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Abstract

A polyphasic approach was used to identify the novel actinomycete, strain 10-20SHSu", isolated from the rhizosphere of the
mangrove associated plants Suaeda maritima collected from Phetchaburi Province, Thailand. Phylogenetic analysis based on
16S rRNA gene sequences indicated that the organism belonged to the phylogenetic cluster of the genus Nonomuraea and
was most closely related to Nonomuraea soli YIM 120770 (98.1% sequence similarity), Nonomuraea endophytica YIM
656017 (97.3%) and Nonomuraea candida HMC10T (97.3%). The strain formed an extensively branched substrate and
aerial mycelia. The whole-cell hydrolysates contained meso-diaminopimelic acid as the diagnostic diamino acid, with
galactose, glucose, madurose, mannose and ribose as the whole-cell sugars. The polar lipids were diphosphatidylglycerol,
hydroxy-phosphatidylethanolamine, hydroxy-phosphatidylmonomethylethanolamine, phosphatidylethanolamine, phospha-
tidylglycerol, phosphatidylinositol mannosides, phosphatidylinositol, phosphotidylmethylethanolamine, two unidentified
sugar containing phosphoaminolipids and an unidentified phospholipid. MK-9(H;) was a major menaquinone of the
organism. The predominant cellular fatty acids were is0-Cg.9, C17.9 and 10-methyl-C,7.o. The G + C content of the genomic
DNA was 71.9 mol%. On the basis of phenotypic characteristics, DNA-DNA relatedness and phylogenetic distinctiveness,
strain 10-20SHSu" represents a novel species of the genus Nonomuraea, for which the name Nonomuraea suaedae sp. nov.
is proposed. The type strain is 10-20SHSu’ (=TBRC 8487" =NBRC 113448").

Introduction Thermopolyspora  and  Thermostaphylospora  [2].

Although members of the family Streptosporangiaceae

The genus Nonomuraea (corrig.) was first proposed by
Zhang et al. [1], belongs to the family Streptospor-
angiaceae within the class Actinobacteria. The family
encompasses 15 genera, namely, Streptosporangium (type
genus), Acrocarpospora, Herbidospora, Microbispora,
Microtetraspora, Nonomuraea, Planobispora, Planomo-
nospora, Planotetraspora, Sphaerimonospora, Sphaer-
isporangium, Thermoactinospora, Thermocatellispora,
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are chemically homogeneous, despite some differences,
members of the genus Nonomuraea are readily dis-
tinguished from members of related genera based on 16S
rRNA gene sequence [3]. Furthermore, members of this
genus are filamentous Gram-stain positive bacteria which
generally form extensively branched substrate and aerial
mycelia with either hooked, spiral or straight chains of
spores observed on the aerial mycelium. The spore sur-
faces can be folded, irregular, smooth or warty [4].
Additionally, the sequence similarities within the genus
Nonomuraea ranged from 93.9 to 99.8% [5]. The her-
baceous plant sample, Sueda maritima is a widely dis-
tributed halophyte of mangrove associated plants that
flourish in saline moist soil [6]. In Thailand, this plant is
distributed along the coastal forest of the Gulf of Thailand
[7]. In the present study, taxonomic position of strain 10-
20SHSu’, isolated from rhizosphere soil of Sueda mar-
itima was determined using a polyphasic approach and it
is proposed as representing a novel species of the genus
Nonomuraea.
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Materials and methods
Bacterial strains and isolation

Strain 10-20SHSu” was isolated from the rhizosphere of
Suaeda maritima (L.) Dumort, collected from Phetchaburi
Province, Thailand. Collected plant roots were suspended in
sterile distilled water and briefly vortexed. Rhizosphere soil
obtained from the suspension was serially diluted and plated
on humic acid-vitamin agar [8] supplemented with nalidixic
acid (25 ug mI™") and nystatin (50 pg ml™") as the selective
medium. After the plates were incubated at 30°C for
21 days, the strain was transferred and purified on glucose
yeast extract (GYE) agar (containing glucose 1.0%, yeast
extract 1.0% and agar 1.5%, w/v). The pure culture of strain
10-20SHSu" was maintained on GYE agar slants for further
studies. Mycelia and spores were kept in glycerol solution
(20%, vlv) at -20°C for long-term preservation. Non-
omuraea soli JCM 17347%, Nonomuraea endophytica JCM
31210" and Nonomuraea candida JCM 15928" were used
for morphological, physiological, chemotaxonomic and
molecular taxonomic studies.

Morphological, physiological, and biochemical tests

The cultural and growth characteristics of strain
10-20SHSu" were examined on International Streptomyces
Project (ISP) [9] media 2, 3, 4, 5, 6 and 7 and GYE agar,
after incubation at 28 °C for up to 21 days. The colour of
substrate and aerial mycelia were determined by comparing
with the Colour Harmony Manual [10]. Mycelium forma-
tion was observed under scanning electron microscopy
(Quanta 450 FEI) after the strain was cultivated on ISP 2
agar at 28 °C for 10 days. The temperature range for growth
was determined on ISP 2 using a temperature gradient
incubator over the temperature range 14—45 °C for 14 days.
Growth at different pH (pH 4.0-9.0 at intervals of 1.0 pH
units), the medium was adjusted to the appropriate pH with
the buffer system: 0.1 M citric acid/0.1 M sodium citrate
(pH 4-5); 0.1 M KH,P0O40.1 M NaOH (pH 6-8); 0.1 M
NaHCO5/0.1 M Na,CO5; (pH 9-10). NaCl concentration
(0-10% at intervals of 1%, w/v) were examined on ISP 2
after incubation at 28 °C for 14 days. Utilization of carbo-
hydrates as sole carbon source at a final concentration of 1%
(w/v) was investigated on ISP 9 [9]. The utilization of (w/v)
nitrogen sources (1.0%), lysozyme resistance (0.005%) and
hydrolysis of adenine (0.4%), aesculin (0.1%), arbutin
(0.1%), cellulose (1.0%), casein (skimmed milk, 5.0%),
gelatin  (0.4%), guanine (0.4%), hypoxanthine (0.4%),
starch (1.0%), Tween 20 (1.0%, v/v), Tween 80 (1.0%, v/v),
L-tyrosine (0.4%), urea (1.8%), xanthine (0.4%) and xylan
(0.4%) were determined using various media as described
by Gordon et al. [11] and Williams et al. [12]. Enzyme

activities were determined using the API ZYM system
(bioMérieux) following the instructions of manufacturer.
Catalase and oxidase activities were determined with 3%
(v/v) hydrogen peroxide solution and 1% (w/v) tetramethyl-
p-phenylenediamine dihydrochloride solution, respectively.
Nitrate reduction and H,S production were also studied
following standard methods [13].

Chemotaxonomy

Freeze-dried cell for chemotaxonomic studies was
prepared by growing the strain in shaking flasks of GYE
broth at 28 °C for 3 days. Cultured cells were harvested by
centrifugation, and the pellet was washed thrice with sterile
distilled water prior to freeze drying. The isomer forms of
diaminopimelic acid were determined by the methods of
Becker et al. [14] and Hasegawa et al. [15]. Whole-cell
sugars and the presence of mycolic acids were determined
using TLC method [16, 17]. Polar lipids were extracted
from freeze-dried cells and examined by two-dimensional
TLC according to the procedure developed by Minnikin
et al. [18]. Cellular menaquinones were extracted from
freeze-dried biomass using the procedure of Collins et al.
[19]. The cellular fatty acids were determined by using the
Sherlock Microbial Identification System (version 6.2B;
MIDI database: RTSBAG6) according to the method of
Sasser [20]. The analysis was performed at Thailand Insti-
tute of Scientific and Technological Research.

Molecular analysis

Genomic DNA of strain 10-20SHSu® was extracted and
purified according to Kieser et al. [21]. The 16S rRNA gene
was PCR amplified from genomic DNA using primers 1F
(5'-TCACGGAGAGTTTGATCCTG-3") and 1530R (5'-
AAGGAGATCCAGCCGCA-3’), under the conditions as
described by Mingma et al. [22]. The sequencing of the
PCR product (by Macrogen, Korea) was performed using
primers 1F, 1530R, Mg4F (5'-AATTCCTGGTGTAGC
GGT-3’) and 782R (5'-ACCAGGGTATCTAATCCTGT-
3"). The nearly complete 16S rRNA gene sequence of strain
10-20SHSu™ (1447 nt) was compared to sequences of type
strains in GenBank [23] and EzBioCloud [24] databases.
Evolutionary trees were inferred with maximum-parsimony
[25], maximum-likelihood [26] and neighbour-joining [27]
tree-making algorithms in MEGA?7 software package [28].
The resultant tree topologies were evaluated using a boot-
strap analysis [29] on 1000 resampled datasets. The DNA
G + C content was determined by HPLC according to the
method of Tamaoka and Komagata [30]. DNA-DNA
relatedness among strain 10-20SHSu” and closely related
species of the genus Nonomuraea was investigated using
the method as reported by Ezaki et al. [31].
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Nucleotide sequence accession number

The GenBank accession number for the 16S rRNA gene
sequence of strain 10-20SHSu" is MG757745.

Results and discussion

Morphological, cultural, and physiological
characteristics

The morphological characteristics of strain 10-20SHSu™
were consistent with these of members of the genus Non-
omuraea. Strain 10-20SHSu" exhibited good growth on ISP
2 and GYE agar, moderate growth on ISP 3, ISP 4, ISP 5
and ISP 7 but poor growth on ISP 6 agar. The aerial
mycelium appeared orange on ISP 2, ISP 3, ISP 4, ISP 6
and GYE agar; white on ISP 5 and ISP 7 agar. Brown
soluble pigment was produced on ISP 2, ISP 3, ISP 4 and
GYE agar but no soluble pigment was observed on ISP 5,
ISP 6 and ISP 7 agar (Table S1). The strain formed an
extensively branched substrate and aerial mycelia that
formed straight or flexuous spore chains, which had bearing
more than 10 spores. Sporangia were not found (Fig. 1).
Growth occurred at 15-43 °C (optimum 27-38 °C), pH
5.0-9.0 (optimum pH 7.0-8.0) and in the presence of 0-3%
(w/v) NaCl. Other details of the phenotypic characteristics
are given in the species description and Table 1.

Chemotaxonomic characteristics

Strain 10-20SHSu" contained meso-diaminopimelic acid in
the cell-wall diamino acid. Whole-cell hydrolysates

a$ P g > 5
i oo
11:45:41 AM[15.00 kV| 12 000 x|12.4 um| 9.9 mm | SE ) _Center KU
Fig. 1 Scanning electron micrograph of strain 10-20SHSu” grown on
ISP 2 agar for 10 days at 28 °C. Bar indicates 4 um
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Table 1 Phenotypic characteristics that differentiate strain 10-
20SHSu" from its closely related Nonomuraea species

Characteristic 1 2 3 4
Oxidase - 4 _ _
Lysozyme (0.005%) - + — _
Hydrogen sulphide - - - 4
Growth at 43°C + - - +
Hydrolysis of:
Adenine - + — +
Starch + _ _ _
L-Tyrosine - - + +
Xylan - + - _
Utilization of carbon sources:
p(-)Fructose + — + +
D(—)Lactose + - + +
p(—)Sorbitol - + + _
D(+)Cellobiose + - + +
p(+)Galactose - - + _
D(+)Xylose + + _ +
L(+)Arabinose + - — +
myo-Inositol + - + +
Xylitol - + - +
Enzyme activities (API ZYM):
Acid phosphatase — + - +
Alkaline phosphatase - + + +
Esterase lipase (C8) - - + +
a-Fucosidase - - + _
a-Galactosidase + + - +
a-Mannosidase - - — +

Strain: 1, 10-20SHSu™; 2, N. soli JCM 17347; 3, N. endophytica JCM
31210"; 4, N. candida JCM 15928". All data were generated in the
present study unless otherwise indicated

+, positive; —, negative

contained madurose, galactose, glucose, mannose and
ribose. Mycolic acids were absent. Polar lipids were
diphosphatidylglycerol, hydroxy-phosphatidylethanolamine,
hydroxy-phosphatidylmonomethylethanolamine, phosphati-
dylethanolamine, phosphatidylglycerol, phosphatidylinositol
mannosides, phosphatidylinositol, phosphotidylmethyletha-
nolamine, two unidentified sugar containing phosphoami-
nolipids and an unidentified phospholipid (Fig. S1). The
predominant menaquinones were MK-9(H,) (59.9%) and
MK-9(H;) (32.8%). Minor menaquinone was MK-9(Hg)
(4.7%). Major cellular fatty acids were is0-Cyg. (19.4%),
10-methyl-C 7,9 (14.8%) and C;7.q (14.5%) and minor fatty
acids were Cig.9 (7.8%), 150-Cys5.¢ (5.6%), 180-Ci4.0 (5.1%)
and Cy4 (5.1%) (Table S2). The chemotaxonomic char-
acteristics of strain 10-20SHSu” are typical for the genus
Nonomuraea [1].
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Fig. 2 Neighbour-joining
phylogenetic tree based on
nearly complete 16S rRNA gene
sequences showing the
relationship between strain 10-
20SHSu™ and members of the
genus Nonomuraea.
Thermopolyspora flexuosa DSM
43186" was used as outgroup.
Asterisks indicate that the
corresponding branches were
also recovered in both
maximum-likelihood and
maximum-parsimony
phylogenetic trees. All positions
containing gaps and missing
data were eliminated. There
were a total of 1232 positions in
the final dataset. Bootstrap
values >50% (based on 1000
replications) are shown at
branch points. Bar, i
0.005 substitutions per
nucleotide position

59%

52 Nonomuraea syzygii GKU 164 (KF667499)
Nonomuraea monospora PT708T (FJ347524)
Nonomuraea thailandensis KC-061T (AB720113)
Nonomuraea solaniNEAU-Z6T (JQ073731)
Nonomuraea rhizophita YIM 670927 (HM755723)
-Nonomuraea rosea GW 126877 (FN356742)
60 L Nonomuraeapurpurea 1SM4-017 (LC148616)

Nonomuraea stahlianthi SC1-1T (LC032126)
78% ENonomuraea dietziae DSM 443207 (AJ278220)
83* Nonomuraea africana IFO 147457 (U48842)

-Nonomuraea helvatalFO 146817 (U48975)

Nonomuraea jabiensis A4036T (HQ157186)

Nonomuraea gerenzanensis ATCC 397277 (AJ582011)
Nonomuraea angiospora IFO 131557 (U48843)
Nonomuraea kuesteri GW 14-19257 (AJ746362)
Nonomuraea maheshkhaliensis 16-5-14T (AB290014)
Nonomuraea candidaHMC10T (DQ285421)

Nonomuraea turkmeniaca DSM 439267 (AF277201)
Nonomuraea salmonea DSM 436787 (X97892)
Nonomuraea endophytica YIM 656017 (GU367158)
Nonomuraea longicatena NRRL 155327 (AB018787)

54

7%

95*!

54%

-Nonomuraea guangzhouensis NEAU-Z J3T (KC417349)
A|:|7—I\b’wrm1raea suaedae 10-20SHSU™(MG757745)
99* Nonomuraea soli YIM 1207707 (JF742631)

Nonomuraeazeae NEAU-ND5ST (KR106591)

0.0050

Molecular analysis

The pairwise 16S rRNA gene sequence similarity of strain
10-20SHSu" revealed that the similarity ranged from 98.1
to 94.4% with sequences of the type strains of Nonomuraea
species with validly published names. The strain 10-
20SHSu” showed the highest 16S rRNA gene sequence
pairwise similarity with N. soli YIM 120770" (98.1%), N.
endophytica YIM 656017 (97.3%) and N. candida HMC10T
(97.3%). Furthermore, the phylogenetic tree based on
neighbour-joining method of the 16S rRNA gene sequences
showed that strain 10-20SHSu® formed a monophyletic
clade with N. soli YIM 120770" (Fig. 2), wherein the
branching was also recovered from phylogenetic trees based
on maximum-likelihood and maximum-parsimony methods
(Figs. S2 and S3). Phylogenetic tree with all members of the
genus Nonomuraea is shown in Fig. S4. The genomic DNA
G + C content of strain 10-20SHSu" was 71.9 mol%, within
the range of 64—74 mol% of Nonomuraea species [3, 5].
Strain 10-20SHSu" also showed a DNA-DNA relatedness
value of 55.9-59.3% to N. soli YIM 1207707, which was
below the recommended cut-off point of 70% for species
delineation [32]. Therefore, the genotypic data showed
that strain 10-20SHSu” belongs to the genus Nonomuraea
and can be distinguished from other species within
the genus.

On the basis of the phenotypic, chemotaxonomic and
phylogenetic characteristics presented, it is evident that

Thermopolyspora flexuosa DSM 431867 (AY039253)

strain 10-20SHSu” can be differentiated from previously
described type strains of species within the genus Non-
omuraea as shown in Table 1. Some differences between
strain 10-20SHSu™ and closely related type strains included
the hydrolysis of starch, which was positive in strain 10-
20SHSu", whereas the other type strains showed negative
result. Alkaline phosphatase production was negative in
strain 10-20SHSu”, but other type strains were positive.
Furthermore, the strain 10-20SHSu” was unable to produce
oxidase, sensitive to lysozyme and grew at 43 °C contrary
to N. soli JCM 17347T. Based on the above results, strain
10-20SHSu™ should be classified as a representative of a
novel species in the genus Nonomuraea, for which the name
N. suaedae sp. nov. is proposed.

Description of Nonomuraea suaedae sp. nov

Nonomuraea suaedae (su.ae’dae. N. L. gen. fem. n. suae-
dae of the genus Suaeda, pertaining to the plant S. maritima
(L.) Dumort).

Gram-stain-positive, aerobic and non-motile actinomy-
cete that forms an extensively branched substrate and aerial
mycelia. Spore chains are straight to flexuous. Spores are
observed to be rod and non-motile with a smooth surfaces.
Good growth is observed on ISP 2 and GYE agar, moderate
growth on ISP 3, ISP 4, ISP 5 and ISP 7 but poor growth on
ISP 6 agar. Colony colours vary from orange to deep orange.
Brown soluble pigment is produced on ISP 2, ISP 3, ISP 4

SPRINGER NATURE
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and GYE agar but no soluble pigment is observed on ISP 5,
ISP 6 and ISP 7. Grow at 15-43 °C (optimum 27-38 °C) and
in the range of pH 5.0-9.0 (optimum pH 7.0-8.0). The
maximum NaCl concentration for growth is 3% (w/v).
Positive for production of catalase and nitrate reduction but
negative for oxidase and H,S production. Sensitive to
0.005% lysozyme. Hydrolysis of aesculin, arbutin, carbox-
ymethyl cellulose, casein, gelatin, hypoxanthine, starch and
Tween 80 are positive, but negative for adenine, guanine, L-
tyrosine, Tween 20, urea, xanthine and xylan. Utilizes L(4)
arabinose, D(+)cellobiose, p(—)fructose, p(+)glucose, myo-
inositol, p(-)lactose, maltose, b(4)mannose, b(-)mannitol, b
(-H)raffinose, L(+)rhamnose, pD(—)ribose, sucrose, D(+)tre-
halose and p(+)xylose as sole carbon sources, but D(+)
galactose, sodium citrate, sodium propionate, p(—)sorbitol
and xylitol are not utilized. L-Asparagine, L-histidine and
KNO; are used as sole nitrogen sources. Shows activities of
a-chymotrypsin, cystine arylamidase, esterase (C4), o-
galactosidase, p-galactosidase, n-acetyl-p-glucosaminidase,
a-glucosidase, p-glucosidase, leucine arylamidase, naphthol-
AS-Bl-phosphohydrolase, trypsin and valine arylamidase.
Acid phosphatase, alkaline phosphatase, esterase lipase
(C8), a-fucosidase, p-glucoronidase, lipase (C14) and a-
mannosidase are negative. Contains meso-diaminopimelic
acid in cell-wall peptidoglycan. Galactose, glucose, madur-
ose, mannose and ribose are present in whole-cell hydro-
lysates. MK-9(H,) is a major menaquinone of the organism.
Polar lipids are diphosphatidylglycerol, hydroxy-phosphati-
dylethanolamine, hydroxy-phosphatidylmonomethylethano-
lamine, phosphatidylethanolamine, phosphatidylglycerol,
phosphatidylinositol ~ mannosides, phosphatidylinositol,
phosphotidylmethylethanolamine, two unidentified sugar
containing phosphoaminolipids and an unidentified phos-
pholipid. The predominant cellular fatty acids are is0-Cig.,
10-methyl-C,7.9 and Cj7,.

The type strain is 10-20SHSu” (= TBRC 8487" = NBRC
113448T), which was isolated from the rhizosphere of S.
maritima collected from Phetchaburi Province, Thailand.
The DNA G + C content of the type strain is 71.9 mol%.
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