ability to impair C. albicans bio-
film formation or to eradicate preformed Candida biofilms
in vitro for several crude cell extracts. The best biofilm inhi-
bition activity was related to both EtOAc and MeOH extract
of BV283 isolate grown in JS medium. Similarly, it was pre-
viously shown that among forty Streptomyces spp. isolated
from different soil samples in Egypt, only one had high bio-
film inhibition activity (Sheir and Hafez 2017). Also, among
sixty randomly selected Streptomyces spp. from Germplasm
Bank of Actinomycetes one isolate, Streptomyces sp. GCAL-
25 had a strong effect on C. albicans biofilm formation
(Cordova-Davalos et al. 2017). All these findings confirm
the importance of soil isolates as a source of prominent anti-
fungal metabolites active against C. albicans biofilms, one of
its most important virulent factors.

Our results of the HPLC analyses are consistent with our
phylogenetic analysis, since extracts with similar HPLC pro-
files showed close relatedness between 16S rRNA sequences.
By contrast, BV305 and BV410 are distant from other isolated
strains consequently resulting in unique metabolic profiles
during the HPLC analyses. Phylogenetic analysis also con-
firmed close relationships among isolates that originate from
U. dioica rhizosphere: Streptomyces sp. BV221, Streptomyces
sp. BV229, Streptomyces sp. BV231. Those strains showed
high similarity with Streptomyces sp. BV283 and
Streptomyces sp. BV295 that originate from P. rhoeas rhizo-
sphere. Notably, Streptomyces sp. BV283 although similar to
BV295, BV221, BV229, and BV231 as judged by HPLC
Bfingerprint^ and phylogenetic analysis (Figs. 4 and 5)
showed stronger bioactivity properties (Fig. 3 and Table 1)
which may not be surprising considering the potential number
of gene clusters responsible for bioactive compounds synthe-
sis that each Streptomyces spp. can bear (Ikeda et al. 2003).
Another group of phylogenetically similar streptomycetes is
composed of Streptomyces sp. BV305 and Streptomyces sp.
BV291 (originate from P. rhoeas rhizosphere) and
Streptomyces sp. BV340 (originate from U. dioica). On the
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other hand, Streptomyces sp. BV410 showed a lack of close
relations with other selected isolates, but it is phylogenetically
close to Streptomyces europaeiscabiei.

In conclusion, Streptomyces strains isolated and identified
within this study are capable of producing a diversity of spe-
cialized metabolites with pronounced antifungal activity,
highlighting that rhizosphere soil of ethno-medicinal plants
is a prolific source of metabolically talented streptomycetes—
producers of potentially new antifungal compounds. In-depth
studies on the chemical constituents of the strains that produced
the most promising antifungal activity profiles are currently on-
going in our laboratories.
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