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Abstract: Because of the spread of drug resistance, it is necessary to look for new antibiotics that are
effective against pathogenic microorganisms. The purpose of this study was to analyse the species
composition of actinobacteria isolated from the digestive tract of the millipedes Nedyopus dawydoffiae
and to determine their antimicrobial properties. Species identification was carried out on the basis of
the morphological and culture properties and the sequence of the 16S rRNA gene. Actinobacteria were
grown in different liquid media. Antibiotic properties were determined against some Gram-positive
and Gram-negative bacteria as well as fungi. Of the 15 isolated strains, 13 have antibiotic activity
against Gram-positive bacteria (including methicillin-resistant Staphylococcus aureus—MRSA) and
fungi, but there was no antibiotic activity against Gram-negative test strains Escherichia coli
ATCC 25922 and Pseudomonas aeruginosa ATCC 27853. It was established that antibiotic-producing
actinobacteria belong to eight species of the genus Streptomyces. Depending on the nutrient medium,
actinobacteria demonstrate different antimicrobial activities. As an example, S. hydrogenans shows
that even strains selected in one population differ by the range of antimicrobial activity and the level
of biosynthesis. Since the antibiotic production is considered as a feature for species competition in
the microbiota community, the variability of antibiotic production among different strains of the same
species is an adaptive characteristic for the competition in millipedes’ digestive tract community.

Keywords: Streptomyces spp.; Nedyopus dawydoffiae; Diplopoda; microbiota; antibiotic activity;
drug resistance

1. Introduction

The introduction of antibiotics into medical practice was one of the most important achievements
of the twentieth century, but pathogenic microorganisms formed antibiotics resistance in response.
In connection with this, nowadays antibiotics are becoming increasingly ineffective. According to the
World Health Organization (WHO), due to the lack of effective antibiotics against infectious diseases,
700,000 people die in the world every year, and by the expectation by 2050 this indicator will go up
one level with the death rate from cancer and cardiovascular diseases [1].
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The main producers of known natural antibiotics along with fungi are actinobacteria, mainly
representatives of the genus Streptomyces; these bacteria and their antibiotic production are well
studied [2,3]. Since antibiotics are secondary metabolites, strains of the same species may differ by
antibiotics they produce. For discovering new promising compounds it is expedient to investigate
strains of actinobacteria—potential producers of antibiotics isolated from poorly studied natural
habitats. One of barely studied natural habitat of bacteria is digestive tract of invertebrates, particularly
millipedes (Diplopoda). Class Diplopoda contains more than 7500 species, mainly saprophagous
animals inhabiting leaf litter and upper soil; millipedes play an important role in biodegradation
and soil formation [4,5]. Millipedes have very rich and diverse gut microbiota which helps them
to digest material enriched by cellulose, lignin and other plant polymers [4–6]. Studies of the
microbiota from millipedes digestive tracts showed the presence of various types of microorganisms,
including actinobacteria [6–11]. Bacteria community also is place-specific for different parts of
millipedes’ digestive tract and stays stable while millipedes are starving or change diet [10,11].
Some of actinobacteria in millipedes’ gut community produce antibiotics and enzymes against other
microorganisms including species of the same community [12–15]. Bacterial species appeared as
host-specific to different millipede species, so investigating gut microbiota of new millipede species is
important for detecting new antibiotics produced by bacteria.

The objects of this study were actinobacteria from the digestive tract of the millipedes
Nedyopus dawydoffiae (Diplopoda) collected in Vietnam (Figure 1). N. dawydoffiae was chosen as one of
the millipede species of the tropical monsoon forest of Southern Vietnam, actively participating in the
biodegradation of plant debris, especially tree trunks. We assumed that this microbial model object would
be promising as a source of potentially interesting actinobacteria, because these millipedes consume
rotten wood, and besides their own microbiota contain many different transitional microorganisms.
Competition between microorganisms in particular is expressed in the biosynthesis of antibiotics.Antibiotics 2018, 7, x  3 of 14 
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Figure 1. Millipedes Nedyopus dawydoffiae (Diplopoda) on rotten wood in a Petri dish.

It is known that manufacture of antibiotics is a complex multistage process that takes a long time
and includes biological, chemical, preclinical and clinical studies. Of the 30,000–40,000 known natural



Antibiotics 2018, 7, 94 3 of 14

antibiotics, only about 150 are used in medicine [2,3]. The choice of an object at a biological stage
for subsequent chemical study largely determines the efficiency of finding a new natural antibiotic.
The biological stage includes the isolation of potential producers of antibiotics into culture, the
development of cultivation conditions, the determination of the spectrum of antimicrobial activity,
species identification, analysis of previous literature on antibiotics of these species and as a result the
selection of the most promising objects for the chemical and subsequent stages of research. The main
purpose of this study was analysis of antibiotic properties of millipedes’ actinobacteria. This paper
presents the strains selected for further chemical study.

2. Results and Discussion

Fifteen strains of actinobacteria were isolated, 13 of which showed antimicrobial activity during
submerged cultivation in one or more nutrient media. On the basis of morphological and cultural
characters, when growing on diagnostic media, it was established that these 13 strains belong to eight
species of the genus Streptomyces. According to the composition of 16S rRNA gene, representatives of
five of the eight species of the described actinobacteria, namely S. fimicarius, S. griseoplanus, S. pratensis,
S. setonii and S. spororaveus, correspond to type strains of these species in the GenBank database
(Table 1). Strain INA 01180 according to morphological features corresponds to the species S. globisporus:
the strain forms direct spore chains, the spore shell is smooth (Figure 2), the melanoid pigments are
not formed; on media No. 1 Gause, ISP3 and glycerin-nitrate agar forms a mealy pale yellow aerial
mycelium, the substrate mycelium is colorless, the soluble pigments are not formed; on medium
No. 2 Gause it forms a lean aerial mycelium, substrate mycelium is colorless, soluble pigments are
absent [16,17]. Since only 568 bp were read by this method, the sequence of the 16S rRNA gene of this
strain coincides with a probability of 99.3% with a large number of different species of streptomycetes.
Thus, the species affiliation of strain INA 01180 was determined only on the basis of morphological
and cultural features.

Table 1. Species affiliation of streptomycete strains on the basis of 16S rRNA gene analysis.

Species, Strains DNA (bp) Alignment (%) * ID of the Deposited
Sequences (GenBank)

S. fimicarius INA 01179 1436 99.4 MH635263

S. griseoplanus INA 01177 1485 99.2 MH635265

S. hydrogenans INA 01175 ** 1387 100 -

S. hydrogenans INA 01173 ** 1116 100 -

S. sp. INA 01174 *** 551 100 -

S. sp. INA 01176 *** 569 100 -

S. pratensis INA 01182 1426 98.4 MH635266

S. setonii INA 01181 1468 100 MH635267

S. spororaveus INA 01183 1451 100 MH635268

S. turgidiscabies INA 01184 ** 1309 96.5 -

Streptomyces sp. INA 01180 **** 568 99.3 MH635264

* The percentage of alignment with the gene sequences of the type strains 16S rRNA from the GenBank database.
** By alignment of the sequences of the 16S rRNA gene, these strains are the closest to the indicated species according
to the GenBank data, but they do not completely correspond to them by morpho-cultural features. *** By their
morphological and cultural characteristics, these strains identical to strains S. hydrogenans INA 01174 and INA 01176.
**** The strain INA 01180 according to morphological features corresponds to the species S. globisporus.
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Figure 2. Strain INA 01180 spores. For SEM actinobacterium was cultivated on medium ISP 3 for
12 days.

The strain INA 01175 with the almost completely established sequence of the 16S rRNA gene
(1387 bp) shows 100% coincidence with the DNA sequences of type strains of three species of
streptomycetes: S. griseochromogenes, S. resistomycificus and S. hydrogenans (Figure 3). Among the listed
species, strain INA 01175 is closest to the species S. hydrogenans: it forms straight spore chains and the
surface of the spores is smooth (Figure 4). When growing on diagnostic media, the pigmentation of
the air and substrate mycelium corresponds to the pigmentation of S. hydrogenans [16,17]. Among the
15 isolated actinobacteria, four strains belong to this species and they possess these features, but they
differed from other previously tested strains of S. hydrogenans by the formation of a brown-green
pigment on an oat medium (medium ISP 3), which is not typical for S. hydrogenans. Thus, the strains INA
01173-01176 and its three analogue strains are closest to the S. hydrogenans, but it is also possible that
they belong to the new species of Streptomyces (section Cinereus, series Achromogenes). This question
requires additional study.Antibiotics 2018, 7, x  5 of 14 
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Figure 4. Spore chains of the strain INA 01175. For SEM actinobacterium was cultivated on medium
ISP 3 for 12 days.

According to the sequence of the 16S rRNA gene, the strain INA 01184 corresponds most
closely to the type strain of S. turgidiscabies ATCC 700248, although the coincidence is only 96.5%
(Table 1). For such important morphological features as flexuous spore chains and cylindrical spores
with a smooth surface (Figure 5), the strain INA 01184 corresponds to the species S. turgidiscabies.
Initially, this species was isolated and described in eastern Hokkaido as one of the causative agents of
potato scab [18]. Nevertheless, the strain INA 01184, when grown on ISP 3 and No. 1 Gause media,
is characterized by a pinkish colour of the soluble pigment and substrate mycelium, as well as the
white colour of the spore forming aerial mycelium, although S. turgidiscabies is characterized by
the grey colour of the spore mass and the absence of soluble pigments released into the medium.
A distinctive property of the strain INA 01184 is also the absence of growth at 37 ◦C. According
to morphophysiological characteristics the strain more corresponds to the species S. acidiscabies.
Both species belong to the group of streptomycetes that cause potato scab (potato scab). Hybridization
of the total DNA of type strains of these two species was 20% [19]. According to the GenBank database,
type strains of S. turgidiscabies SY9113T (=ATCC 700248T = IFO 16080T) and S. acidiscabies RL-110
(=ATCC 49003) are not related (Figure 6).Antibiotics 2018, 7, x  6 of 14 
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Figure 6. Phylogenetic tree of the strain INA 01184.

All 13 strains have antimicrobial activity against Gram-positive bacteria and/or fungi (Table 2).
There was no antibiotic activity against Gram-negative test strains Escherichia coli ATCC 25922 and
Pseudomonas aeruginosa ATCC 27853. Table 2 is displaying that many actinobacteria, depending on the
nutrient medium, form several antibiotics that differ by antimicrobial spectrum. Thus, S. fimicarius INA
01179 produces at least two antibiotics—one of which is active against staphylococci when it grows on
media B, C, D and F, and the other is active against Sac. cerevisiae INA 01129 when it grows on medium
E. It is known that S. fimicarius forms an antitumor antibiotic, a topoisomerase inhibitor that inhibits the
growth of murine leukemia cells P388 [20]. Antibiotics griseorubins, active against Gram-positive and
Gram-negative bacteria, mycoplasma, protozoa, leukemia L1210 and Zajdela ascites hepatoma, were
also described but there is no information on their antifungal activity [21,22]. Among representatives
of S. globisporus the producers of antitumor antibiotics lidamycin, landomycins and actinoxanthins,
which also possess antibacterial properties, were described. Antifungal activity has not been previously
described [23–28]. It is possible that strain S. globisporus INA 01180 forms one of these antibiotics,
as well as an unidentified antifungal antibiotic.
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Table 2. Spectra of antimicrobial activity of actinobacteria when they grow in different liquid nutrient media.

Species, Strains Media
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S. fimicarius INA
01179 A, G − − − − − −

B, C, D, F − − ++ +++ − −
E − − − − − ++

S. globisporus INA
01180 A, B, G − − − − − −

C, D, F − − +++ +++ − −
S. griseoplanus INA

01177 A − − − − − −

B, F − − +++ ++++ − −
C ++ − +++ ++ − −
D − − ++ ++ − −
E − − ++ ++ − ++

G +++ − − − − −
S. hydrogenans INA

01175 A + − − +++ ++++ +++

B − − − − ++++ +++

C + + ++ +++ ++++ +++

D, E, F, G ++++ ++++ ++++ ++++ ++++ +++

S. pratensis INA01182 A, E ++ − − − − −
B, D, G − − − − − −

F ++ − +++ − − −
S. setonii INA 01181 A ++ ++ − + +++ nd

B − ++ − ++ − nd

C + +++ − − +++ nd

D ++ − − − +++ nd

E ++++ ++++ − +++ ++++ nd

F ++ ++++ − ++ − nd

G − − − − − −
S. spororaveus INA

01183 A, F, G ++ ++ − − +++ ++

B, D − − − − ++ −
C, E +++ +++ +++ ++ ++++ ++

S. turgidiscabies INA
01184 A, E, G − − − − ++ −

B, D, F − − − − − −
C − − − − +++ ++

Zones (mm) of test strains suppression as an indicator of antibiotic activity intensity: «−»—no activity, «+»—≤ 10,
«++»—11–15, «+++»—16–20, «++++»—> 20, «nd»—no data.
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S. griseoplanus INA 01177 forms at least three antibiotics which are active against staphylococci,
B. subtilis ATCC 6633 and Sac. cerevisiae INA 01129 (Table 2). It is known that the cultures of this
species produce two antitumor antibiotics, alazopeptin and anticapsin, that are also active against
trypanosomes as well as Gram-positive bacteria and fungi respectively [29–33]. This species is also
known as a producer of the known medical antibiotic erythromycin A, which is characterized by a
broad spectrum of antibacterial activity [34].

S. hydrogenans INA 01175 when it grows in all media exhibits antifungal activity against A. niger
INA 00760 and Sac. cerevisiae INA 01129. The strain in media C-G forms an antibiotic or antibiotics
active against all tests of gram-positive bacteria and/or fungi. In medium B it produces antibiotic
exclusively with antifungal activity. Previously, the species S. hydrogenans was actively investigated for
the purpose of creating a biological product against various fungi, insects and nematodes—pests
of agricultural plants [35–37]. The structure of one of the antibiotics with antifungal action is
10-(2,2-dimethyl-cyclohexyl)-6,9-dihydroxy-4,9-dimethyl-dec-2-enoic Acid Methyl Ester [38,39]. Also,
the strains of this species produce a known antitumor antibiotic actinomycin D, identified by antibiotic
activity against bacterial and fungal phytopathogens (Agrobacterium tumefaciens, Pseudomonas syringae,
Xanthomonas campestris, Botrytis allii, Fusarium oxysporum and Ustilago maydis) [40].

S. pratensis INA 01182 forms at least two antibacterial antibiotics active against Bacillus subtilis
ATCC 6633 (formed on media A, E) as well as a compound active against both Bacillus subtilis ATCC
6633 and Staphylococcus aureus INA 00761 (formed on medium F). It is possible that one of them
corresponds to the previously described antibacterial antibiotic Methoxyphenyl-Oxime [41].

S. setonii INA 01181 shows activity against Aspergillus niger INA 00760 as well as
Gram-positive bacteria except methicillin-resistant Staphylococcus aureus INA 00761 with multiple
resistance to antibiotics. Two antibiotics have been previously described for this species:
FR109615 (cis-2-aminocyclopentane-1-carboxylic acid) with antifungal activity and A83094A
(16-Deethylindanomycin) that is active against Gram-positive bacteria as well as coccidian [42,43].

S. spororaveus INA 01183, when grown in all media, has antifungal activity previously described for
phythopatogenic fungi [44]. In addition, this strain shows antibacterial activity against gram-positive
bacteria, including resistant Staphylococcus aureus.

S. turgidiscabies INA 01184 has only antifungal activity, which is manifested in relation to A. niger
INA 00760 and Sac. cerevisiae INA 01129 when it grows in medium C or only with respect to A. niger
INA 00760 when it grows in media A, E, G, which suggests the ability of this strain to form two
antifungal agents. Perhaps one of them corresponds to the previously described antibiotic antimycin
A [45].

Since strains of the same species may differ by the produced antibiotic, we compared the
antimicrobial activity of the four strains S. hydrogenans isolated from millipede. It has been established
that even strains isolated from one population differ in the spectrum of antimicrobial activity displayed
and in the level of biosynthesis. Antifungal activity is characteristic of all four strains at a high level,
when they grow in all seven media, but antibacterial activity varies. Figure 7 shows antibiotic activity
in growth in four media out of seven, in which the differences are more pronounced. The medium
G is most favourable for all four strains S. hydrogenans for the manifestation of antibiotic activity.
When grown in medium B and in most cases in medium F, antibacterial activity is absent in most
strains. It follows from Figure 7 that these strains form various antibacterial compounds. Unlike the
three other strains of S. hydrogenans, strain INA 01173 does not have activity against Bacillus pumilus
NCTC 8241 in any of media. Such variability possibly is adaptive characteristic of bacteria population
for the species competition in the microbial community of the millipedes’ digestive tract.
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3. Materials and Methods

The objects of research were actinobacteria isolated from the digestive tract of millipedes
Nedyopus dawydoffiae Attems, 1953 (Diplopoda, Polydesmida). The millipedes were collected by hands
in tropical monsoon lowland forest in the Cat Tien National Park (Southern Vietnam, 11◦25′ N,
107◦25′ E, about 120 m a.s.l.); for more details about park vegetation and climate see the follow
article [46]. N. dawydoffiae usually appears on decaying logs and consumes rotten wood, moss and leaf
litter. In the laboratory millipedes were kept in microcosms with room temperature and humidity
250% (water:substratum = 2.5:1) on rotten wood as natural substratum collected from the same habitat.
For irrigation the distilled water was used. For obtaining the gut content 5 millipedes were killed
by ethyl acetate and dissected in the sterile conditions. The contents of the digestive tracts of all five
individuals were combined, suspended in distilled water, passed through a cotton filter, and seeded
on agar medium No. 1 Gause. After 10–12 days of incubation at 37 ◦C, the colonies of actinobacteria
were transferred into tubes on the same medium and agar medium No. 2 Gause.

Test-strains. The following microorganisms were used as test strains for determination of
antimicrobial activity: Bacillus subtilis ATCC 6633, B. pumilus NCTC 8241, Staphylococcus aureus FDA
209P (methicillin-sensitive Staphylococcus aureus—MSSA), S. aureus INA 00761 (methicillin-resistant
Staphylococcus aureus—MRSA), Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853,
Aspergillus niger INA 00760, Saccharomyces cerevisiae INA 01129.

Nutrient media. To maintain the viability of actinobacteria, the Gause agar medium No. 2 was
used (%): glucose—1, peptone—0.5, tryptone—0.3, NaCl—0.5, agar—2, tap water, pH 7.2–7.4. For the
description of cultural and morphological characters the next diagnostic media were used: medium
No. 1 Gause, glycerin-nitrate agar, media ISP3, ISP4 and ISP5 [16,17].

Submerged cultivation of actinobacteria was carried out in eight liquid nutrient media developed
for actinobacteria—producers of antibiotics at Gause Institute (Table 3).

Table 3. Nutrient media for the submerged cultivation of actinobacteria, developed at the Gause Institute.

Name Organic
Components (%) Salts (%) Water pH

A (2663) glycerin—3,
soy flour—1.5, NaCl—0.3, chalk—0.3, tap 7.0

B (A4) glucose—1,
soy flour—1 NaCl—0.5, chalk—0.25 tap 6.8

C (Suc) sucrose—2,
soy flour—1 NaCl—0.3, chalk—0.3 tap 6.8–7.0

D (5339) glycerin—2,
soy flour—0.5

(NH4)2SO4—0.15, NaCl—0.3,
chalk—0.3 tap 6.8

E (6613) starch—2,
corn extract—0.3 KNO3—0.4, NaCl—0.5, chalk—0.5 tap 7.0–7.2

F (330)
sucrose—2.1,
starch—0.85,
pea flour—1.5

NaCl—0.5, NaNO3—0.5, chalk—0.5 tap 7.0

G (Am) sucrose—4,
yeast extract—0.25

K2HPO4—0.1, Na2SO4—0.1,
NaCl—0.1, (NH4)2SO4—0.2, FeSO4
7H2O—0.0001, MnCl2 4H2O—0.0001,
NaI—0.00005, chalk—0.2

distilled 6.5–6.7

H (STR)
glucose—1,
peptone—0.5,
tryptone—0.3

NaCl—0.5 tap 7.2–7.4

Cultivation conditions: Actinobacteria were incubated at 28 ◦C on the above agar media for
10–12 day. Bacterial test strains were grown on medium No. 2 Gause at 37 ◦C during 24 h. Fungal test
strains A. niger INA 00760 and Sac. cerevisiae INA 01129 were grown at 28 ◦C on the same medium for
48 and 24 h respectively.·
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Submerged cultivation of actinobacteria was carried out in two stages. To do this, 750 mL
Erlenmeyer flasks with 150 mL of medium in both stages were used. The flasks were placed on
rotary shakers with a rotation speed of 200 rpm. In order to obtain a submerged inoculum at the first
stage, the medium H was used, which was inoculated with a piece of agar medium with an area of
about 1 cm2 with surface growth of actinobacteria. After 4 days of cultivation for the implementation
of the second stage of cultivation, 5 mL of the obtained inoculum was injected into flasks with seven
other media A-G and incubated for seven days.

Scanning electron microscopy (SEM): Investigations of actinobacterial spores were performed
on a scanning electron microscope JEOL-6060A (JEOL, Tokyo, Japan) with a wolfram cathode. Before
investigation platinum was sprayed on the spore samples in JFC-1600 unit (JEOL, Tokyo, Japan).

Determination of antibiotic activity: The antibiotic activity of the actinobacterial cultural liquid
was determined by diffusion in agar. For this purpose, 0.1 mL of cultural liquid was added to the
holes in agar medium inoculated with test strains. After incubation during 20–24 h diameters of the
growth-inhibitory zones of the test strains were measured as indicator of antibiotic activity.

Species identification of actinobacteria: For species identification, such features as the structure
of sporophores, the spore surface, the pigmentation of the air mycelium as well as substrate mycelium,
and the pigment released into the medium were taken into account. The sequence of the 16S rRNA
gene was also taken into account. For DNA isolation used three-day biomass obtained in liquid
medium H. Isolation of genomic DNA from the biomass of actinobacteria was carried out using
the PowerSoil DNA Kit (MO BIO, Carlsbad, CA, USA). PCR of the 16S rRNA gene was performed
using a set of PCR Master Mix reagents (contains Taq DNA polymerase; Thermo Scientific, Foster
City, CA, USA) with universal bacterial primers 27f (aga gtt tga tcc tgg ctcag) and 1492r (tac ggy tac
ctt gtt acg act t). PCR was performed on a Thermal Cycler 2720 device (Applied Biosystems, USA)
according to the program: (1) 94 ◦C for 5 min, (2) 30 cycles with alternating temperature intervals of
94 ◦C for 1 min, 51 ◦C for 1 min, 72 ◦C for 2 min, (3) 72 ◦C for 7 min. Analysis of PCR products was
performed by electrophoresis in a 1% agarose gel (using TBE Tris-borate buffer) at an electric field
strength of 7.6 V/cm. Purification of PCR products was carried out by reprecipitation of DNA under
mild conditions using 0.125 M ammonium acetate in 70% ethanol. The nucleotide sequences were
determined by the Sanger method on automatic sequencer Genetic Analyzer 3500 (Applied Biosystems,
Beverly, MA, USA) using universal bacterial primers 27f, 341f (cct acg gga ggc agc ag), 519r (gta tta
ccg cgg ctg ctg), 785f (ggm tta gat acc tgg tag tcc), 907r (ccg tca att cct ttg agt tt), 1100r (ggg ttg cgc tcg
ttg), 1114f (gca acg agc gca acc c), 1492r. The Mega 7 program was used to assemble the nucleotide
sequences. The sequences obtained were compared with the nucleotide sequences of the 16S rRNA
gene of the actinobacterial type strains from the GenBank databases (blast.ncbi.nlm.nih.gov/Blast.cgi)
and the Ribosomal Database Project (RDPrdp.cme.msu.edu/).

4. Conclusions

Actinobacteria of microbiota of the digestive tract of Nedyopus dawydoffiae in overwhelming
majority are producers of antibiotic substances against fungi and Gram-positive bacteria, including
methicillin-resistant strain Staphylococcus aureus (MRSA). The function of antibiotics for actinobacterial
producers can be different, but in multi-species biocenosis, such as the microbiota of the digestive tract
of the millipedes they can act as chemical weapons in the interspecific struggle. Presumably, the more
complex the microbiota, the more diverse the spectrum of antibiotic activity of its microorganisms,
in addition, microorganisms of the same species may differ by antibiotic spectrum. In this regard,
we consider it expedient to search for producers of antibiotics among representatives of gut microbiota
of millipedes.
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