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Abstract

Background: Production of antibiotics to inhibit competitors affects soil microbial community composition and
contributes to disease suppression. In this work, we characterized whether Streptomyces bacteria, prolific antibiotics
producers, inhibit a soil borne human pathogenic microorganism, Streptomyces sudanensis. S. sudanensis represents
the major causal agent of actinomycetoma – a largely under-studied and dreadful subcutaneous disease of humans
in the tropics and subtropics. The objective of this study was to evaluate the in vitro S. sudanensis inhibitory
potential of soil streptomycetes isolated from different sites in Sudan, including areas with frequent (mycetoma
belt) and rare actinomycetoma cases of illness.

Results: Using selective media, 173 Streptomyces isolates were recovered from 17 sites representing three
ecoregions and different vegetation and ecological subdivisions in Sudan. In total, 115 strains of the 173 (66.5%)
displayed antagonism against S. sudanensis with different levels of inhibition. Strains isolated from the South
Saharan steppe and woodlands ecoregion (Northern Sudan) exhibited higher inhibitory potential than those strains
isolated from the East Sudanian savanna ecoregion located in the south and southeastern Sudan, or the
strains isolated from the Sahelian Acacia savanna ecoregion located in central and western Sudan. According to 16S
rRNA gene sequence analysis, isolates were predominantly related to Streptomyces werraensis, S. enissocaesilis, S.
griseostramineus and S. prasinosporus. Three clusters of isolates were related to strains that have previously been
isolated from human and animal actinomycetoma cases: SD524 (Streptomyces sp. subclade 6), SD528 (Streptomyces
griseostramineus) and SD552 (Streptomyces werraensis).

Conclusion: The in vitro inhibitory potential against S. sudanensis was proven for more than half of the soil
streptomycetes isolates in this study and this potential may contribute to suppressing the abundance and virulence
of S. sudanensis. The streptomycetes isolated from the mycetoma free South Saharan steppe ecoregion show the
highest average inhibitory potential. Further analyses suggest that mainly soil properties and rainfall modulate the
structure and function of Streptomyces species, including their antagonistic activity against S. sudanensis.

Keywords: Streptomycetes, Actinomycetoma, Soil microbiome, In vitro analysis, Phenotyping, Antagonistic
potential, S. sudanensis, 16S rRNA gene, Sudan
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Background
Streptomycetes are high G + C Gram-positive, spore-
forming bacteria of the family Streptomycetaceae (order
Actinomycetales), which includes more than 500 species
[1]. They are widely distributed in soils and may exceed
in abundance the other soil bacterial genera [2]. Many
pathogenic streptomycetes have been isolated from soil
samples. A few species are causal agents of diseases in
animals: (S. cyaneus and Streptomyces sp.) [3, 4] and
plants such as S. scabies, S. turgidiscabies, S. luridisca-
biei, S. puniciscabiei and S. niveiscabiei [5–7]. Relevant
to humans, two species of soil Streptomyces, S. sudanen-
sis and S. somaliensis cause actinomycetoma [8, 9]. As a
result of an isolation campaign for medically important
actinomycetes from Iranian soils, the human pathogen
Streptomyces somaliensis was among the most frequently
isolated species, representing about 20% of the obtained
isolates [8]. This suggests that soils are reservoirs for
pathogenic streptomycetes and their propagules. The
main vectors for transmission to humans are the long,
sharp thorns of Acacia trees. Acacia comes in contact
with S. sudanensis spores and mycelium probably on the
soil surface and the transmission of the bacterium to a
human host occurs when people walking barefoot step
on an infested thorn, strong enough to puncture the
human skin and to deliver the bacterium to the host.
Acacia trees grow on a significant proportion in Sudan
and South Sudan including the mycetoma belt [10]. This
suggests the occurrence of soil-borne infections [11] ra-
ther than Acacia risk exclusively. For both thorn prick
and soil mediated infections S. somaliensis inhibitory soil
bacteria may lower the abundance of disease causing
streptomycetes and suppress human infection rate.
A global survey of streptomycetes indicated that apart

from the impact of environmental filtering, variation in
Streptomyces inhibitory phenotypes at different geo-
graphic locations may also be a consequence of local se-
lection mediated by species interactions [12]. This
suggests that an analysis of Streptomyces strain collec-
tions from different sites is advisable when strong inhibi-
tors of certain organisms are searched for. The presence
of human pathogenic streptomycetes in soils and the in-
hibitory interaction potential of other Streptomyces
strains led us to evaluate the relative abundances of S.
sudanensis inhibiting streptomycetes in soils from inside
and outside the Sudanian actinomycetoma belt. Assum-
ing that site-specific parameters, like soil type, soil nutri-
ent levels, precipitation, and temperature influence soil
microbial diversity and activity, we first hypothesized
that these site-specific parameters affect the structure
and S. sudanensis inhibitory potential of the soil Strepto-
myces community. Since Davelos et al. [13] reported a
positive correlation between antibiotic activity and soil
density of streptomycetes, we further hypothesized that

increased abundance of Streptomyces isolates goes along
with an increased inhibitory potential against S. suda-
nensis. With our work, we aimed to map the potential of
soil streptomycetes to suppress S. sudanensis and conse-
quently actinomycetoma cases of disease in Sudan. We
further aimed to identify soil parameters and environ-
mental conditions at which S. sudanensis inhibiting
streptomycetes are enriched.

Results
Soil properties and potential soil enzyme activities
Nutrient levels were highly variable among the sites and
their corresponding soil types (Table 1). Soil type, land
use, nutrient level and pH did not influence microbial
enzyme activities in the soils. Instead, annual precipita-
tion amounts were positively related to the activities of
microbial enzymes, like β-glucosidases (p = 0.0014), cel-
lobiohydrolases (p = 0.012), xylanases (p = 0.0036) and
acid phosphatases (p = 0.0025) (Additional files 1 and 2).

Selective isolation of streptomycetes from soil
Isolation of Streptomyces spp. from soil samples was
conducted on HA and ISP2 media (Table 1 and
Additional file 3). The average numbers of isolates on
HA and ISP2 media (CFU × 105/g soil) were in Areno-
sol 6.3–25, Yermosol 16.4–23.9, Nitosol 20.6 (one sam-
ple), Fluvisol 10.7–17, and Vertisol 6.3–12.6. Lowest
numbers of isolates were obtained from Yermosol
(Additional file 4). Regarding the ecoregions, highest
average numbers of isolates were obtained from East
Sudanian savanna Arenosol (25.1 × 105) and lowest
from Sahelian Acacia savanna Arenosol (6.3) (Table 1).

Phylogenetic classification of bacteria based on partial
16S rRNA gene
The isolates were initially selected by colony morphology
and their assignment to the genus Streptomyces was con-
firmed using 16S rDNA sequence analysis. According to
partial 16S rRNA gene sequencing (Additional file 4),
173 of 175 isolates were confirmed as Streptomyces spp.,
whereas two strains (13F, 27 K) were Amycolatopsis spp.
(data not shown). Nucleotide sequence data have been
deposited in GenBank and corresponding accession
numbers are listed in. Isolate sequences were compared
with sequences of Streptomyces type strains, and the re-
lationships between the sequences of representative iso-
lates for each cluster and their closest phylogenetic
neighbors are shown in Fig. 1. Some sequences formed
distinct phylogenetic lines, while others were grouped in
clusters in the Streptomyces 16S rRNA gene tree. Main
subclades identified were: Streptomyces werraensis (n = 9);
S. enissocaesilis (n = 7); S. griseostramineus (n = 7) and S.
prasinosporus (n = 4). Some strains, grouped in subclades
1, 2, 3, 4, 5, 6 and 7, formed Streptomyces clusters that are
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clearly separated from described species. The phylogenetic
positions of these novel clusters were distinguished from
one another and from the nearby Streptomyces spp. on the
basis of 16S rRNA gene sequence similarities (Fig. 1).

The 16S rRNA gene sequences of some isolated soil
streptomycetes aligned with Streptomyces strains isolated
previously from human (SD524, SD528) and animal
(SD552) actinomycetoma cases in Sudan (unpublished

Fig. 1 Neighbor-joining tree based on 16S rRNA gene sequences showing relationships of soil streptomycetes with related, validly described
Streptomyces species (accession numbers in brackets). In vitro inhibition against S. sudanensis, i.e.ratios between inhibition zone and colony
diameter, are marked as I: Mean value and standard error. Evolutionary analysis was performed using MEGA7 software [16]
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data). Soil isolates: 2A, 2B, 2D, 8E, 10C, 16E, 21A, 27A
and 29B aligned with S. werraensis along with Strepto-
myces sp. SD552 (accession EU544241). Streptomyces sp.
SD524 (accession EU544234) has sequence similarity
with strains in subclade 6 (isolates 5F, 12E, 27I). Soil iso-
lates 7B, 11E, 11G, 19H, 27E, 27F, 27 L aligned with
Streptomyces griseostramineus along with Streptomyces
sp. SD528 (EU544233).

The distribution of streptomycetes in Sudanese soils and
their antagonistic potential against Streptomyces
sudanensis
Low precipitation favored the abundance and phenotypic
diversity of Streptomyces species (Fig. 2; Additional file 4
and Additional file 5). Soils from areas with low annual
precipitation, 70–200 mm per year (sites 7, 19), showed
more Streptomyces colonies on humic acid agar (p =
0.039) than sites with higher precipitation (Additional
file 5). Multiple soil types occur within most of the ecor-
egions (Table 1). Only in the ecoregion South Saharan
steppe and woodlands which has a very low annual pre-
cipitation both sampling sites (7 and 19) were located on
Yermosols. In these Yermosol soils, a higher abundance
of streptomycetes was observed compared to that of
Arenosols (p = 0.048) and Vertisols (p = 0.012).
Antagonistic potential against S. sudanensis varied

widely among the isolated soil streptomycetes. Of the
173 Streptomyces strains, 115 (66.5%) showed inhibitory
effects against S. sudanensis (Additional file 5). Differ-
ences in antagonistic potential were related to the three
different ecological regions (Fig. 3). Strains from the
South Saharan steppe and woodlands ecoregion exhib-
ited higher mean inhibition values (2.79 ± 0.24) com-
pared to the East Sudanian savanna ecoregion (1.36 ±
0.22; p = 0.028) as well as compared to the Sahelian Aca-
cia savanna ecoregion (1.79 ± 0.32; p = 0.025) (Fig. 3c,
Additional file 4 and Additional file 5). Soils from areas
with low annual precipitation, 70–200 mm per year (sites
7, 19), showed slightly higher inhibitory activities against
S. sudanensis than sites with a higher precipitation (Fig.
3a). The level of antagonism correlated with the mean
abundance of streptomycetes on humic acid and ISP2
media and, in particular, with the abundance of strepto-
mycetes on humic acid medium (p = 0.002). This was il-
lustrated by a positive correlation between the mean
abundance of streptomycetes on humic acid and ISP2
media and their antagonistic activity (Fig. 3e; Pearson
correlation R = 0.58, p = 0.014).
To sum up the main drivers of the Streptomyces abun-

dance and inhibitory potential, a principal coordinate
analysis was implemented (Fig. 4). The plot underlined
the positive correlations between abundance and inhibi-
tory potential of Streptomyces collections, negative
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correlations with precipitation, and visualized the group-
ing of the streptomycetes according to the three
ecoregions.

Discussion
The results of this study showed that: (1) site-specific
parameters affected the abundance, composition and S.
sudanensis inhibitory potential of cultivable soil Strepto-
myces community, (2) increased abundance and inhibi-
tory potential of the streptomycete community were
associated with low annual rainfall and Yermosol soil
type, and (3) increased relative abundance and pheno-
typic diversity of Streptomyces isolates leads to an in-
creased inhibitory potential against S. sudanensis.
Streptomycetes were successfully isolated from differ-

ent Sudanese soils and about two third of the strains
inhibited S. sudanensis. This is consistent with previous
studies that indicated the potential of streptomycetes to
inhibit other strains of the same genus [17, 18]. Compar-
ing the mean inhibitory activity of isolates, site-
dependent patterns related to the ecoregion-specific soil
type and annual rainfall were detected. Associating the
inhibitory streptomycetes from the three ecoregions in-
cluding the mycetoma belt and outside it indicated the
following conclusions: the inhibitory activity of soil
streptomycetes from South Saharan steppe outside the
mycetoma belt was significantly higher than that of
bacteria from the Sahelian Acacia savanna within the
mycetoma belt. Also, the inhibitory activity of soil strep-
tomycetes from South Saharan steppe was higher than
those from the East Sudanian savanna. In contrast, East
Sudanian savanna and the Sahelian Acacia savanna
showed no significant difference in inhibitory activities.
This suggests local adaptation of streptomycetes [14,
19], and indicates that South Saharan steppe sites out-
side the mycetoma belt with Yermosol soil type are suit-
able for the search of Streptomyces bacteria producing
antimicrobials against S. sudanensis.
Interestingly, strains isolated from sites where actino-

mycetoma occurs (Sahelian Acacia savanna) showed a
comparably low inhibitory potential than those isolated
from mycetoma free East Sudanian savanna, but the
streptomycetes isolated from the likewise mycetoma free

South Saharan steppe ecoregion showed a significantly
higher average inhibitory potential. Also the inhibitory
potential is particularly low at sites 10 and 14 where we
have the confirmed sites of actinomycetoma [9]. Sudan,
like many sub-Saharan African countries, has large ex-
panses of diverse soils, expansive clay in the east-central
area and sand dunes in the center with variable climatic
conditions defining wide-ranging ecological areas [14].
Our data on S. sudanensis inhibitory bacteria contribute
to the view that soil properties do affect the inhibitory
potential of streptomycetes. This is in particular evident
for sites 7 and 19 of the South Saharan steppe and
woodlands with Yermosol soil type, which demonstrated
higher antagonism to S. sudanensis compared to the East
Sudanian savanna and Sahelian Acacia savanna ecore-
gions. Antibiotic inhibition and resistance as well as
resource use efficiency are crucial for competitive inter-
actions among Streptomyces spp., and in diverse soil
communities, the most competitive strains inhibit the
strains that are dependent on same resources, and toler-
ant against the antibiotics of the competitors [12]. Soil is
a highly heterogeneous and spatially structured environ-
ment, and the microhabitats (pores) in the soil provide
ecological niches to form different microbial consortia.
Thus, the spatial soil structure is an important factor in
the evolution and maintenance of bacterial traits includ-
ing antibiotic production. It has been observed that anti-
biotic production is enhanced in a spatially structured
habitat and suggested that particular soil types (those
with greater physical structure) favor growth of
antibiotic-producing microorganisms [20]. The Yermo-
sol soils of the arid South Saharan steppe and woodlands
sites have different characteristics than the other sites in
the south, west, central or eastern Sudan (Table 1) and
these site specific characteristics are reflected by the
structure and activity of the cultivable Streptomyces
community. This agrees with results derived from the
arid and semi-arid soils in areas in Israel, which were re-
lated to specific environmental factors rather than to
geographic distances and spatial distribution patterns
[21]. The abundance and activity of streptomycetes were
at their highest under low soil moisture, and it has been
established that prolonged drought periods characteris-
tically lead to an increase in the relative abundance and
activity of Actinobacteria. For instance, our preliminary
results from grassland soils under severe experimental
drought suggests that cellulose decomposing Streptomy-
ces species are enriched and do maintain their functional
properties under low soil moisture (M. T. and T. R., un-
published data). Although the sand dunes in western
Sudan (sites 10, 14 and 23) seem physically similar to
those in the north (sites 7 and 19), the strains from the
latter are more active than those from the sandy semi
desert (sandy dunes) of the west Sudan. Here other

(See figure on previous page.)
Fig. 2 Abundance of streptomycetes and their phenotypic diversity
related to precipitation level and soil type. Streptomycete
abundance (a, c) at the level of mean value of colony forming units
(× 105 / g soil) on humic acid agar and ISP2 agar, and Streptomyces
phenotypic diversity (b, c) as related to annual precipitation and soil
type, respectively. Precipitation levels 0–100mm (very low), 101–400
mm (low), 401–600mm (moderate) and 601–1000 mm (high).
Streptomycete abundance was different between Arenosols and
Yermosols (p = 0.048) and Vertisols and Yermosols (p = 0.012)
according to one way ANOVA and Tukey test
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factors such as annual rainfall may be the reason behind
the presence of different types of Streptomyces species.
To assess the soil-borne human health risk in actino-

mycetoma areas, it is essential to know which microor-
ganisms are present in the soils and what are the
functions of these species. Actinomycetes isolated in the
present study were identified and assessed for their

interaction with S. sudanensis. It is apparent from
Additional file 5 that isolates can be separated from one
another based on partial 16S rRNA genes and some can
be distinguished from known Streptomyces species as
they form distinct phylogenetic lines in the Streptomyces
16S rRNA gene tree (Fig. 1). It is, therefore, proposed
that these isolates can be recognized as new species,

Fig. 3 Antagonistic potential of soil streptomycetes. The level of antagonism was determined as the ratio between the inhibition zone against S.
sudanensis and colony size of soil streptomycetes. Data are presented in dependency of annual precipitation (a), ecoregion (b), soil type (c),
Mycetoma (d) Streptomyces abundance (e), and phenotypic diversity of Streptomyces isolates (f). Abundance corresponds to the mean value of
colony forming units (× 105 / g soil) on humic acid and ISP2 agar; Annual precipitation to precipitation levels 0–100mm (very low), 101–400mm
(low), 401–600mm (moderate) and 601–1000 mm (high); Ecoregion to East Sudanian savanna (EaSuSa), Sahelian Acacia savanna (SaAcSa) and
South Saharan steppe and woodlands (SSaStWo), Mycetoma for the geographical origin of bacteria, from mycetoma belt, with confirmed, and
without confirmed actinomycetoma. The Pearson correlation coefficients (R and p-value) are provided as measures of the strength of linear
association between two variables
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which require detailed phenotypic characterizations. 16S
rRNA gene sequence has been the gold standard for
classification of prokaryotic microorganisms, neverthe-
less, there is no consensus on the precise level of genetic
difference that defines a species [22]. A 0.5 to 1% differ-
ence (99 to 99.5% similarity) is often used [23], corre-
sponding to a difference of 5 to 15 bp in the whole 16S
rRNA gene sequence [24].
Some specific sites revealed unique streptomycete 16S

rRNA gene clusters, including site number 14 in the my-
cetoma belt where 3 out of 11 isolates were assigned to
S. djakartensis (Fig. 3).S. djakartensis was strongly
inhibitory against S. sudanensis whereas other strains
from this site show low activity. This suggests that
phylogenetic assignment can be related to inhibitory ac-
tivity. By contrast, the S. werraensis phylotypes showed
different levels of inhibitory activities, ranging from no
inhibition to strong antagonism of S. sudanensis, which
is in line with the observations in the global survey of
Streptomycetes [12].
An interesting outcome of this study is the fact that

some of our soil isolates are causal agents of actinomy-
cetoma. However, none of the soil isolates were found to
be closely related to S. somaliensis or S. sudanensis, the
recognized causal agents of actinomycetoma [9, 25].
However, strains originated from cases of actinomyce-
toma (SD524, SD528 and SD552) from our previous un-
published study were found to have high similarity with

current soil isolates. Strains 2A, 2B, 2D, 10C, 8E, 16E,
21A, 27A and 29B aligned along with SD552 in the sub-
clade of S. werraensis. Strains in subclade 6 (5F, 12E,
27I) aligned with SD524; whereas, strain SD528 aligned
with S. griseostramineus along with soil isolates 7B, 11E,
11G, 19H, 27E, 27F, 27 L. Moreover, S. werraensis is be-
lieved to be one of the causal agent of fissure scab, a
new lesion type of potato in South Africa, which lead to
serious yield losses of the local potato industry [26].

Conclusions
Antagonism against S. sudanensis is widely expressed by
soil streptomycetes in Sudanese soils. Our study identi-
fied that S. sudanensis inhibiting streptomycetes are
enriched in particular in areas with low precipitation
level, and that they are abundant in Yermosoils. Our
data suggest that changes in the presence, diversity and
traits of inhibitory Streptomyces bacteria may affect the
abundance and virulence of S. sudanensis. The two sites
where actinomycetoma occurs, showed a low number
and diversity of antagonistic soil streptomycetes that,
moreover, exhibited particularly low inhibitory potentials
against S. sudanensis. Future work shall focus on the
impact of the antagonistic soil bacteria on the soil S.
sudanensis population, and investigate antimicrobials
production by the strongest inhibitors of this human
pathogen.

Fig. 4 Principal coordinate analysis (PCoA) displaying Streptomyces isolate collections from three ecoregions. Streptomyces isolate collections of
the three ecoregions in relation to the abundance of Streptomyces strains and Streptomyces phenotypes, level of antagonism against S. sudanensis,
soil enzyme activity, pH, phosphorus and average rainfall. The numbers indicate the sites of isolation. Activity: soil enzyme activities; Abundance:
number of streptomycetes colonies on HA and ISP2 agar; Antagonism: inhibitory activity against Streptomyces sudanensis
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Methods
Soil sampling sites
Soil was collected from 17 sites in 12 states of Sudan
and South Sudan during the dry season (January to
March) in 2016 (Fig. 5). The sites lie within three differ-
ent terrestrial ecoregions of Sudan and South Sudan ac-
cording to Burgess et al. [14], namely the South Saharan
steppe and woodlands, the Sahelian Acacia savanna and
the East Sudanian savanna. In comparison to the South
Saharan steppe and woodlands, the mean precipitation

levels in the other two ecoregions were higher, but var-
ied along the sampling sites. The East Sudanian savanna
include sites in the southern Sudan and South Sudan
with moderate to high rainfall (sites 1, 8, 21 and 29)
whereas the Sahelian Acacia savanna includes sites in
central, eastern and western Sudan with a low to moder-
ate rainfall (sites 2, 4, 5, 10, 11, 12, 13, 14, 16, 23 and
27). In total, 10 g from five sampling points within each
site were collected from the topsoil layer (0–10 cm
depth) by using sterilized spatula, pooled, sieved and

Fig. 5 Terrestrial ecoregions of Sudan and South Sudan adapted from Burgess et al. [14]. The map shows soil collection sites (black spots), the
mycetoma prevalence belt (thick broken red line) according to [27] and the confirmed Streptomyces sudanensis areas (inverted red triangles) from
[9]. Key to sites: 1, Juba, Republic of South Sudan; 8, El Muglad, West Kordofan state; 10, Nyala, South Darfur state; 11, Soba, Khartoum state; 13,
Kassala, Kassala state; 14, Umm Ruwaba, North Kordofan state; 16, Sennar, Sennar State; 21, Basonda, Al Gadarif state; 2, 4, 5 and 12, Hajj Abd
Allah, Gazira state; 23, Al Fashir, North Darfur state; 7 and 19, Hussein Narti Northern state; 27, Ad Douiem, White Nile state; and 29, Ad Damazin,
Blue Nile state. Written permission was obtained for the use of this figure from Island Press
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mixed well to form a composite sample for each site.
Composite samples were transferred into sterile plastic
bags, labeled, transported to laboratory and stored at
4 °C until further analyses.

Soil physicochemical parameters
pH was measured with an electrode after shaking the
soil for 1 hour in 0.01M calcium chloride solution (1:
2.5 w/v). Plant available P and K were extracted from
fresh soils with double lactate (1:50 w/v, pH 3.6, 1.5 h
[28];). After filtration of the suspension (Whatman
Schleicher & Schuell 595 1/5 Ø 270mm), the extracted
P was colorimetrically quantified using the molybdenum
blue method [29], while K was measured with an ion-
selective electrode (perfectIONTM, Mettler Toledo,
Gießen, Germany).

Soil enzyme assays
Determination of the activities of five hydrolytic enzymes
was based on the procedure of German et al. [30] using 4
methylumbelliferone (MUB)-coupled substrates. The sub-
strates used in this study were 4-MUB-β-D-cellobioside,
4-MUB-β-D-glucoside, 4-MUB-β-D-xyloside, 4-MUB-N-
acetyl-β-D-glucosaminide and 4-MUB-phosphate in order
to estimate the activity of enzymes which are involved in
carbon (β-glucosidase, cellobiohydrolase, xylosidase), ni-
trogen (N-acetylglucosaminidase), and phosphorus (phos-
phatase) acquisition. The final substrate concentrations in
the assay were adapted in a pre-test ensuring that each en-
zyme was assayed under saturating conditions, in order to
avoid an underestimation of enzyme activities [31]. Two
grams of soil were pre-incubated with 400 μl of sterile
water for 24 h at 4 °C. Soil suspensions were prepared by
adding 0.8 g of soil to 50ml sodium acetate buffer (50
mM, pH 5) and subsequent sonication for 5min. Approxi-
mately 0.35 g of soil was dispersed into 50ml of 50mM
Na-Acetate Buffer (pH 5) through sonication for 5 min.
The soil suspensions were added to respective MUB-
coupled substrates in a microtiter plate with eight tech-
nical replicates and incubated for 1 h at 25 ± 1 °C in the
dark. Shortly before measurement, NaOH was added to
all wells to enhance fluorescence of MUB, which was ex-
cited at 360 nm and measured at 465 nm using a TECAN
Infinite F200 PRO plate reader (TECAN, Crailsheim,
Germany). Fluorescence values in the assay and control
wells were corrected with auto-fluorescence values of soil
suspension and buffer, respectively. MUB standards (1.25
and 2.5 μM) dissolved in buffer and soil suspensions were
used to determine emission and quench coefficients.
Enzyme activities (nmol ˑ h− 1 ˑ g dry soil− 1) were
calculated according to German et al. [30], whereby
turnover rates (nmol ˑ h− 1) were related to the amount of
dry soil.

Isolation of Streptomyces from soil
High nitrogen content (HNC) medium (6% yeast extract,
0.05% SDS, 0.05% CaCl2 [pH 7.0]) [32] was used to facili-
tate extraction and isolation of streptomycetes. Soil (0.5
g dry weight) was added to liquid HNC medium and
mixed well. The inoculated HNC medium was placed on
a preheated shaker and rotated at 120 rpm and 42 °C for
1 h. Subsequently, the suspension was let to settle for 5
min and decanted to a clean Falcon tube. Samples were
diluted (1:5; 1:10, 1:30) and 0.1 mL of each dilution as
well as of the undiluted sample was evenly spread onto
ISP2 agar and on humic acid agar (HA) plates using
sterile Drigalski spatula. ISP2 agar [33] was supple-
mented with cycloheximide (50 mg/L), nystatin (40 mg/
L) and nalidixic acid (54.9 mg/L) to inhibit bacterial and
fungal contamination. A sterile filtered vitamin solution
(1 mL/L - pH 7 - containing 12.5 μg folate, 12.5 μg biotin
250 μg p-aminobenzoic acid, 1.25 mg thiamine-HCl, 1.5
mg pantothenic acid, 1.25 mg riboflavin, 2.875 mg nico-
tinic acid and 125 μg vitamin B12) was added to enhance
the growth of streptomycetes. Inoculated plates were in-
cubated at 27 °C for up to 3 weeks. For purification, col-
onies showing streptomycetes-typical morphology were
streaked on ISP2 agar. Pure cultures were stored at −
20 °C in sterile vials containing 20% glycerol until further
analysis.

Phylogenetic classification of Streptomyces isolates
PEG 200 (polyethylene glycol, Sigma-Aldrich) was used
for the isolation of DNA from grown streptomycetes
after modified Chomczynski and Rymaszewski method
[34]. The solution was composed of 52 mL PEG 200, 39
mL distilled water, 2.95 mL 2M KOH (pH 13.3–13.5).
Before use, the solution was autoclaved and stored at
4 °C. For DNA extraction, 300 μL PEG solution, 1 glass
bead and an inoculation loop with the bacterial colony
were mixed. Bacterial cells were lysed by incubation for
15 min at RT, and subsequently the suspension was dir-
ectly used for PCR amplification.
The 16S rDNA was amplified using universal primers

27F: 5′-AGAGTT TGA TCC TGG CTC AG-3′ and
1492R: 5′-GGT TAC CTT GTT ACG ACT T-3′ [35].
Amplification reactions were performed with Promega
Green Mix (Promega) with the following thermal cycling
conditions: initial denaturation at 94 °C for 5 min; 31 cy-
cles at 95 °C for 30 s, 54 °C for 90 s and 72 °C for 120 s;
and a final extension at 72 °C for 5 min. The amplifica-
tion reaction was performed by Bio-Rad thermal cycler
(MyCycler, Bio-Rad, USA) and the amplified products
were examined by 1% agarose gel electrophoresis.
The Sanger sequencer ABI 3730XL 96-capillary DNA

analyzer (Applied Biosystems) and SeqMan software
(DNA star) were used to determine and assemble the
gene sequences. The 16S rRNA gene sequences of 175
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strains were aligned with published sequences by BLAST
against the whole NCBI-nr database (http://www.ncbi.
nlm.nih.gov/) and sequence relatedness was visualized
using MEGA 7 software [16]. A phylogenetic tree was
constructed using the neighbor-joining method in
MEGA7 program, using the Kimura’s two-parameter
model [36] with bootstrap values based on 1000 replica-
tions. All isolates, including isolates that could not be
assigned up to the species level as well as strains that
form individual clusters are listed in Additional file 5, to-
gether with details of their antagonistic potential, acces-
sion numbers and their 16S rRNA gene similarity values
with related Streptomyces spp.

Interaction assay
The inhibition of S. sudanensis was evaluated for each
isolate using an agar-based bioassay. Fresh suspensions
(0.1 mL) prepared from soil streptomycetes were placed
on ISP2 agar plates, which was streaked before with S.
sudanensis (DSM 41923). More than one Streptomyces
isolate was cultured per plate. The inhibitory activities of
soil streptomycetes against S. sudanensis were calculated
as the ratio between the diameter of the inhibition zone
and the antagonist colony diameter.

Statistics
Data were analyzed using R (R Development Core Team
2008) and PAST (Version 3.14; Øyvind Hammer, Nat-
ural History Museum, University of Oslo, 1999–2016).
One-way analysis of variance and Tukey post hoc test
was used to evaluate if Streptomyces collections differ
from each other. Permutational multivariate analysis of
variance (PerMANOVA) was used to compare enzyme
activity patterns of soils from the different sites, and
Pearson correlation was used to estimate interdepend-
ency of variables.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12866-020-1717-y.

Additional file 1. Soil enzymatic activity potential in dependency with
annual precipitation levels. Principal component analysis reflects the
relatedness of cellulose, beta-glucosidase, xylosidase, N-
acetylglucosaminidase and phosphatase activities with annual rainfall. En-
zyme activities were positively related to the level of precipitation accord-
ing to PERMANOVA analysis (p = 0.033)

Additional file 2. Soil enzymatic activity potentials related to the level
of annual precipitation and to soil type. Annual rainfall, precipitation
levels 0–100 mm (very low), 101–400 mm (low), 401–600 mm (moderate)
and 601–1000 mm (high).

Additional file 3. Isolation of Streptomyces species from soil using ISP2
(A) and humic acid agar (B). Examples of purified Streptomyces colonies
(C) and inhibition of Streptomyces sudanensis growth by some soil
streptomycetes (D).

Additional file 4. Characterization of Streptomyces collection at the level
of 16S rRNA genes. Strain affiliation, antagonism against Streptomyces

sudanensis, identity according to partial 16S rRNA gene sequence,
percent identity to nucleotide sequence at GenBank, and accession
number are given.

Additional file 5. Summary statistics of Streptomyces isolates from three
ecoregions. The total sizes of culture collections from the three
ecoregions, South Saharan steppe and woodlands, Sahelian Acacia
savanna and East Sudanian savanna, and the antagonistic activities of the
strains against Streptomyces sudanensis.
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