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Abstract: This study aimed to isolate and molecularly characterize marine actinobacteria tolerant to heavy metals from sediment samples collected from the
Meydankapi coast in Sinop, Tirkiye. Sediment samples were obtained from three different stations and cultured on five selective media, leading to the isolation
of 54 actinobacteria strains. The highest isolation efficiency was achieved on R2A and SM3 media. The tolerance of the isolates to heavy metals, including
lead (Pb), copper (Cu), zinc (Zn), mercury (Hg), and cadmium (Cd), was tested. The results revealed that all isolates were sensitive to Hg and Cd but exhibited
high tolerance to Pb. Twelve isolates, showing the highest resistance to heavy metals, were selected for genomic DNA isolation. The 16S rRNA gene region
was amplified using universal primers and sequenced. Sequence analysis identified the isolates as belonging to the genera Streptomyces, Actinomadura,
Nocardia and Nonomuraea. The approximately 1500-bp 16S rRNA gene sequences were compared with the EzTaxon database, and the closest species
were determined. The obtained sequences were deposited in the GenBank database. The results indicate that marine actinobacteria isolated from polluted
sediments of the Black Sea possess significant potential for bioremediation and environmental biotechnology applications due to their resistance mechanisms
to heavy metals.

Keywords: Heavy metals, Actinobacteria, Sinop coast, Black Sea, 16S rRNA gene

0z: Bu calismada, Sinop, Meydankap! sahilinden toplanan sediment drneklerinden agir metal toleransina sahip olan deniz aktinobakterilerinin izolasyonu ve
molekiiler karakterizasyonu amagclanmistir. Sediment érnekleri Uc farkli istasyondan alinmis ve bes segici besiyerinde kiiltiire alinarak 54 aktinobakteri susu
izole edilmistir. En yiiksek izolasyon verimliligi R2A ve SM3 besiyerlerinde elde edilmistir. izolatlarin kursun (Pb), bakir (Cuy), ginko (Zn), civa (Hg) ve kadmiyum
(Cd) dahil olmak (izere agir metallere toleransi test edilmistir. Sonuglar, tiim izolatlarin Hg ve Cd'ye duyarli, ancak Pb'ye yiksek tolerans gosterdigini ortaya
koymustur. Agir metallere karsi en yiksek direnci gosteren on iki izolat, genomik DNA izolasyonu igin segilmistir. 16S rRNA gen bdlgesi, evrensel primerler
kullanilarak gogaltilmis ve dizilenmistir. Dizi analizi, izolatlarin Streptomyces, Actinomadura, Nocardia ve Nonomuraea cinslerine ait oldugunu belirlemistir.
Yaklasik 1500 baz gifti uzunlugundaki 16S rRNA gen dizileri, EzTaxon veri tabaniyla karsilastirilarak en yakin tirler belirlendi. Elde edilen diziler GenBank
veri tabanina kaydedildi. Sonuglar, Karadeniz'in kirliligi fazla olan sedimentlerinden izole edilen deniz aktinobakterilerinin, agir metallere karsi direng
mekanizmalari nedeniyle biyoremediasyon ve cevresel biyoteknoloji uygulamalari igin dnemli bir potansiyele sahip oldugunu gdstermektedir.

Anahtar kelimeler: Agir metaller, Aktinobakteriler, Sinop kiyilari, Karadeniz, 16S rRNA geni

INTRODUCTION

Environmental pollution, primarily driven by industrialization
and urbanization, is one of the most pressing global issues of
our time. Pollutants are defined as substances that exceed
permissible concentrations in the environment and can lead to
detrimental effects on ecosystems, human health, and
biodiversity (Rahman and Singh, 2019). These pollutants can
be categorized into several types, including inorganic, organic,
gaseous, metallic, and biological pollutants (Martin and
Johnson, 2012). Among these, heavy metals are particularly
concerning due to their toxicity, persistence, and ability to
bioaccumulate, making them critical pollutants in coastal
ecosystems. These metals can enter the marine environment
through both natural and anthropogenic activities (Fernandes
and Nayak, 2012).

Natural sources of heavy metals include geological
weathering, volcanic eruptions, and soil erosion, while human
activities such as mining, industrial metal processing,
electroplating, pigment production, and petroleum-related
operations are the primary contributors to heavy metal
contamination (El-Sorogy et al., 2013; Venkatramanan et al.,
2014; Masindi and Muedi, 2018).

The accumulation of these metals in coastal waters has
severe consequences for marine life, wildlife, and even human
populations. These pollutants disrupt the functioning of
ecosystems, pose a threat to the food chain, and may lead to
various health problems (Pazirandeh et al., 1998; El-Sayed et
al., 2024). As heavy metals are highly persistent in the
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environment, they often create a toxic atmosphere that induces
stress on the local microbial communities, which in turn
impacts overall ecosystem health.

Over time, microorganisms have developed a variety of
mechanisms to adapt to and survive under the stress of heavy
metal exposure. These adaptations include biochemical and
genetic changes that allow microorganisms to detoxify and
tolerate high concentrations of toxic substances. Among these
microorganisms, actinomycetes have attracted significant
attention for their ability to produce bioactive metabolites that not
only enable them to survive in polluted environments but also
offer potential for bioremediation (Ashbolt et al., 2013; Mondal
and Thomas, 2022). These bioactive metabolites include
antimicrobial agents, enzymes, and emulsifiers, which have
shown promise in a variety of biotechnological applications.

In recent years, the potential of marine actinomycetes in
environmental remediation has been increasingly recognized.
These microorganisms, which thrive in the diverse and often
extreme conditions of marine environments, possess unique
metabolic pathways that allow them to degrade or transform
pollutants such as heavy metals, pesticides, plastics, and even
radioactive waste (Jagannathan et al., 2021). Their ability to
produce diverse and novel metabolites makes them invaluable
candidates for addressing a wide range of environmental
challenges. Moreover, these metabolites have applications in
several industries, including pharmaceuticals, agriculture, and
waste management (Bull and Stach, 2007; El-Sayed et al.,
2024).

Marine environments, particularly those with high
concentrations of pollutants, represent a promising source for
discovering novel actinomycete strains with the potential for
environmental cleanup. Given the growing interest in marine
actinomycetes and their ability to produce valuable bioactive
compounds, this study aims to isolate and molecularly
characterize actinobacterial strains from the bottom sediments
of the Black Sea, specifically from three stations located in
Sinop Province. These sites were chosen due to their high
levels of heavy metal contamination, making them an ideal
environment for exploring the bioremediation capabilities of
marine actinomycetes. By studying these strains, the research
seeks to uncover new microbial species and metabolites that
could be harnessed for environmental remediation and other
industrial applications.

MATERIALS AND METHODS

Collection and storage of marine coastal sediment
samples

Sediment samples taken from three different stations in the
Meydankapi area of the Black Sea coastal bottom sediment of
Sinop Province, where heavy metal and other pollutant
concentrations are high, were placed in sterile 50 mL falcon
tubes and brought to the laboratory, and were cultured using
the dilution plate method in five different selective isolation
media prepared the day before being stored.

pH measurement of sediment samples

The pH of the sediment samples was measured from the
prepared saturation mud using a glass electrode pH meter. The
pH values of the sediment samples were determined using a
1:2.5 sediment: water solution (Saglam, 1978). For this
purpose, 10 g of sediment was weighed and transferred into a
50 mL falcon tube, and 25 mL of pure water was added. The
falcon tubes were shaken for 1 hour and left to rest for 1 day.
The pH values of the samples were measured the next day.

Actinobacteria isolation

Dilution plate technique was used for the isolation of
actinomycetes. All media, except marine agar, were prepared
with artificial seawater (ASW) (Kester et al., 1967). The media
used were M1 (Mincer et al, 2002) Medium (with
Cycloheximide (50 pug/mL) and Nalidixic acid (10 pg/mL)), SM3
(Tan et al., 2006) Medium-Gauze’s Medium (with Nystatin (50
pg/mL) and Cycloheximide (50 pg/mL)), R2A (Reasoner and
Geldreich, 1985) Medium (with Nystatin (50 pg/mL) and
Rifamycin (5 pg/mL)), NaST21Cx (Magarvey et al., 2004)
Medium (with Nystatin (50 pg/mL) and Cycloheximide (50
pg/mL)), Marine Medium (Difco) (with Nystatin (50 pg/mL) and
Cycloheximide (50 pg/mL)). 1 g of sediment samples were
weighed and placed in bottles containing 9 mL of Ringer's
solution, a sterile isotonic medium containing glass beads.
Thus, 10-! dilutions were prepared for each sediment sample.
These 10+ dilutions were shaken manually by gently turning
them upside down for 45 minutes to separate the spores and
mycelia of actinomycetes attached to the sediment colloids
from the colloids. Then, these 10" dilutions were kept in a
water bath set at 55° C for 30 minutes in order to reduce
contamination that may be caused by vegetative forms, and the
10" dilutions of each sediment sample were mixed with a
vortex mixer to make them homogeneous. 1 mL was taken with
an automatic pipette under aseptic conditions and placed in
glass tubes containing 9 mL of sterile Ringer's solution, and in
this way, 102 sediment dilutions were obtained. This process
was repeated to prepare 103 sediment dilutions. 0.1 mL of
sediment solutions were taken from each of the 101, 102, and
103 dilutions with an automatic pipette and transferred to the
surfaces of the isolation plates containing antibiotics at different
concentrations as mentioned above and inoculated with a
sterile loop using the spread plate method. Three plates were
prepared for each dilution and incubated at 28°C for 21-30
days.

Selection, purification and storage of isolates

Actinomycete strains were selected from isolation plates
incubated for 21 to 30 days in selective isolation media, based
on their colony morphology. Selected strains were inoculated
onto malt extract-yeast extract (ISP2) medium containing
cycloheximide (50 ug/mL) by the streak method. The plates
were incubated at 28°C for 21 days. Appropriate isolates were
selected and numbered based on their colony morphology.
These isolates were obtained as pure cultures. The pure
cultures obtained were transferred to autoclaved and screw-
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capped tubes containing 25% glycerol with the help of a sterile
toothpick and stored at -20°C.

In vitro assessment of heavy metal tolerance

Heavy metal resistance of 42 isolates from bottom
sediment was evaluated against five elements (Pb, Cu, Zn, Cd,
and Hg) at different concentrations (0.05, 0.15, 0.25, and 1
mg-mL-") in triplicate on Duxbury agar. The metals tested
were: lead [PbClo]; copper [CuCl2]; cadmium [CdCl2]; mercury
[HgClz] and zinc [ZnCly). Stock solutions of metal salts
prepared in distilled water were sterilized by filtration (0.20
pm). The plates were incubated at 28°C for 7 days. The growth
of actinobacteria in metal-free culture medium was used as a
control. At the end of 7 days, the petri dishes inoculated in
Duxbury medium without heavy metal addition were compared
and evaluated as a positive control with the other petri dishes
(El Baz etal., 2015).

Genomic DNA isolation and amplification of the 16S
rRNA gene region

Genomic DNA isolation of 16 isolates with heavy metal
resistance was performed using the Invitrogen PureLink
Genomic DNA Mini Kit. Universal primers 27F (5-
AGAGTTTGATCMTGGCTCAG-3) and  1525R (5"
AAGGAGGTGWTCCARCC-3') were used for amplification of
the 16S rRNA gene region of the isolates (Lane, 1991). The
accuracy of the PCR products was confirmed by checking with
1.5% (wiv) agarose gel electrophoresis. TBE was used as buffer.

Sequencing of PCR products of the 16S rRNA gene
region, analysis of sequence data and creation of
phylogenetic dendrogram

Sequencing of PCR products of the 16S rRNA gene region
was performed at Macrogen Inc., Netherlands, using two
forward and one reverse primers. Oligonucleotide primers are
518F (Buchholz-Cleven et al., 1997), MG5F (Chun, 1995) and
800R (Chun, 1995). Purification of PCR products was also
performed at the same company before sequencing.
Approximately 1400 bp of sequence data obtained with three
primers of the isolates were aligned and merged using the
ChromasPro 1.7.5 program. Then, the 16S rRNA sequence
similarity with the most closely related type species was
determined using the global alignment algorithms available in
EzTaxon Server (http://eztaxon-e.ezbiocloud.net/; Kim et al.,
2012). The MEGA X program was used for phylogenetic
analyses, and CLUSTAL_W (Kumar et al., 2018) option of the
same program was used for alignment. The Neighbor Joining
(Saitou and Nei, 1987) method and the Kimura-2 phylogenetic
distance matrix (Kimura, 1980) were used to construct
phylogenetic dendograms, and bootstrap analyses of
phylogenetic trees (Felsenstein, 1985) were performed with
1000 replicates. In addition, Phylogenetic trees of the genus
Streptomyces were constructed using The Maximum-
Likelihood (Felsenstein, 1981) and the Maximum-Parsimony
(Kluge and Farris, 1969) algorithms (Supplementary Figure S1
and S2). Phylogenetic trees of the genus Actinomadura were

constructed using the Maximum-Likelihood (Felsenstein, 1981)
and the Maximum-Parsimony (Kluge and Farris, 1969)
algorithms (Supplementary Figure S3 and S4).

RESULTS

Sediment samples taken from three different stations in the
Meydankap! area of the Black Sea coastal sediment of Sinop
Province, where heavy metal and other pollutant
concentrations are high, were cultured in five different selective
isolation media using the dilution plate method.

The coordinates of three different stations where sediment
samples were taken were measured with eXplorist 100, the
coordinates and the date of taking the sediment samples are
given in Table 1. The pH of the sediment samples was
measured with a glass electrode pH meter and the pH values
are given in Table 2.

Table 1. Locality and geographical coordinates of marine coastal
sediment samples

SUTh e
Is;::‘:t'i)o':nr?wnce Meydankapi ggogg 'gé "E 21 October 2023
Isol‘r:l:tliaoelrgvmce Meydankapi ggogg Iggug 21 October 2023
IS(;Q:tpiao?‘rgvmce Meydankapi ggogg 'g"g 21 October 2023

Table 2. pH values of sediment samples

Locality Sediment pH values
Sinop province Meydankapi location 1 7.23
Sinop province Meydankapi location 2 7.62
Sinop province Meydankapi location 3 8.25

In the study, sea bottom sediment was taken from three
different localities and cultivation was carried out on five
different selective isolation media for the isolation of
actinobacteria by the dilution plate method. Thirty-five isolates
were obtained from location 1, 5 isolates from location 2 and
14 isolates from location 3. When the selective isolation media
used were examined, 19 isolates were isolated from R2A agar,
18 isolates from SM3 agar, 11 isolates from NaST21CX agar,
5 isolates from M1 agar and 1 isolate from Marine agar. R2A
and SM3 agar were found to be the most efficient in the
isolation of sea bottom sediment. The graph showing the
distribution of isolates obtained from the selective isolation
media used is given in Figure 1.

19
18

Number of isolates

1

__________EEEES

M1agar = Marine agar

mSM3agar ~R2Aagar W NaST21CX agar

Figure 1. Graph showing the distribution of isolates obtained from the
selective isolation media used
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Bacterial resistance of 42 strains activated from stocked
strains against heavy metals was carried out using modified
Duxbury agar. Table 3 shows the differences in heavy metal
toxicity levels against the tested strains. While 100 percent of
the tested strains grew in the presence of Pb at 0.05 mg-mL-1,
35.71 percent could only grow in the presence of Pb at 1
mg-mL-". 88% of the tested strains were able to grow in the
presence of Pb at 0.15 and 0.25 mg-mL-". In the presence of
0.05 mg/mL copper, 26% of the isolates showed growth and in
the presence of 0.15 mg/mL copper, 11.90% of the isolates
showed growth. In the presence of 1 mg/mL copper, only one
isolate showed growth. In the presence of 0.05 mg/mL zinc,
59.52% of the isolates grew, 42.85% at 0.15 mg/mL, 26.19%
at0.25 mg/mL, and 19.04% at 1 mg/mL. Mercury and cadmium
completely suppressed actinobacterial growth at all
concentrations. From these results, we can conclude that the
isolates from the region we worked in tolerated lead metal the
most, while mercury and cadmium were the most toxic metals.
The isolates tolerated zinc metal at a moderate level, while
copper metal was tolerated at a lower level.

Table 3. Heavy metal tolerance in actinobacteria isolated from Black
Sea coastal bottom sediments

Number of Concentration of heavy metals

HeaW  ctinobacteria 005 045 0.25 1
isolated mg/mL  mg/mL  mg/mL mg/mL
Pb 42 100% 88% 88% 35.72%
Cu 42 26.19%  11.90% 2.38% 2.38%
Zn 42 59.52%  42.85%  26.19% 19.04%
Hg 42 - - - -
Cd 42

Genomic DNA isolation of 12 isolates selected by
considering the isolates with high heavy metal tolerance out of
42 isolates obtained was performed with Invitrogen PureLink
Genomic DNA Mini Kit. The 16S rRNA gene region of the 12
isolates whose genomic DNA was isolated was amplified in
Gradient PCR with universal primers 27F and 1525R. 16S

rRNA gene region sequence analysis was performed with 3
primers, two of which were universal (518F, 800R and MG5F)
for 12 isolates whose 16S rRNA gene region PCR
amplifications were performed. After the 16S rRNA gene region
sequence analysis of the isolates was completed, the obtained
sequence data was combined with the ChromasPro 1.7.5
program and approximately 1500 bp sequence was obtained.
It was determined that 7 of them belonged to the genus
Streptomyces, 3 to the genus Actinomadura, 1 to the genus
Nocardia and 1 to the genus Nonomuraea. The obtained 16S
rRNA gene nucleotide sequences were deposited in GenBank
and the accession numbers are given in Table 4.

The neighbor-joining method (Saitou and Nei, 1987) was
used to construct a phylogenetic dendrogram showing the
relationships of the 12 isolates to their neighbors. To assess
the reliability of the inferred phylogeny, bootstrap analysis was
conducted using 1000 replicates, based on a Kimura 2-
parameter distance matrix (Felsenstein, 1985) (Figures 2, 3).

The phylogenetic affiliation of seven bacterial isolates was
determined by analyzing their 16S rRNA gene sequences. Al
isolates were identified as members of the genus
Streptomyces, with sequence similarities to known type strains
ranging from 97.22% to 99.79%. Isolate MS23 exhibited the
lowest sequence similarity (97.22%) to Streptomyces
althioticus NRRL B-39817, with 40 nucleotide differences over
1440 aligned bases, suggesting it may represent a novel
species. In contrast, isolate MS08 showed 99.72% similarity to
Streptomyces  coelicoflavus NBRC 153997, while MS31
displayed 99.79% similarity to Streptomyces malachitospinus
NBRC 1010047. Isolates MS35 and MS43 were closely related
to Streptomyces aculeolatus NBRC 148247 (99.31%) and
Streptomyces  althioticus  NRRL ~ B-3981T  (99.79%),
respectively. The remaining isolates, MS54 and MS55, showed
99.28% similarity to Streptomyces nanshensis SCSIO 010667
and 99.72% similarity to Streptomyces phytophilus PIP175T,
respectively.

Table 4. Phylogenetic similarity of test organisms belonging to the Actinobacteria class with the closest type species according to 16S rRNA

sequence results

No Strain code GenBank no Closest Type Similarity %-nucleotide difference
1 MS08 PV186786 Streptomyces coelicoflavus NBRC 153997 99.72% - 4/1448
2 MS17 PV187749 Actinomadura madurae DSM 430677 99.72%- 4/1439
3 MS21 PV186843 Nonomuraea jabiensis A40367 98.82%- 17/1442
4 MS23 PV186851 Streptomyces althioticus NRRL B-39817 97.22%- 40/1440
5 MS31 PV187100 Streptomyces malachitospinus NBRC 1010047 99.79%- 3/1448
6 MS35 PV187107 Streptomyces aculeolatus NBRC 148247 99.31%- 10/1440
7 MS41 PV187108 Actinomadura geliboluensis A80367 99.93%- 1/1440
8 MS43 PV187302 Streptomyces althioticus NRRL B-39817 99.79%- 3/1441
9 MS52 PV187474 Nocardia higoensis NBRC 1001337 99.17%- 12/1441
10 MS54 PV187476 Streptomyces nanshensis SCSIO 010667 99.28%-10/1390
11 MS55 PV187694 Streptomyces phytophilus PIP1757 99.72%- 4/1449
12 MS56 PV187695 Actinomadura hibisca NBRC 151777 98.61%- 20/1435

301



Actinobacteria with heavy metal tolerance from the Sinop coast: A molecular characterization approach

All isolates demonstrated the ability to tolerate lead at a
concentration of 1 mg/mL. Isolate MS23 also tolerated zinc at
0.25 mg/mL. Isolate MS08 was resistant to lead and zinc at 1
mg/mL, and to copper at 0.15 mg/mL. Similarly, MS31 showed
high tolerance to all three tested metals (lead, copper, and

zinc) at 1 mg/mL concentrations. Isolate MS35 exhibited
tolerance to lead (1 mg/mL) and zinc (0.05 mg/mL), while
MS43 tolerated lead (1 mg/mL) and zinc (0.15 mg/mL). Both
MS54 and MS55 were resistant to lead, copper, and zinc,
indicating broad-spectrum metal tolerance.

61] Streptomyces sp. MS08 (PV186786)

Streptomyces sp. MS43 (PV187302)
70

100 | Streptomyces sp. MS31(PV187100)
*

100

99

—
0.005

Streptomyces coelicoflavus NBRC 15399 (AB184650)
Streptomyces rubrogriseus LMG 20318 (AJ781373)
Streptomyces violaceorubidus LMG 203197 (AJ781374)
Streptomyces tendae ATCC 198127 (D63873)

% [ Streptomyces abyssomicinicus CHI39" (LC495888)

s Streptomyces fragilis NRRL 2424 (AY999917)
Streptomyces thinghirensis DSM 41919" (FM202482)
Streptomyces viridochromogenes NBRC 31137 (AB184728)
Streptomyces griseoflavus LMG 193447 (AJ781322)
Streptomyces althioticus NRRL B-39817 (AY999791)
Streptomyces griseoincarnatus LMG 193167 (AJ781321)

Streptomyces sp. MS23 (PV186851)
Streptomyces labedae NBRC 15864T (AB184704)
Streptomyces albogriseolus NRRL B-1305" (AJ494865)

Streptomyces malachitospinus NBRC 101004 (AB249954)
Streptomyces parvulus NBRC 131937 (AB184326)
Streptomyces lomondensis NBRC 15426" (AB184673)

Streptomyces sp. MS54 (PV187476)

Streptomyces nanshensis SCSIO 01066" (EU589334)

Streptomyces abyssalis YIM M 10400" (HQ585121)

Streptomyces xishensis YIM M 103787 (HQ585118)

Streptomyces bathyalis ASO4wet" (MT036271)

Streptomyces glycovorans YIM M 10366" (HQ585117)
100| Streptomyces yogyakartensis NBRC 100779" (AB249942)

Streptomyces javensis NBRC 1007777 (AB249940)
Streptomyces cacaoi NRRL B-1220"7 (MUBL01000215)

* Streptomyces albospinus NBRC 138467 (AB184527)

Streptomyces synnematoformans S1557 (EF121313)

Streptomyces phytophilus PIP175T (GU434262)

83|[ Streptomyces sp. MS55 (PV187694)

Streptomyces sp. MS35 (PV187107)

Streptomyces aculeolatus NBRC 14824T (AB184624)

Figure 2. Phylogenetic dendrogram of Streptomyces genus isolates based on 16S rRNA gene sequence analysis. The tree was constructed
using the neighbor-joining algorithm, with bootstrap values provided for branch points supported by more than 50% of the samples. Asterisks (*)
indicate branches of the tree that were also recovered using the maximum-likelihood (Felsenstein, 1981) and maximum-parsimony (Kluge and
Farris, 1969) tree making algorithms. The scale bar represents 0.005 genetic distance.
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0.01

100] Actinomadura sp. MS41(PV187108)
* Actinomadura geliboluensis A8036" (HQ157187)
Actinomadura formosensis JCM 7474T (AF002263)
Actinomadura bangladeshensis 3-46-b3" (AB331652)
Actinomadura meyerae DSM 447157 (jgi.1107661)
Actinomadura terrae 0S3-83" (FN178437)
Actinomadura darangshiensis DSLS-70" (FN646682)
Actinomadura sp. MS17 (PV187749)
P sctinomadura madurae DSM 43067" (jgi.1068094)
Actinomadura physcomitrii LD22" (MH715905)
Actinomadura barringtoniae GKU 128" (KF667497)
Actinomadura fibrosa ATCC 49459" (AF163114)
Actinomadura hibisca NBRC 151777 (BCRO01000158)
Actinomadura sp. MS56 (PV187695)
Actinomadura macrotermitis RB68T (MH044510)
Nonomuraea aurantiaca NEAU-L178T (OK287918)
Nonomuraea zeae DSM 100528 (VCKX01000503)
Nonomuraea candida HMC10" (DQ285421)
Nonomuraea helvata IFO 14681" (U48975)
Nonomuraea sp. MS21(PV186843)
Nonomuraea jabiensis A4036" (HQ157186)

|7 Nocardia asiatica NBRC 100129T (BAFS01000062)
* Nocardia farcinica NCTC 11134 (LN868938)
** Nocardia kroppenstedtii N1286" (DQ157924)
Nocardia shimofusensis NBRC 100134" (BDBT01000060)
Nocardia sp. MS52 (PV187474)
" Nocardia higoensis NBRC 100133" (BAGA01000039)

Figure 3. Phylogenetic dendrogram of Actinomadura, Nonomuraea and Nocardia genus isolates based on 16S rRNA gene sequence analysis.
The tree was constructed using the neighbor-joining algorithm, with bootstrap values provided for branch points supported by more than 50% of
the samples. Asterisks (*) indicate branches of the tree that were also recovered using the maximum-likelihood (Felsenstein, 1981) and maximum-
parsimony (Kluge and Farris, 1969) tree making algorithms. The scale bar represents 0.01 genetic distance

In this study, five bacterial isolates were evaluated in terms
of their taxonomic affiliations and tolerance to heavy metals.
Isolate MS56 exhibited 98.61% 16S rRNA gene sequence
similarity to its closest type strain, Actinomadura hibisca NBRC
151777, with 20 nucleotide differences across 1435 aligned
positions. This level of divergence suggests that MS56 may
represent a novel species. Additionally, MS56 demonstrated
notable tolerance to lead (Pb) and zinc (Zn), indicating potential
for environmental bioremediation applications.

Isolates MS17 and MS41 showed high similarity to known
species, with MS17 displaying 99.72% similarity to
Actinomadura madurae DSM 430677 and MS41 showing
99.93% similarity to Actinomadura geliboluensis A8036T.
Although these levels suggest they are closely related to
existing species, both isolates demonstrated considerable
tolerance to Pb, copper (Cu), and Zn, reflecting strong adaptive
responses to metal stress.

MS21 showed 98.82% similarity to Nonomuraea jabiensis
A40367, which is below the generally accepted threshold for

species delineation, indicating its potential status as a novel
species. This isolate also displayed robust resistance to Pb,
Cu, and Zn, highlighting its ecological resilience and potential
utility in heavy metal-contaminated environments.

Isolate MS52 showed 99.17% similarity to Nocardia
higoensis NBRC 100133T.

DISCUSSION

In our study, 42 isolates were isolated from the
Meydankap! location of the Black Sea coastal sediments of
Sinop province, where heavy metal and other standards are
high. 16S rRNA analysis was performed on 12 of 42 isolates.
Seven of these were identified as belonging to the
Streptomyces genus, three to the Actinomadura genus, one to
the Nocardia genus, and one to the Nonomuraea genus. The
study conducted by Cimermanova et al. (2021) highlights the
remarkable microbial potential of technosols-artificial soils
formed as a result of anthropogenic activities and
characterized by extreme physicochemical conditions. Despite
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being harsh and often contaminated with toxic substances,
these environments were found to harbor diverse populations
of Actinobacteria, with a dominance of the genus
Streptomyces. This aligns with previous findings that
emphasize the ecological resilience and metabolic versatility of
Streptomyces species, particularly their well-known capacity to
produce a wide range of bioactive secondary metabolites.
Among the nine Actinobacteria isolates obtained from various
technosol sites in Slovakia, eight were identified as members
of the genus Streptomyces, with at least one potentially
representing a novel species. Another isolate was classified
under the genus Crossiella and may also constitute a
previously undescribed species. These findings suggest that
technosols are not only reservoirs of known microbial taxa but
also promising sources for the discovery of novel
actinomycetes with unique physiological traits. In addition to
taxonomic diversity, the isolates displayed considerable
resistance to heavy metals such as lead (Pb), zinc (Zn), copper
(Cu), and nickel (Ni), with lead being the most tolerated. In a
similar manner, our study also revealed that seven out of
twelve isolates belonged to the genus Streptomyces, exhibiting
the highest tolerance to lead among the tested heavy metals.

In line with previous studies, the isolation of numerous
heavy metal-resistant Streptomyces strains from contaminated
environments highlights the adaptive capacity of this genus to
harsh ecological conditions (Alvarez etal., 2013). Alvarez et al.
demonstrated that heavy metal resistance is phylogenetically
widespread among Streptomyces, as evidenced by both
bibliographic data and 16S rRNA gene sequence availability
(Alvarez et al., 2013). This widespread resistance may reflect
evolutionary pressure in metal-rich environments, leading to
the selection of strains with enhanced survival mechanisms.
Furthermore, the presence of diverse Streptomyces species in
metal-contaminated soils, as supported by several reports (Li
etal., 2010; Linetal., 2012; El Baz et al., 2015; Mo et al., 2017;
Li et al., 2019), suggests that such habitats act as reservoirs
for resistant and potentially novel strains. Polti et al. (2007)
isolated nine chromium-resistant actinobacterial strains from
contaminated sites in Tucuman, Argentina, which were
previously identified as members of the genus Streptomyces.
The resistance of actinobacteria to lead (Pb) had already been
reported by Sanjenbam et al. (2012).

Streptomyces sp. MS23 displayed the lowest similarity
(97.22%) to Streptomyces althioticus NRRL B-3981T, differing at
40 nucleotide positions across 1440 aligned bases, indicating its
potential novelty. Also, Actinomadura sp. MS56 displayed the
lowest similarity (98.61%) to Actinomadura hibisca NBRC
151777, differing at 20 nucleotide positions across 1435 aligned
bases, indicating its potential novelty. Another isolate with
potential to be a new species is Nonomuraea sp. MS21 (98.82%
similar to Nonomuraea jabiensis A4036T7).

Initially, a 16S rRNA gene sequence similarity of less than
97% was proposed as the threshold for defining a novel
bacterial species (Stackebrandt and Goebel, 1994). However,

subsequent studies have suggested raising this threshold to a
range of 98.7% to 99% to improve taxonomic resolution
(Stackebrandt and Ebers, 2006). Notably, Schmidt et al.
reported the isolation of highly nickel-resistant Streptomyces
strains from a former uranium mining site, reinforcing the idea
that extreme environments can foster unique microbial
communities with biotechnological potential (Schmidt et al.,
2007). In our study, all isolates exhibited the ability to withstand
lead at a concentration of 1 mg/mL. Isolate MS23 additionally
tolerated zinc at 0.25 mg/mL. Isolate MS08 was resistant to
both lead and zinc at 1 mg/mL, as well as to copper at 0.15
mg/mL. Likewise, MS31 showed high resistance to lead,
copper, and zinc at 1 mg/mL concentrations. Isolate MS35
displayed tolerance to lead (1 mg/mL) and zinc (0.05 mg/mL),
while MS43 tolerated lead (1 mg/mL) and zinc (0.15 mg/mL).
Both MS54 and MS55 demonstrated resistance to lead,
copper, and zinc, indicating broad-spectrum tolerance to these
metals. Additionally, MS56 exhibited significant tolerance to
lead (Pb) and zinc (Zn), suggesting its potential for
environmental bioremediation applications. Isolates MS17 and
MS41 showed considerable tolerance to Pb, copper (Cu), and
Zn, reflecting their strong adaptive responses to metal stress.
The MS21 isolate also demonstrated robust resistance to Pb,
Cu, and Zn, underscoring its ecological resilience and potential
use in heavy metal-contaminated environments. Similarly,
isolate MS52 displayed resistance to Pb, Cu, and Zn, indicating
its potential for biotechnological processes related to heavy
metal remediation. In their study conducted in 2015, El Baz et
al. investigated the resistance and bioaccumulation potential of
actinobacteria strains isolated from some abandoned mining
areas to heavy metals. They determined the resistance of 59
isolated actinobacteria to five heavy metals. The minimum
inhibitory concentration (MIC) recorded was 0.55 for Pb, 0.15
for Crand 0.10mg-mL-" for both Zn and Cu.

CONCLUSIONS

Based on nucleotide sequence analysis of the 16S rRNA
gene region, three isolates exhibiting high tolerance to heavy
metals showed sequence similarity levels of 97.22%
(Streptomyces sp. MS23), 98.61% (Actinomadura sp. MS56),
and 98.82% (Nonomuraea sp. MS21) to their closest type
strains. These values fall below the commonly accepted
threshold for species identification, suggesting that the isolates
may represent novel species. To verify this, whole-genome
sequencing, as well as chemotaxonomic and phenotypic
characterizations, will be conducted in the near future.
Additionally, comprehensive genomic analyses will be
performed to identify heavy metal resistance genes and
secondary metabolite biosynthetic gene clusters. If such genes
are confirmed, the isolates will be considered promising
candidates for bioremediation applications. Overall, the
findings suggest that some of the isolates studied may
represent novel actinomycete species with notable resistance
to multiple heavy metals, highlighting their potential in
environmental biotechnology, particularly for the remediation of
metal-contaminated soils and wastewater.

304



Veyisoglu et al., Ege Journal of Fisheries and Aquatic Sciences, 42(4), 298-306 (2025)

ACKNOWLEDGEMENTS AND FUNDING

This study was supported by Sinop University Scientific
Research Projects Coordination Department with project
number SHMYO-1901-23-002.

AUTHORSHIP CONTRIBUTIONS

All authors contributed to the concept and design of the
study. Sediment samples were collected by Hunkar Avni Duyar
and Aysel Veyisoglu, laboratory studies were performed by
Aysel Veyisoglu and Ali Tokatli, analysis of gene sequence data
and writing of the article were performed by Aysel Veyisoglu and
Demet Tatar. All authors read and approved the article.

CONFLICTS OF INTEREST

The authors declare that there is no conflict of interest.

REFERENCES

Alvarez, A., Catalano, S.A., & Amoroso, M.J. (2013). Heavy metal resistant
strains are widespread along Streptomyces Phylogeny. Molecular
Phylogenetics and Evolution, 66, 1083-1088. https://doi.org/10.1016/}.y
mpev.2012.11.025

Ashbolt, N. J., Amézquita, A., Backhaus, T., Borriello, P., Brandt, K. K.,
Collignon, P., Coors. A., Finley, R., Gaze, W. H., Heberer, T., Lawrence,
J.R,, Larsson, D.G.J., McEwen, S.A., Ryan, J.J., Schonfeld, J., Silley, P.,
Snape, J.R., den Eede, C.V., & Topp, E. (2013). Human health risk
assessment (HHRA) for environmental development and transfer of
antibiotic resistance. Environmental Health Perspectives, 121, 993-1001.
https://doi.org/10.1289/ehp.1206316

Buchholz-Cleven, B.E.E., Rattunde, B., & Straub, K.L. (1997). Screening for
genetic diversity of isolates of anaerobic Fe(ll)-oxidizing bacteria using
DGGE and whole-cell hybridization. Systematic and Applied
Microbiology, 20, 301-309. https://doi.org/10.1016/S0723-2020(97)8007
7-X

Bull, A.T., & Stach, J.E. (2007). Marine actinobacteria: New opportunities for
natural product search and discovery. Trends in Microbiology, 15(11),
491-499. https://doi.org/10.1016/}.tim.2007.10.004

Chun, J. (1995). Computer assisted classification and identification of
actinomycetes. [Ph.D. Thesis. University of Newcastle].

Cimermanova, M., Pristas, P., & Piknova, M. (2021). Biodiversity of
Actinomycetes from heavy metal contaminated technosols.
Microorganisms, 9(8), 1635. https://doi.org/10.3390/microorganisms908
1635

El Baz, S., Baz, M., Barakate, M., Hassani, L., EI Gharmali, A., & Imziln, B.
(2015). Resistance to and accumulation of heavy metals by
Actinobacteria isolated from abandoned mining areas. The Scientific
World Journal, 761834. https://doi.org/10.1155/2015/761834

El-Sayed, M.H., Abdellatif, M.M., Mostafa, H.M., Elsehemy, I.A., & Kobisi, A.
E.N.A. (2024). Biodegradation and antimicrobial capability-induced heavy
metal resistance of the marine-derived actinomycetes Nocardia harenae
JIB5 and Amycolatopsis marina JIB11. World Journal of
Microbiology and Biotechnology, 40(7), 202. https://doi.org/10.1007/s1
1274-024-04006-x

El-Sorogy, A.S., Nour, H., Essa, E., & Tawfik, M. (2013). Quaternary coral reefs
of the Red Sea coast, Egypt: Diagenetic sequence, isotopes and trace
metals contamination. Arabian Journal of Geosciences, 6, 4981-4991.
https://doi.org/10.1007/s12517-012-0806-0

Felsenstein, J. (1981). Evolutionary trees from DNA sequences: a maximum
likelihood approach. Journal of Molecular Evolution, 17, 368-376.

Felsenstein, J. (1985). Confidence limits on phylogeny: An appropriate use of
the bootstrap. Evolution, 39, 783-791. https://doi.org/10.2307/2408678

ETHICS APPROVAL

This article does not contain any studies with human
participants and/or animals performed by any of the authors.
Formal consent is not required in this study.

DECLARATION OF Al USE

We have not used Al-assisted technologies in creating this
article.

DATA AVAILABILITY

All information regarding the current study can be obtained
from the corresponding author.

Fernandes, L.L., & Nayak, G.N. (2012). Geochemical assessment in a creek
environment in mumbai, west coast of India. Environmental Forensics, 13,
45-54. https://doi.org/10.1080/15275922.2011.643340

Jagannathan, S.V., Manemann, E.M., Rowe, S.E., Callender, M.C., & Soto,
W. (2021). Marine actinomycetes, new sources of biotechnological
products. Marine Drugs, 19(7), 365. https://doi.org/10.3390/md19070
365

Kester, D.R., Duedall, I.W., Connors, D.N.,, & Pytkowicz, R.M. (1967).
Preparation of artificial seawater. Limnology and Oceanography, 12, 176-
179.

Kim, O.-S., Cho, Y.-J., Lee, K., Yoon, S.-H., Kim, M., Na, H., Park, S.-C., Jeon,
J.S., Lee, J.-H., Yi, H., Won, S., & Chun, J. (2012). Introducing EzTaxon-
e: A prokaryotic 16S rRNA gene sequence database with phylotypes that
represent uncultured species. International
Journal of Systematic and Evolutionary Microbiology, 62, 716-721.
https://doi.org/10.1099/is.0.038075-0

Kimura, M. (1980). A simple method for estimating evolutionary rates of base
substitutions through comparative studies of nucleotide sequences.
Journal of Molecular Evolution, 16, 111-120. https://doi.org/10.1007/B
F01731581

Kluge, A.G., Farris, F.S. (1969). Quantitative phyletics and the evolution of
anurans. Systematic Zoology, 18, 1-32.

Kumar, S., Stecher, G., Li, M., Knyaz, C., & Tamura, K. (2018). MEGA X:
Molecular evolutionary genetics analysis across computing platforms.
Molecular ~ Biology ~ and  Evolution,  35(6), 1547-1549.
https://doi.org/10.1093/molbev/msy096

Lane, D.J. (1991). 16S/23S rRNA sequencing. In: E. Stackebrandt, M.
Goodfellow (Eds), Nucleic acid techniques in bacterial systematics. John
Wiley and Sons, New York, pp 115-175.

Li, H., Lin, Y., Guan, W., Chang, J., Xu, L., Guo, J., & Wei, G. (2010).
Biosorption of Zn(Il) by live and dead cells of Streptomyces ciscaucasicus
strain CCNWHX 72-14. Journal of Hazardous Materials, 179, 151-159.
https://doi.org/10.1016/j.jhazmat.2010.02.072

Li, K., Tang, X., Zhao, J., Guo, Y., Tang, Y., & Gao, J. (2019). Streptomyces
cadmiisoli sp. nov., a novel actinomycete isolated from cadmium-
contaminated soil. International Journal of Systematic and Evolutionary
Microbiology, 69, 1024-1029. https://doi.org/10.1099/ijsem.0.003262

Lin, Y., Wang, X., Wang, B., Mohamad, O., & Wei, G. (2012). Bioaccumulation
characterization of zinc and cadmium by Streptomyces zinciresistens, a
novel actinomycete. Ecotoxicology and Environmental Safety, 77, 7-17.
https://doi.org/10.1016/j.ecoenv.2011.09.016

Magarvey, N.A., Keller, J.M., Bernan, V., Dworkin, M., & Sherman, D.H.
(2004). Isolation and characterization of novel marine-derived
actinomycete taxa rich in bioactive metabolites. Applied and

305


https://doi.org/10.1016/j.ympev.2012.11.025
https://doi.org/10.1016/j.ympev.2012.11.025
https://doi.org/10.1289/ehp.1206316
https://doi.org/10.1016/S0723-2020(97)80077-X
https://doi.org/10.1016/S0723-2020(97)80077-X
https://doi.org/10.1016/j.tim.2007.10.004
https://doi.org/10.3390/microorganisms9081635
https://doi.org/10.3390/microorganisms9081635
https://doi.org/10.1155/2015/761834
https://doi.org/10.1007/s11274-024-04006-x
https://doi.org/10.1007/s11274-024-04006-x
https://doi.org/10.1007/s12517-012-0806-0
https://doi.org/10.2307/2408678
https://doi.org/10.1080/15275922.2011.643340
https://doi.org/10.3390/md19070365
https://doi.org/10.3390/md19070365
https://doi.org/10.1099/ijs.0.038075-0
https://doi.org/10.1007/BF01731581
https://doi.org/10.1007/BF01731581
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1016/j.jhazmat.2010.02.072
https://doi.org/10.1099/ijsem.0.003262
https://doi.org/10.1016/j.ecoenv.2011.09.016

Actinobacteria with heavy metal tolerance from the Sinop coast: A molecular characterization approach

Environmental Microbiology, 70, 7520-7529. https://doi.org/10.1128/AE
M.70.12.7520-7529.2004

Martin, Y.E., & Johnson, E.A. (2012). Biogeosciences survey: studying
interactions of the biosphere with the lithosphere, hydrosphere and
atmosphere.  Progress in Physical ~Geography, 36, 833-852.
https://doi.org/10.1177/0309133312457107

Masindi, V., & Muedi, K.L. (2018). Environmental contamination by heavy
metals. In: H.E. Saleh, R.F. Aglan (Eds), Heavy metals (pp. 115-113).
IntechOpen, Rijeka. https://doi.org/10.5772/intechopen.76082

Mincer, T.J., Jensen, P.R., Kauffman, C.A., & Fenical, W. (2002). Widespread
and persistent populations of a major new marine actinomycete taxon in
ocean sediments. Applied and Environmental Microbiology, 68(10), 5005-
5011. https://doi.org/10.1128/AEM.68.10.5005-5011.2002

Mo, P., Yu, Y. Z,, Zhao, J.-R., & Gao, J. (2017). Streptomyces xiangtanensis
sp. nov., isolated from a manganese-contaminated soil. Antonie
Leeuwenhoek, 110, 297-304. https://doi.org/10.1007/s10482-016-0797-z

Mondal, H., & Thomas, J. (2022). Isolation and characterization of a novel
actinomycete isolated from marine sediments and its antibacterial activity
against fish pathogens. Antibiotics, 11, 1546. https://doi.org/10.3390/an
tibiotics 11111546

Pazirandeh, M., Wells, B.M., Ryan, R.L. (1998). Development of bacterium
based heavy metal biosorbents: enhanced uptake of cadmium and
mercury by Escherichia coli expressing a metal-binding motif. Applied and
Environmental Microbiology, 64, 4068. https://doi.org/10.1128/AEM.64.
10.4068-4072.1998

Polti, M.A., Amoroso, M.J., & Abate, C.M. (2007). Chromium (VI) resistance
and removal by actinomycete strains isolated from sediments.
Chemosphere, 67(4), 660-667. https://doi.org/10.1016/j.chemosphere.20
06.11.008

Rahman, Z., & Singh, V.P. (2019). The relative impact of toxic heavy metals
(THMs) (arsenic (As), cadmium (Cd), chromium (Cr)(VI), mercury (Hg),
and lead (Pb)) on the total environment: An overview. Environmental

Monitoring and Assessment, 191, 419. https://doi.org/10.1007/s10661-
019-7528-7

Reasoner, D.J., & Geldreich, E.E. (1985). A new medium for the enumeration
and subculture of bacteria from potable water. Applied and Environmental
Microbiology, 49(1), 1-7. https://doi.org/10.1128/aem.49.1.1-7.1985

Saglam, M.T. (1978). Toprak kimyas! tatbikat notlari. Atatiirk Universitesi.

Saitou, N., & Nei, M. (1987). The neighbour-joining method: A new method for
constructing phylogenetic trees. Molecular Biology and Evolution, 4(4),
406-425. https://doi.org/10.1093/oxfordjournals.molbev.a040454

Sanjenbam, P., Saurav, K., & Kannabiran, K. (2012). Biosorption of mercury
and lead by aqueous Streptomyces VITSVK9 sp. isolated from marine
sediments from the Bay of Bengal, India. Frontiers of Chemical Science
and Engineering, 6(2), 198-202. https://doi.org/10.1007/s11705-012-
1285-2

Schmidt, A., Schmidt, A., Haferburg, G., & Kothe, E. (2007). Superoxide
dismutases of heavy metal resistant Streptomycetes. The Journal of Basic
Microbiology., 47, 56-62. https://doi.org/10.1002/jobm.200610213

Stackebrandt, E., & Ebers, J. (2006). Taxonomic parameters revisited:
Tarnished gold standards. Microbiology Today, 33, 152—155.

Stackebrandt, E., & Goebel, B. (1994). Taxonomic note: A place for DNA-DNA
reassociation and 16S rRNA sequence analysis in the present species
definition in  bacteriology. International Journal of Systematic
Bacteriology, 44(4), 846-849. https://doi.org/10.1099/00207713-44-4-846

Tan, G.Y.A, Ward, AC., & Goodfellow, M. (2006). Exploration of
Amycolatopsis diversity in soil using genus-specific primers and novel
selective media. Systematic and Applied Microbiology, 29(7), 557-569.
https://doi.org/10.1016/j.syapm.2006.01.007

Venkatramanan, S., Ramkumar, T., Anithamary, |., & Vasudevan, S. (2014).
Heavy metal distribution in surface sediments of the tirumalairajan river
estuary and the surrounding coastal area, east coast of india. The Arabian
Journal of Geosciences, 7, 123-130. https://doi.org/10.1007/s12517-012-
0734-z

306


https://doi.org/10.1128/AEM.70.12.7520-7529.2004
https://doi.org/10.1128/AEM.70.12.7520-7529.2004
https://doi.org/10.1177/0309133312457107
https://doi.org/10.5772/intechopen.76082
https://doi.org/10.1128/AEM.68.10.5005-5011.2002
https://doi.org/10.1007/s10482-016-0797-z
https://doi.org/10.3390/antibiotics11111546
https://doi.org/10.3390/antibiotics11111546
https://doi.org/10.1128/AEM.64.10.4068-4072.1998
https://doi.org/10.1128/AEM.64.10.4068-4072.1998
https://doi.org/10.1016/j.chemosphere.2006.11.008
https://doi.org/10.1016/j.chemosphere.2006.11.008
https://doi.org/10.1007/s10661-019-7528-7
https://doi.org/10.1007/s10661-019-7528-7
https://doi.org/10.1128/aem.49.1.1-7.1985
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1007/s11705-012-1285-2
https://doi.org/10.1007/s11705-012-1285-2
https://doi.org/10.1002/jobm.200610213
https://doi.org/10.1099/00207713-44-4-846
https://doi.org/10.1016/j.syapm.2006.01.007
https://doi.org/10.1007/s12517-012-0734-z
https://doi.org/10.1007/s12517-012-0734-z

Supplementary Material

Supplementary Figure $1

98 | Streptomyces griseoflavus LMG 193447 (AJ781322)
Streptomyces labedae NBRC 15864 (AB184704)
Streptomyces sp. MS23 (PV186851)
Streptomyces albogriseolus NRRL B-1305" (AJ494865)

Streptomyces sp. MS43 (PV187302)
Streptomyces griseoflavus LMG 19344 (AJ81322)

Streptomyces althioticus NRRL B-3981T (AY999791)
Streptomyces viridochromogenes NBRC 3113T (AB184728)

Streptomyces thinghirensis DSM 41919T (FM202482)

Streptomyces sp. MS08 (PV186786)
Streptomyces coelicoflavus NBRC 15399T (AB184650)

100 Streptomyces abyssomicinicus CHI39T (LC495888)

 Streptomyces fragilis NRRL 2424 (AY999917)
Streptomyces violaceorubidus LMG 20319 (AJ781374)
Streptomyces tendae ATCC 198127 (D63873)

Streptomyces rubrogriseus LMG 20318 (AJ781373)
95[" Streptomyces sp. MS31(PV187100)
Streptomyces malachitospinus NBRC 101004 (AB249954)
LI~ Streptomyces parvulus NBRC 131937 (AB184326)
— Streptomyces lomondensis NBRC 15426" (AB184673)
100[ Streptomyces sp. MS54 (PV187476)

Streptomyces nanshensis SCSIO 01066" (EU589334)

~ Streptomyces abyssalis YIM M 10400T (HQ585121)
9 Streptomyces xishensis YIM M 10378" (HQ585118)

63

Streptomyces bathyalis ASO4wet" (MT036271)
82 Streptomyces glycovorans YIM M 10366 (HQ585117)
100| Streptomyces yogyakartensis NBRC 100779T (AB249942)
Streptomyces javensis NBRC 100777 (AB249940)

9% 55 Streptomyces synnematoformans S155" (EF121313)
Streptomyces sp. MS35 (PV187107)
83 [ Streptomyces cacaoi NRRL B-1220" (MUBL01000215)
o| [ Streptomyces albospinus NBRC 13846 (AB184527)

4|

Streptomyces phytophilus PIP1757 (GU434262)
76 I_[Streptomyces sp. MS55 (PV187694)
58 Streptomyces aculeolatus NBRC 148247 (AB184624)

0.01

Figure 1. Maximum-Likelihood (Felsenstein, 1981) tree based on 16S rRNA gene sequences showing the position of Streptomyces genus
isolates among their phylogenetic neighbors
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Figure $2. Maximum-Parsimony (Kluge and Farris, 1969) tree based on 16S rRNA gene sequences showing the position of Streptomyces
genus isolates among their phylogenetic neighbors
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Figure $3. Maximum-Likelihood (Felsenstein, 1981) tree based on 16S rRNA gene sequences showing the position of Actinomadura,
Nonomuraea and Nocardia genus isolates among their phylogenetic neighbors
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Figure S4. Maximum-Parsimony (Kluge and Farris, 1969) tree based on 16S rRNA gene sequences showing the position of Actinomadura,
Nonomuraea and Nocardia genus isolates among their phylogenetic neighbors
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