The Journal of Antibiotics (2018) 71:564-574 JARA

https://doi.org/10.1038/541429-018-0036-0 ilaggr:l fﬁmﬁﬁon

X 2 The Society for
\*;ﬁ’ Actinomycetes Japan

ARTICLE
®

Check for

Streptosporangium minutum sp. nov., isolated from garden soil
exposed to microwave radiation

Marilize Le Roes-Hill®" - Kim Durrell ' - Alaric Prins'? - Paul R. Meyers ®*

Received: 13 October 2017 / Revised: 31 January 2018 / Accepted: 4 February 2018 / Published online: 7 March 2018
© The Author(s) under exclusive licence to the Japan Antibiotics Research Association 2018

Abstract

The actinobacterium, strain M26, was isolated from garden soil that was pre-treated with microwave radiation. The soil sample
was collected in Roodepoort, Gauteng Province, South Africa as part of an antibiotic-screening programme. The isolate
produced branched vegetative mycelium with sporangiophores bearing small sporangia ranging from 3 to 6 um in diameter.
Rapid genus identification revealed that the isolate belongs to the genus Streptosporangium. To confirm this result, the strain
was subjected to polyphasic taxonomic characterisation. Chemotaxonomic characteristics were as follows: meso-DAP in the
peptidoglycan, the whole-cell hydrolysate yielded madurose, predominant menaquinones were MK9 (21%), MK9(H,) (40%),
MKO9(Hy) (31%) and MK9(Hg) (3%); the polar lipid profile included an aminolipid, phosphoglycolipids, phosphatidyletha-
nolamine, and phosphatidylmonomethylethanolamine. In addition, the fatty acid profile showed the presence of C;¢ (12.8%),
C17.108¢ (14.2%), and 10-methyl-C;7.g (15.8%). Furthermore, 16S rRNA gene sequence phylogenetic analysis showed that the
strain is closely related to members of the genus Streptosporangium, which supports its classification within the family
Streptosporangiaceae. Strain M26" exhibited antibiosis against a range of pathogenic bacteria, including, but not limited to
Acinetobacter baumannii ATCC 196067, Enterobacter cloacae subsp. cloacae ATCC BAA-1143, Enterococcus faecalis
ATCC 51299 (vancomycin resistant), Escherichia coli ATCC 25922, Listeria monocytogenes ATCC 19111, Mycobacterium
tuberculosis H3TRVY, Pseudomonas aeruginosa ATCC 27853, Salmonella enterica subsp. arizonae ATCC 133147, and the
methicillin-resistant Staphylococcus aureus subsp. aureus ATCC 33591 (MRSA). The name Streptosporangium minutum is
proposed with the type strain M26" (=LMG 288507 =NRRL B-65295").

Introduction

The genus Streptosporangium was described by Couch in
1955 [1]. Up until the year 2000, the number of species with
validly published names within this genus remained low
(10 species). It has only been with the renewed effort in the

Electronic supplementary material The online version of this article

(https://doi.org/10.1038/541429-018-0036-0) contains supplementary search for new species that this genus now contains more
material, which is available to authorized users. than 25 described species [2]. Members of this genus are
known for their formation of spore vesicles which contain
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and Streptosporangium taraxaci isolated from dandelion
root [9].

Members of the genus Streprosporangium are known to
produce a range of useful secondary metabolites, which
include the antibiotics chloramphenicol, platomycin, and
dehydrosinefungin [10]. With the continuous increase in the
incidence of antimicrobial-resistant pathogenic micro-
organisms, there remains a great need for the discovery of
novel antimicrobials. In this study, soil samples were col-
lected from different sites in South Africa, actinobacteria
isolated using various isolation techniques, and isolates
screened for their ability to produce antimicrobial agents.
An actinobacterium, which exhibited excellent anti-
microbial activity, was isolated from garden soil that had
been subjected to a microwave pre-treatment step. To
determine the taxonomic position of the isolate, a poly-
phasic approach was followed.

Materials and methods
Isolation and cultivation

Soil samples were collected from a suburban garden in
Roodepoort, Gauteng Province, South Africa and were
subjected to a microwave pre-treatment step for the selec-
tive isolation of actinobacterial strains [11]. One gram of
soil was suspended in 10ml sterile distilled water and
vortexed for 1 min. One millilitre of the suspension was
transferred to a sterile glass petri dish, which was placed in
the centre of the microwave oven and microwaved for 20 s
on the highest power setting (LG model with a 1300 W
power output and 950 W microwave output). After the
microwave treatment, the soil suspension was allowed to
cool, serially diluted in sterile distilled water and spread-
plated onto various agar media. All media were supple-
mented with 100 pg/ml cycloheximide and 100 pg/ml
penicillin G. Strain M26" was isolated on Modified Czapek
agar (MC agar) [12] after incubation at 30 °C for 21 days.
Following isolation, strain M26' was maintained on oat-
meal agar (International Streptomyces Project medium 3)
supplemented with 0.1% (w/v) yeast extract (ISP3-YE) [13]
at room temperature and as a suspension of mycelial frag-
ments in glycerol (20%, v/v) at —20 and —80 °C.

Phenotypic characterisation

The morphological characteristics of strain M26" were
determined using standard methods [13]. The isolate was
grown on ISP3-YG (ISP3 supplemented with 1.0 g yeast
extract, 2.0 g glucose and 2.0 g glycerol per litre) [13] at 30
°C for 14 days, and the morphological characteristics were
observed under a light microscope and by cryo-scanning

electron microscopy. Standard physiological tests were
performed as described previously [13, 14]. For the degra-
dation of Tween 80 and nitrate reduction, the media were
supplemented with 0.2% (w/v) yeast extract. ISP media
were prepared as described previously [15]. Antibiotic
resistance was determined by incorporation of the anti-
biotics into Bennett’s medium agar plates [16] at the
recommended concentrations [14]. Physiological char-
acteristics were determined after growth at 30 °C (unless
otherwise stated) for the recommended incubation periods.
Carbon source utilisation was initially determined using the
recommended C-1 and C-2 media [13], but better results
were obtained using ISP medium 9 (ISP9) as the basal
medium [15]. All carbon sources for carbon utilisation tests
were filter-sterilised and tested at the recommended con-
centrations [13, 14]. Utilisation of organic acids and resis-
tance to lysozyme were determined as described previously
[17] and iodinin production was tested on ISP3-YG agar
[13]. For comparative purposes, Streptosporangium canum
DSM 45034, Streptosporangium roseum DSM 430217,
Streptosporangium vulgare DSM 438027, and Streptos-
porangium album DSM 43023" were subjected to the same
physiological tests. Staining was performed using the
standard Gram staining technique.

Chemotaxonomic characterisation

The diaminopimelic acid (DAP) isomer and whole-cell
sugar pattern were determined by standard methods [18],
with the exception that freeze-dried cells were used instead
of colonies from agar plates. Freeze-dried cells were
obtained from a 500 ml culture of strain M26" grown in a
medium for the enhancement of antibiotic production by
Streptosporangium  strains (SM, g/L; 10.0 glucose,
10.0 soluble starch, 10.0 glycerol, 2.5 tryptone, 5.0 bac-
teriological peptone, 2.0 yeast extract, 1.0 NaCl, 3.0
CaCOj3, made up to 11 with tap water, pH 7.3) [19]. The
culture was incubated on a rocking shaker at 30 °C for
10 days. Analyses of respiratory quinones, phospholipids
and whole-cell fatty acids were carried out by the Identi-
fication Service, Deutsche Sammlung von Mikroorganis-
men und Zellkulturen GmbH (DSMZ), Braunschweig,
Germany.

Genotypic characterisation

The 16S rRNA gene was amplified by the polymerase chain
reaction using the bacterial 16S rRNA gene primers F1 and
R5 [20], and the amplified DNA was subjected to a rapid
identification method [20]. PCR conditions were as
described previously [20]. The amplified DNA was purified
for sequencing using a QIAquick PCR purification kit
(Qiagen). The sequence was submitted to BLASTn [21] and
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EzTaxon-e (http://www.ezbiocloud.net) [22] to determine
the phylogenetic neighbours of strain M26". All type strains
of the genus Streptosporangium were used for the con-
struction of 16S rRNA gene phylogenetic trees. The soft-
ware package MEGA (Molecular Evolutionary Genetics
Analysis) version 6.01 [23, 24] (http://www.megasoftware.
net/) was used. The rooted phylogenetic trees were con-
structed using the neighbour-joining (NJ) [25], minimum
evolution and maximum parsimony (MP) methods [26], and
evaluated by bootstrap resampling (1000 replications).
Actinomadura madurae DSM 430677 (GenBank accession
number: X97889) was used to root the trees. For the gyrB
and concatenated gyrB-recA gene analyses, sequence align-
ments were carried out using MUSCLE [27] in MEGA 6 with
default settings. All columns containing gaps were deleted.
Phylogenetic trees were constructed using the maximum-
likelihood [28], MP [26] and NJ [25] algorithms using the
default settings in MEGA 6 for each algorithm. The Kimura
two-parameter model [29] was used as the substitution model
for the maximum-likelihood and NJ data. Each tree was
bootstrapped using 1000 resampled data sets [30]. No filters
were applied. GyrB amino acid sequences were determined
from gyrB gene sequences translated in silico using DNA-
MAN version 4.13 (Lynnon BioSoft).

Genome sequencing

Total genomic DNA was isolated by an established method
[31] and used in whole genome sequencing. The DNA
concentration was determined using a Qubit” Fluorometer
(Invitrogen). Genome sequencing was performed by Dr
Kirby-McCullough (Department of Biotechnology, Uni-
versity of the Western Cape, Cape Town) on the Illumina
Miseq platform, generating 1 595 136 reads. Processing of
the Illumina sequencing reads and assembly into a draft
genome was performed using the latest version of the
AS5-miseq assembly pipeline [32]. Quality assessment
of the genome was performed using the web-interface of
QUAST, developed by the Centre for Algorithmic Bio-
technology [33].

Secondary metabolite biosynthetic gene clusters
(smBGCs) and possible compounds encoded by the genome
sequence were predicted using antibiotics & Secondary
Metabolite Analysis SHell (antiSMASH) [34]. Genes were
assigned as Clusters of Orthologous Groups (COGs) and
sequence similarity detected by BLAST. In addition, com-
parative genome analysis of strain M26" and its closest
phylogenetic neighbours (S. canum CGMCC 4.2126" and
S. roseun DSM 430217) were performed with CGView
Comparison Tool (CCT) software (http://stothard.afns.ua
Iberta.ca/downloads/CCT/) [35, 36]. In addition, the gen-
ome sequence of strain M26" was submitted as a query
genome to the Genome-to-Genome Distance Calculator 2.1
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(GGDC; https://ggdc.dsmz.de/ggdc.php). The genome
sequence was compared to the reference genomes of S.
canum CGMCC 4.2126" and S. roseum DSM 430217 for a
genome-based species delineation [37].

DNA-DNA hybridisation

DNA-DNA hybridisation was performed between strain
M26" and the type strains of S. album DSM 43023T, S.
canum DSM 450347, S. roseum DSM 430217, and S. vul-
gare DSM 43802T. The analysis was performed by the
BCCM/LMG culture collection (Belgium). Genomic DNA
was isolated using a modification of a published protocol
[38]. Hybridisations were performed according to a mod-
ification [39, 40] of an established method [41].

Antimicrobial activity assays

Antimicrobial activity was determined by the sloppy-agar
overlay technique. For this technique, the isolate was stab-
inoculated with sterile toothpicks into SM agar in duplicate.
Plates were incubated for 10 days at 30 °C (the duplicate set
at 37°C), and overlaid with 6 ml sloppy agar [42] con-
taining the test bacterium. Strain M26" was also cultured in
500 ml SM for 10 days at 30 °C (160 rpm). The culture was
filtered through a coffee filter (House of Coffees, 1 x 4 sized
filters). The cell mass of the isolate was sequentially
extracted with methanol, chloroform and ethyl acetate, and
the culture filtrate sequentially extracted with chloroform
and ethyl acetate (Supplementary Figure S1). The 50x
concentrated extracts were tested for antimicrobial activity
using a modified filter-paper agar disk-diffusion assay [43].
The extracts were spotted onto sterile filter-paper disks (6
mm, Whatman 3 MM, Reeve Angel, NJ, USA) and allowed
to dry before being placed onto agar plates inoculated with
the test microorganisms. The agar plates were inverted and
incubated at each test strain’s optimal growth temperature
for 24-36 h and then the diameter of the growth inhibition
zones was measured. The antimicrobial assay was per-
formed in duplicate. Negative control filter-paper disks
contained extracts from un-inoculated SM medium,
while commercial antibiotics (vancomycin and ampicillin;
100 pg/ml) were used as positive controls. In addition,
antibacterial activity of the concentrated extracts was also
determined by bioautography [44]. The growth conditions
of the various test strains are summarised in the supple-
mentary material.

Nucleotide and genome sequence accession
numbers

The GenBank accession number for the 16S rRNA gene
sequence of Streptosporangium  minutum M26" s
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Fig. 1 16S rRNA gene
phylogenetic tree, obtained by
the neighbour-joining method,
showing the position of strain
M26" in the genus
Streptosporangium. The 16S
rRNA gene sequence of
Actinomadura madurae DSM
43067T was used as an out-
group. All sequences were
edited to the longest common
region (1385 bp). GenBank
sequence accession numbers are
given in parentheses. Numbers
at the nodes show the percentage

bootstrap values (only values > 85

Streptosporangium yunnanense CY-11007" (AF191733)
Streptosporangium purpuratum CY-1511 o' (AF191735)
Streptosporangium nanhuense NEAU-NH11" (KF146932)
Streptosporangium jiaoheense NEAU-Jh1-4T (KM000836)
Streptosporangium taraxaci NEAU-Wp2-0" (KM000840)
Streptosporangium shengliense NEAU-GH7' (KC513503)
Streptosporangium sonchi NEAU-QS7" (KF928747)

Streptosporangium kronopolitis NEAU-ML10" (KF956805)
Streptosporangium lutulentum MEAU-FHSN1" (KF887910)
Streptosporangium corydalis NEAU-Y6' (KF956806)

Streptosporangium fenghuangense NEAU-hd-3" (KF982694)
Streptosporangium subroseum CY-7113" (AF191734)
Streptosporangium longisporum DSM 43180" (X89944)

50% are shown). Asterisks
indicate the clades that were
conserved when the neighbour-
joining, minimum evolution and
maximum parsimony methods
were used in constructing the
phylogenetic tree. Bar, 5 nt
substitutions per 1000
nucleotides

56

*85|

71

52

o

Streptosporangium oxazolinicum K07-0460" (AB594818)
Streptosporangium amethystogenes subsp. fukuiense AL-23456" (AB537172)
Streptosporangium amethystogenes subsp. amethystogenes DSM 43179" (X89935)
Streptosporangium minutum M26" (FJ265773)
Streptosporangium canum 71 77" (AY996844)

Streptosporangium album DSM 43023" (X89934)

+54 Streptosporangium roseum DSM 430217 (NR 074558)
*68 Streptosporangium vulgare DSM 43802" (X89955)
Streptosporangium carneum A84575' (X89938)

_'90'_— Streptosporangium jomthongense NBRC 110047 (JQ922513)
Streptosporangium algeriense 169" (KP974644)

Streptosporangium violaceochromogenes ATCC 21807" (U48997)

Streptosporangium terrae VRC21" (JX082289)
Streptosporangium saharense SG20' (KT581983)
Streptosporangium subfuscum NEAU-TWSJ13" (KF913196)
Streptosporangium becharense SG1' (KU593506)
Streptosporangium fragile DSM 43847 (U48992)
Streptosporangium anatoliense N9999" (HQ157194)

Streptosporangium pseudovulgare ATCC 27100" (X89946)

Streptosporangium sandarakinum GW-12028" (JX977118)

*99 Streptosporangium nondiastaticum ATCC 271017 (X89945)
Actinomadura madurae ATCC 19425" (X97889)

*96|

0.005

FJ265773. The accession numbers for the gyrB and recA
gene sequences used in this study are listed in Supple-
mentary Table S1. The genome sequence has been depos-
ited at DDBJ/ENA/GenBank under the accession
NGFP00000000.

Results and discussion

Strain M26" was isolated from garden soil through the use of
a selective isolation technique (microwave pre-treatment).
A rapid identification technique [20] placed strain M26T
within a group containing Streptosporangium species. A
1466 bp 16S rRNA gene sequence was obtained for strain
M26". A search of the EzTaxon-e server showed 99.24%

pairwise similarity to S. canum HBUM 1700187, 99.17% to
S. vulgare DSM 43802%, 99.17% to S. roseun DSM 43021T
and a 99.03% pairwise similarity to S. album DSM 43023,
A phylogenetic tree of Streptosporangium type strains and
strain M26" (Fig. 1) showed that strain M26" clustered with
the type strains of S. canum, S. album, S. roseum and S.
vulgare. This association was supported by a bootstrap value
of 85% in the NJ tree and was also seen in the trees con-
structed using the minimum evolution and MP methods.
Strain M26" has the IVEAEGR amino-acid signature
sequence (S. roseurn DSM 430217 GyrB positions 79-85)
characteristic of the S. roseum clade in gyrB phylogenetic
trees [45]. As expected, phylogenetic analyses based on
1738-nt gyrB gene sequences for 123 members of the
family Streptosporangiaceae showed that strain M26"
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Fig. 2 Maximum-likelihood
phylogenetic tree of the family
Streptosporangiaceae based on
concatenated gyrB and recA
genes. The tree is based on an
alignment of 123,2632-nt
sequences. Numbers at the
nodes show the percentage
bootstrap support for each node

(only values > 50% are shown). 99

*100 Microbispora (16)

*100

*100

99 =msmmm Sphaerimonospora (3)

*100

— |
W‘_*m__«

“100 Acrocarpospora (4)

= ]
*100 *100 Herbidospora (11)

Microtetraspora (4)

Planotetraspora (5)

The clades for genera other than
Streptosporangium have been
compressed (the number in
parentheses after each genus

_‘A<

Thermopolyspora flexuosa NBRC 143497

Thermocatellispora tengchongensis DSM4561 5

Sphaerisporangium (9)

name shows the number of
sequences used in the analysis of
that genus). Asterisks show the
nodes that were also obtained in
phylogenetic trees constructed
with the neighbour-joining and
maximum-parsimony
algorithms. The scale bar
indicates 2 nt substitutions per
100 nucleotides

97

S. fragile NRRL B-16437"

S. nanhuense DSM 46674"

*93
S. vulgare NRRL B-2633"

S. purpuratum DSM 44688"
S. oxazolinicum JCM 173887
S. amethystogenes ssp. amethystogenes NRRL B-2639"

*100 S. amethystogenes ssp. fukuiense DSM 447797

*100

64

*100

S. longisporum NRRL B-16783"
S. subroseum DSM 446627

100 [ S- nondiastaticum DSM 438487
*100 | L S. sandarakinum DSM 45763"

S. pseudovulgare NBRC 139917

S. anatoliense NRRL B-24830"

Planomonospora (5)

S. carneum NBRC 155627

S. terrae KCTC 29207"

S. jomthongense NBRC 1100477

S. violaceochromogenes NRRL B-16784"
S. album NRRL B-2635"

S. roseum DSM 430217

*100
100 S. minutum M26"
58| S. canum DSM 450347
"83L's. yunnanense DSM 44663"
100 ey Planobispora (4)
99 Nonomuraea (2)
57
97 Nonomuraea soli DSM 455337
99 Thermoactinospora rubra DSM 456147
*99
89 Nonomuraea (34)
0.02

clustered with all of the other Streprosporangium type
strains that have the IVEAEGR amino-acid signature
sequence: Streptosporangium carneum, Streptosporangium
terrae, Streptosporangium jomthongense,
angium violaceochromogenes, S.

Streptospor-
album, S. canum,

SPRINGER NATURE

Streptosporangium yunnanense and S. roseum [46]. The
association of the nine members of the S. roseum GyrB
group was supported by a bootstrap value of 84% in the
maximum-likelihood (ML) tree (Supplementary Figure S2).
This clustering was also seen in the NJ and MP trees with
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Fig. 3 Comparative visualisation of circular genome maps of Strep-
tosporangium roseum DSM 430217 (reference genome) compared
with Streptosporangium canum CGMCC 4.2126" and Streptospor-
angium minutum M26" generated with CGview comparison tool. In
the outermost rings, the genes identified by Clusters of Orthologous
Groups (COGs; description of COG categories in Supplementary
Table S3), followed by blue forward and reverse strand CDSs, tRNAs
in orange, rRNA in pink and other RNAs in grey. In the intermediate
rings; ring 1 describes the relationship between the reference genome
(S. roseun DSM 430217) and S. canum CGMCC 4.2126 and ring 2
describes the relationship between S. roseum DSM 430217 and strain
M26. a DNA-vs-DNA map: the BLAST hits are coloured according
to the percent identities of matches (black to light red, 100-90%

bootstrap values of 88 and 54%, respectively (data not
shown). Strain M26" was very closely associated with the
type strains of S. canum, S. yunnanense and S. roseum in all
three trees. The bootstrap support for this sub-cluster was
very high (100% in all three trees).

The ML phylogenetic tree of the family Streptospor-
angiaceae based on 123 2632-nt concatenated gyrB-recA
gene sequences showed that all 21 type strains of Strep-
tosporangium species with validly published names used in
the analysis grouped with very strong bootstrap support
(97%; Fig. 2). This association was also seen in the NJ
phylogenetic tree (bootstrap value 99%; data not shown),
but not the MP phylogenetic tree (data not shown). The
genus Planomonospora formed a well-supported group
within the evolutionary radiation occupied by the genus
Streptosporangium, as has been demonstrated before [47].
Strain M26" clustered with the type strains of S. album, S.
roseum, S. canum and S. yunnanense with very strong
bootstrap support (100% in the ML tree; Fig. 2). This five-
strain cluster was also seen in the NJ and MP trees with very
strong bootstrap support (99-100%; data not shown).

DNA-DNA hybridisation (DDH) studies showed that
strain M26" is a distinct genomic species. DNA re-
association values were below the 70% DNA relatedness

identity; blue to light blue, 88—-82% identity; and lightest shade of blue,
0% identity). b CDS-vs-CDS map: the BLASTp hits are coloured
according to the percent identities of matches (black to light red,
100-50% identity; blue to light blue, 50-10% identity; and lightest
shade of blue, 0% identity). BLAST hits are drawn with height pro-
portional to percent identity of the hit. In the innermost rings GC
content in black (peaks outside the circle indicate above average and
peaks inside the circle indicates below average GC content). GC dis-
tributions were measured on the basis of GC skewed using the equa-
tion: GC-skew = (G — C) /(G + C), where purple indicates values less
than 1 and green indicates values >1. Numbers on the inside denotes
the nucleotide positions within the chromosome

cutoff recommended [48] for the distinction between pro-
karyotic genomic species: 40 +23% with S. roseurn DSM
430217, 43+ 6% with S. canum DSM 45034", 14 +4%
with S. vulgare DSM 43802T, and 20 + 14% with S. album
DSM 43023". When the genome sequences were analysed
using GGDC 2.1, a DDH estimate of 59.90% [57.1-62.7%]
was obtained for strain M26" and S. roseum DSM 430217,
and a DDH estimate of 67.20% [64.2-70%)] for strain M26"
and S. canum CGMCC 4.2126". For this reason, a phylo-
genetic comparison of the genome data of strain M26" with
its closest related species was determined (Fig. 3). The
genome sequence of S. roseum DSM 430217 was used as a
reference genome to build a BLAST atlas to compare the
genome sequences of S. canum CGMCC 4.2126" and strain
M26" as the genome for S. rosewn DSM 430217 is a
complete genome, whereas, the genome assemblies for S.
canum CGMCC 4.2126" and strain M26" are high quality
drafts. Genomic analysis of strain M26" revealed a high
degree of similarity between S. canum CGMCC 4.2126"
and S. roseum DSM 430217, in which conserved regions
are clearly observed, where 100-90% nucleotide identities
are black to light red in colour (Fig. 3a). Coding sequence
analysis of strain M26" in comparison to S. canum CGMCC
4.2126" and S. roseun DSM 430217 on the other hand,
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Table 1 A comparison of the phenotypic characteristics of strain M26T (1) with the type strains of S. album DSM 43023" (2), S. canum DSM

45034T (3), S. roseun DSM 430217 (4) and S. vulgare DSM 438027 (5)

Characteristic 1 2 3 4 5
Sporangium diameter 3-6 um 6-10 um® 3-6 um? 6-10 pum; up to 6—10 um?*
20 um?

Sporangiophore length Short (4-6 Short (10 pm)* ND Short (10 pm)* Short (10 um)*
pm)

Spores Spherical to Spherical to ND Spherical® Spherical to
oval oval® oval®

Colour of aerial Rose-pink White* ND Pink* Pink*

mycelium:

Oatmeal agar

Colour of substrate Red-brown Yellow-brown ND Red-orange to Red-orange to

mycelium: to brown* yellow-brown® yellow-brown?

oatmeal agar

Diffusible pigment: Rose-pink = — Red-brown to -

Oatmeal agar purple-brown®

Utilisation of carbon — + + - —

sources: L

(+) Arabinose

p(—) Fructose + + + - +

p(+) Galactose + + — — +

Meso-inositol + - + - -

p(+) Mannose + + =+ — +

D(+) Melibiose + - - - —

Raffinose + + - - -

L(+) Rhamnose + + + - -

p(+) Xylose + - + — +

Gelatin liquefaction — + + — —

Requirement for B - + + + +

vitamins

Nitrate reduction + - + -

Degradation of: + - + - +

Cellulose

Hypoxanthine + — — — —

Starch + — — — +

L-tyrosine + — — — +

Xanthine W+ — — - -

+ positive, — negative, W4 weakly positive, ND not determined

 Information obtained from Quintana & Goodfellow [13]

reveals distinct differences between these strains with a
large number of BLAST identities below 50% (Fig. 3b).
These results highlight the fact that there are sufficient
genetic differences between strain M26" and its phylogen-
etically closest neighbours S. canum CGMCC 4.2126" and
S. roseun DSM 430217 to support its classification as a
unique genomic species.

Table 1 lists the phenotypic differences between strain
M267 and its closest phylogenetic relatives. Growth of the
type strain is observed in the presence of cephaloridine
(100 pg/ml), oleandomycin (100 pg/ml), penicillin G
(101U/ml), rifampicin (50 ug/ml) and streptomycin

SPRINGER NATURE

(100 pg/ml), but not in the presence of gentamicin
(100 pg/ml), kanamycin (10 pg/ml), lincomycin (100 pg/ml),
lysozyme (0.005%, w/v), neomycin (50 pg/ml), tobramycin
(50 pg/ml) and vancomycin (50 pg/ml). From cryo-scanning
electron microscopy (Fig. 4), the presence of very small
sporangia borne on sporangiophores is clearly visible. The
sporangiophores were typically 4-6 um in length and the
sporangia had a diameter of 3-6 um. When plates con-
taining mature sporangia were flooded with water, no spore
motility was observed under a light microscope.

The chemotaxonomic characteristics of strain M26" are
consistent ~ with ~ membership  of the  genus
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Fig. 4 Cryo-scanning electron micrograph of strain M26" grown on
ISP3-YG agar at 30 °C for 14 days. Sporangiophores bearing spor-
angia are clearly visible. The bar represents 2 pm

Staphylococcus aureus subsp. aureus ATCC 29213, and
Salmonella enterica subsp. arizonae ATCC 133147, Weak
bio-activity was detected by filter-paper disk-diffusion
assay against Acinetobacter baumannii ATCC 19606,
Bacillus cereus ATCC 10876, E. coli ATCC 25922,
Enterococcus faecalis ATCC 29212, E. faecalis ATCC
51299 (vancomycin resistant), Listeria monocytogenes
ATCC 19111, methicillin-resistant S. aureus subsp. aureus
ATCC 33591, Pseudomonas aeruginosa ATCC 27853, S.
enterica subsp. arizonae ATCC 133147, S. aureus subsp.
aureus ATCC 29213, and the yeast test strain Candida
krusei ATCC 34135. Very weak bio-activity with regrowth
occurring around the filter-paper disk was detected against
multidrug-resistant A. baumannii ATCC BAA-1605.
Activity against Bacillus subtilis var ING, M. aurum A+,
Mycobacterium smegmatis LR222, Mycobacterium tuber-
culosis H37Rv", and P. aeruginosa ATCC 27853 was

Table 2 Predicted gene clusters in the Streprosporangium minutum M26" genome data compared with its phylogenetically closest neighbours
Streptosporangium canum CGMCC 4.2126" and Streptosporangium roseum DSM 430217

Organism Size of genome No. of smBGCs PKS NRPS Hybrid PKS/ Other Hybrid
(Mb) NRPS NRPS
TI1PKS T2PKS T3PKS
S. minutum M26" 9.58 41 3 1 1 20 — —
S. canum CGMCC 9.27 29 2 — 1 8 4 1
421267
S. roseun DSM 430217 10.34 25 2 — 1 6 3 1

Mb megabases, smBGCs secondary metabolite biosynthetic gene clusters, PKS polyketide synthase, 7/PKS Type 1 PKS, T2PKS Type 2 PKS,
T3PKS Type 3 PKS, NRPS non-ribosomal peptide synthetase, — none detected.

Streptosporangium. Meso-DAP was detected in its pepti-
doglycan and the whole-cell hydrolysates yielded madurose
as the dominant sugar, which is indicative of a cell wall
Type III with a Type B sugar pattern (characteristic of the
genus Streptosporangium) [49]. The predominant phos-
pholipids detected were phosphatidylethanolamine, phos-
phatidylmonomethylethanolamine, an aminolipid, three
phosphoglycolipids and three unidentified phospholipids
(Supplementary Figure S3). MK9 (21%), MK9(H,) (40%),
MK9(H,) (31%) and MK9(He) (3%) were detected as the
predominant menaquinones, while C;3q (1.2%), i-Ci49
(4.2%), Ciao (1.7%), 1-Cis (1.1%), Cisy (4.8%), 1-Cigo
(4.8%), Ci6.109¢ (2.0%), Ci0 (12.8%), 10-methyl-Cig.
4.1%), Cy7.108¢ (14.2%), Ci7.,06¢ (2.0%), Cy7.9 (7.6%),
10-methy1—C17:0 (158%), C18:1m9c (61%), C]g:o (21%) and
10-methyl-C,g.o (tuberculostearic acid; 3.9%) were the fatty
acids detected. These results all support the assignment of
strain M26" to the genus Streptosporangium.

Weak to moderate antibiosis was exhibited (in agar
overlays) against Burkholderia cepacia ATCC 254167,
Enterobacter cloacae subsp. cloacae ATCC BAA-1143,
Escherichia coli ATCC 25922, Mycobacterium aurum A+,

observed during bioautography experiments (Supplemen-
tary Table S2).

The draft genome size of strain M26" was determined to
be 9 581 266 bp (549 scaffolds; Nsy-score of 30 587 bp)
with a G 4+ C mol% of 70.77%. The M26" genome contains
8779 coding sequences (CDSs) of which 8073 are protein-
coding genes. Eighty-five RNAs were detected with 21
being rRNA genes, 61 tRNA genes and three non-coding
RNA genes. At least three CRISPR arrays were detected in
the M26" genome and a total of 706 pseudogenes were
detected. Genome sequence analysis of M26" for potential
secondary metabolite biosynthetic gene clusters (smBGCs)
using the antiSMASH bioinformatics tool led to the iden-
tification of 41 BGCs with at least five polyketide synthases
(PKSs) of which three were type I PKSs, one type 2 PKS
and one type 3 PKS. Twenty non-ribosomal peptide syn-
thetases (NRPSs) were predicted by antiSMASH for M26",
along with four lantipeptides, five terpene clusters, one
siderophore cluster, one thiopeptide, one butyrolactone, one
bacteriocin, and three gene clusters labelled as “other”. The
biosynthetic potential of strain M26" was compared to its
phylogenetically closest neighbours for which a genome
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sequence was available: S. canum CGMCC 4.2126" and S.
roseum DSM 430217 (Table 2). It is clear that in compar-
ison to these commonly known natural product producers,
strain M26" contains more BGCs, particularly NRPS gene
clusters. However, the antiSMASH annotation reveals that
at least 39 and 29% of gene clusters from M26" show high
similarities to those from the genome of S. canum CGMCC
4.2126" and S. roseurn DSM 430217, respectively. While a
high percentage of strain M26" BGCs correspond to known
BGCs found in the genomes of S. canum CGMCC 4.2126"
and S. roseum DSM 430217, predictions made with anti-
SMASH demonstrated that at least 46% of strain M26"
secondary metabolite biosynthetic genes encode for new
compounds, with ~46% of smBGCs showing low percen-
tage similarity (below 50% homology) to known clusters.
Only approximately 7% of smBGCs showed high percen-
tage similarity to known gene clusters. These include a type
3 PKS gene cluster which shares 100% nucleotide sequence
similarity with the alkylresorcinol biosynthetic gene cluster
from Streptomyces griseus subsp. griseus NBRC 13350;
[50-52] a type 2 PKS gene cluster, which shares 87%
nucleotide sequence similarity to a hexaricin biosynthetic
gene cluster from Streptosporangium sp. FXJ7.131; [53]
and an NRPS that showed 63% nucleotide sequence simi-
larity to a coelichelin biosynthetic gene cluster from
Streptomyces coelicolor A3(2) [54, 55].

On the basis of the polyphasic taxonomic analysis
described, strain M26" is proposed to be a novel member of
the genus Streptosporangium and is named Streptospor-
angium minutum (type strain M26" =LMG 28850 =
NRRL B-652957).

Description of Streptosporangium minutum sp. nov

Streptosporangium minutum (mi.nu’tum. L. neut. adj.
minutum — very small, referring to the small size of the
sporangia).

Gram-staining-positive  actinobacterium.  Abundant
growth is observed on ISP3, ISP3-YE and ISP3-YG. On all
three media, red-brown substrate mycelium with light pink
aerial mycelium is clearly visible. No growth is observed on
ISP2, but sparse growth occurs on inorganic salts-starch
agar (ISP4) and on glycerol-asparagine agar (ISP5). A light
rose-pink diffusible pigment is produced on ISP3 and a dark
red-brown diffusible pigment is produced on ISP3-YG. No
iodinin production is observed on ISP3-YG and B vitamins
are not required for growth.

Grows in the presence of 0.3% w/v 2-phenylethanol,
0.0001% w/v crystal violet, 3% w/v NaCl (but not 4%) and
0.1% v/v phenol, but not in the presence of sodium azide
(0.01% w/v). Weak growth occurs at 4 °C, abundant growth
at 30 °C and 37 °C, but no growth at pH 4.3 or at 45 °C.
Uses L-histidine, L-hydroxyproline, potassium nitrate, L-
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serine and L-threonine as sole nitrogen sources, but not DL-
a-amino-n-butyric acid, L-arginine, L-cysteine, L-phenyla-
lanine or L-valine. Uses adonitol, p(—) fructose, D(+)
galactose, D(+) glucose, inulin, meso-inositol, b(+) lactose,
Dp(4) mannose, D(+) melezitose, b(+) melibiose, raffinose,
L(+) rhamnose, ribose, salicin, sucrose, xylitol and p(+)
xylose as sole carbon sources. Sodium acetate (0.1%) and
sodium citrate (0.1%) are utilised weakly, but L(+) arabi-
nose, p(+) cellobiose, b(—) mannitol and trehalose are not
utilised.

H,S production occurs and nitrate is reduced (medium
supplemented with 0.2% w/v yeast extract). Lecithinase
activity is observed on egg-yolk agar, but not lipase or
protease activity. Hippurate is hydrolysed, but pectin is not.
Degrades aesculin, arbutin, casein, cellulose, hypoxanthine,
starch, Tween 80 (supplemented with 0.2% w/v yeast
extract), L-tyrosine and xylan; xanthine is degraded weakly,
but adenine, allantoin, gelatin, guanine and urea are not
degraded. Utilises the organic acids, sodium acetate, sodium
citrate, sodium L-lactate, sodium DL-malate, sodium suc-
cinate, and sodium L-tartrate. Sodium benzoate, sodium
butyrate, sodium formate, sodium gluconate, sodium mal-
eate, sodium mucate, sodium oxalate, sodium salicylate and
sodium sorbate are not utilised.

The whole-cell hydrolysate contains meso-DAP and
madurose. The predominant phospholipids are phosphati-
dylethanolamine, phosphatidylmonomethylethanolamine,
an unidentified aminolipid, three unidentified phosphogly-
colipids and three unidentified phospholipids. MK9, MK9
(H,), MK9(H4) and MK9(Hg) are the predominant mena-
quinones, while Cy¢.0, C17.;08¢ and 10-methyl-C,7., are the
predominant fatty acids. A G+ C mol% of 70.77% was
determined for the type strain from whole genome
sequencing.

The type strain, M26" (=LMG 28850" =NRRL B-65295"),
was isolated from soil pre-treated with microwaves.
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