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Abstract

The taxonomic position of strain 15-057AT, an acidophilic actinobacterium isolated from the bronchial
lavage of an 80 year old male, was determined using a polyphasic approach incorporating morphologic,
phenotypic, chemotaxonomic and genomic analyses. Pairwise 16S rRNA gene sequence similarities
calculated using the GGDC web server between strain 15-057A" and its close phylogenetic neighbours,
Streptomyces griseoplanus NBRC 12779" and Streptacidiphilus oryzae TH49™ were 99.7% and 97.6%,
respectively. The G+C content of isolate 15-057AT was determined to be 72.6 mol %. DNA-DNA
relatedness and average nucleotide identity between isolate 15-057AT and S. griseoplanus DSM 4009
were 29.2% +/-2.5% and 85.97%, respectively. Chemotaxonomic features of isolate 15-057AT were
consistent with its assignment within the genus Streptacidiphilus: whole cell hydrolysate contained LL-
Aopm as diagnostic diamino acid and glucose, mannose and ribose as cell wall sugars; the major
menaquinone is MKO9(Hg); the polar lipids profile consisted of diphosphatidylglycerol,
phosphatidylethanolamine, phosphatidylinositol, glycophospholipid, aminoglycophospholipid and

unknown lipid; the major fatty acids (>15%) are anteiso-Cis.0 and iso-Cie:0. Phenotypic and morphological
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traits distinguish isolate 15-057AT from its closest phylogenetic neighbours. The results of our taxonomic
analyses showed that strain 15-057A" represents a novel species within the evolutionary radiation of the
genus Streptacidiphilus for which the name Streptacidiphilus bronchialis sp. nov. is proposed, with strain

15-057AT (= DSM 106435" = ATCC BAA-2934) as a type strain.

The genus Streptacidiphilus of the family Streptomycetaceae [1] was established by Kim et al. [2] and
currently comprised of twelve species with validly published names: Streptacidiphilus albus [2],
Streptacidiphilus anmyonensis [3], Streptacidiphilus carbonis [2], Streptacidiphilus durhamensis [4]
Streptacidiphilus hamsterleyensis [5], Streptacidiphilus jiangxiensis [6], Streptacidiphilus melanogenes
[3], Streptacidiphilus monticola [7], Streptacidiphilus neutrinimicus [2], Streptacidiphilus oryzae [8],
Streptacidiphilus rugosus [3] and Streptacidiphilus toruniensis [9]. Members of the genus
Streptacidiphilus share many morphologic and phenotypic properties with the genus Streptomyces.
Streptacidophilus strains are Gram-positive, aerobic, chemoorganotrophs acidophilic actinomyces which
produce branched mycelium with aerial hyphae, long chains of spores and growth at pH 3.5 to 6 [2].
Representatives of this genus have been isolated primarily from acidic soils such as coniferous soils which
explains their significant ecological role in the organic matter turnover [10,11] and they are well known
by their ability to produce antifungal compounds [12], chitinases [13] and diastases [14]. In this present
report, strain 15-057AT was recovered from a bronchial lavage of an 80 year old male and analyzed in the
Special Bacteriology Reference Laboratory (SBRL) at the Centers for Disease Control and Prevention
(CDC), Atlanta, GA, USA. The taxonomic status of this isolate was examined using a polyphasic
approach. Based on the morphologic, phenotypic, taxonomic and genotypic results, the isolate was

assigned to a novel species within the genus Streptacidiphilus.



Strain 15-057AT was isolated from the bronchial wash of an 80 years old male patient from the state of
Tennessee. The isolate was plated on Trypticase soy agar (TSA) supplemented with 5 % sheep blood and
incubated aerobically at 35°C for 3 — 5 days. Identification of the test strain was initially determined by
the SBRL at CDC by 16S rRNA gene analysis. The test strain 15-057A7, together with the reference strain
Streptomyces griseoplanus DSM 40009 [15], obtained from the German Collection of Microorganisms
and Cell Cultures (DSMZ) were maintained in International Streptomyces Project (ISP-2) medium and as
suspension of cells in 20%v/v glycerol at -80° C. Morphological and cultural characteristics of strain 15-
057AT were examined in presence of different media; TSA supplemented with 5% sheep blood, heart
infusion agar (HIA) supplemented with 5% rabbit blood, Middlebrook 7H11 (MB7H11) agar slants,
potato dextrose (PD) agar, Nutrient agar (NA), ISP2, ISP3, ISP6, ISP7, GYM, N-Z-Amine and Sucrose
Bennett’s agar plates [16] after incubation for 7 days at 37°C. The ability of the studied strain to grow at
different temperature 20, 25, 30, 35, 40, 45 and 50°C in the presence of ISP 2 medium was carried out as

previously described by Berd [17].

Freeze-dried biomass of strain 15-057T and S. griseoplanus DSM 40009T was obtained from culture
prepared in ISP2 broth medium shaken at 180 revolutions per minute (rpm) for 5 days at 37°C and 28°C,
respectively; harvested cells were washed twice with distilled water. Fatty acid analysis was determined
from wet biomass prepared under the same condition cited above. Standard chromatographic procedures
were used to determine the isomers of A;pm [18], cell wall sugars [19], isoprenoid quinones [20] and
polar lipids [21] as modified by Kroppenstedt and Goodfellow [22]. Fatty acids extraction were carried
out following the protocol of Miller [23] as modified by Kuykendall et al. [24]. The extracts were analyzed
using gas chromatography (Agilent 6890N instrument) and peak identifications were performed based on

the Microbial Identification System (MIDI, Inc Sherlock version 6.1) [25]. Chemotaxonomic features of
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the strain 15-057AT were consistent with the genus Streptacidiphilus. Whole cell hydrolysates contained
LL-Apm as diaminopimelic acid and glucose, mannose and ribose as cell wall sugars; polar lipid pattern
consisted of diphosphatidylglycerol (DPG), phosphatidylethanolamine (PE), phosphatidylinositol (PI),
glycophospholipid (GPL), unknown lipid (L) and aminoglycolipid (AGL) (Figure S1); predominant
isoprenologue (>25%) was found to be MK9(Hg). Major fatty acid profile (>15%) are anteiso-Cis.0 and
iso-Cis:0 (Table S1). The type strain of S. griseoplanus was characterised by LL- A;pm in the
peptidoglycan layer and glucose, mannose (trace) and ribose as cell wall sugars. It has MK9(Hg) as
predominant menaquinone; anteiso-Cis.0 and Cie6:0 as major fatty acid (15%) (Table S1) and more complex
polar lipid profile consisted of DPG, PI, PE, GPL, AGL, glycolipid (GL), aminolipid (AL) and three
unknown phospholipids (PLi3) (Figure S1). The fatty acid, DAP, menaquinone and the polar lipids
patterns of these strains are in line with what has been described for the genus Streptacidiphilus [26] and
for S. oryzae TH49T which found to be the second nearest phylogenetic neighbour to the studied strain
(Table 2). However, the results of the cell wall sugars analyses of strains 15-057AT and DSM 4009
(glucose, mannose and ribose) are not in line with those described for Streptacidiphilus genus (galactose
and rhamnose) and for S. oryzae (galactose, glucose, mannose, ribose) (Table 2). Strain 15-057AT showed
distinguishable chemotaxonomic traits not only from its nearest neighbour strain DSM 400097, but also
from its close relatives retrieved in the EzZTaxon database: Kitasatospora arboriphila [27], Kitasatospora
aureofaciens [28-29], Streptomyces avellaneus [30], Kitasatospora viridis [31] and Kitasatospora

kifunensis [32] (Table 2).

Strain 15-057A" and Streptomyces griseoplanus DSM 40009 were tested with a broad range of carbon
and nitrogen sources and for their ability to grow in the presence of inhibitory compounds using GENIII
microplates in an Omnilog device (Biolog) for 7 days at 37°C. The resultant data were analyzed using

opm R package version 1.3.36 [33, 34]. Degradation and hydrolysis tests of casein, cellulose, chitin, 0.3%
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elastin, gelatin, guanine, 0.4% hypoxanthine, nitrate reduction, pectin, starch, 1% tributin, tween 20, 40,
60 and 80, urea, 4% xanthine and 0.4% xylan were performed according to the methods described by
Berd, [17] and Weyant et al. [35]. Gram- and modified Kinyon acid-fast staining was performed using the

methods described by Berd [17].

Isolate 15-057AT was found to be aerobic, Gram-stain positive, non-motile and acid-fast negative.
Colonies cultured on TSA supplemented with 5% sheep blood were elevated with irregular and lobate
edges, white to light gray and no hemolysis. Hemolysis was observed following growth on HIA medium
with 5% rabbit blood after growth for 5 days at 37°C. Colonies were observed to be circular and raised,
with shiny to pale grey white and cottony with aerial mycelium in MB7H11 agar slants. However, they
acquired pale green color with white margins in presence of PD plate. After 7 days of incubation at 37°C,
the test strain developed a grey aerial mycelium on GYM, ISP 2 and ISP 3 medium while aerial mycelium
acquired a beige color on TSA plates and white on ISP 7, N-Z Amine agar and sucrose Bennett’s agar
plates. The test strain was not able to grow in the presence of nutrient agar medium or to produce aerial
mycelium in ISP 6 agar plates unlike its nearest neighbor Streptomyces griseoplanus DSM 40009 (Table
1). Growth of the test strain was observed after 5 — 7 days of incubation in ISP 2 agar plate at a range of
temperatures from 20 to 40°C but not at 45°C. Isolate 15-057A" unlike S. griseoplanus DSM 40009" is
able to degrade starch, elastin, guanine and reduce nitrate. Likewise, isolate 15-057AT unlike S.
griseoplanus DSM 400097 is able to utilize acetic acid, L-alanine, D-arabitol, L-arginine, butyric acid, D-
glucose-6-phosphate, a-kefo-glutaric acid, L-histidine, inosine, D-malic acid, pectin, propionic acid, D-
serine, bromo-succinic acid, sucrose and sodium lactate. More phenotypic properties that distinguishing
isolate 15-057AT from its closest phylogenetic neighbour, Streptomyces griseoplanus DSM 40009T are

shown in Tables 1 and 2.



Additional antibiotic resistance tests were carried out for the test strain. Minimum inhibitory
concentrations (MICs) for amikacin, ampicillin, ceftriaxone, ciprofloxacin, clarithromycin, minocycline,
trimethoprim/sulfamethoxazole, imipenem, amoxicillin/clavulanate, moxifloxacin, linezolid and
vancomycin were performed and assessed according to the breakpoints recommended by the Clinical and
Laboratory Standards Institute (CLSI) (NCCLS, 2003). Commercial antimicrobial panels were provided
from PML Microbiologicals, Inc. Isolate 15-057A" was susceptible to amikacin, ampicillin, ceftriaxone,
clarithromycin, minocycline, trimethoprim/sulfamethoxazole, imipenem, amoxicillin/clavulanate,

moxifloxacin, linezolid and vancomycin, but resistant to ciprofloxacin.

Genomic DNA extraction and purification for PCR-mediated amplification of a 1439-bp 16S rRNA gene
fragment and DNA sequencing were performed as described by Lasker et al. [36]. 16S rRNA gene
sequence of isolate 15-057AT was compared with the corresponding sequence of the nearest type strain

by EzBioCloud (http://www.ezbiocloud.net. [37]). Pairwise sequence similarities were calculated using

the method recommended by Meir-Kolthoff er al. [38] for 16S rRNA gene sequences available via the

Genome-to-Genome Distance Calculator (GGDC) web server [39] at http://ggdc.dsmz.de/ using DSMZ

phylogenetic pipeline [40] adapted to single genes. A multiple sequence alignment was created with
MUSCLE [41]. Maximum-likelihood (ML) [42] and maximum parsimony (MP) [43] trees were inferred
from the alignment with RAXML [44] and TNT [45], respectively. For ML, rapid bootstrapping in
conjunction with the autoMRE bootstrapping criterion [46] and subsequent search for the best tree was
used; for MP, 1,000 bootstrapping replicates were used in conjunction with tree-bisection-and-
reconnection branch swapping and ten random sequence addition replicates. The sequences were checked
for a compositional bias using X test as implemented in PAUP* [47]. Neighbor-joining phylogenetic trees

[48] was constructed using MEGA7.0.14 software package [49].



BLAST analysis of the almost complete 16S rRNA gene sequence of strain 15-057AT, using the EzTaxon
database, showed 99.5% and 97.5% - 97.8% sequence similarity with the type strains of S. griseoplanus
and K. arboriphila, K. aureofaciens, S. oryzae, S. avellaneus, K. kifunensis and K. viridis, respectively.
These similarities were partially in concordance with the topology of the phylogenetic tree because only
S. griseoplanus NBRC 12779" and S. oryzae appeared as the closest neighbours with the studied strain.
Strain 15-057A™ formed with S. griseoplanus NBRC 12779" a well-supported subclade closely related to
S. oryzae TH49" within the evolutionary radiation of the genus Streptacidiphilus as shown in Figure 1.
Pairwise 16S rRNA gene sequences similarities calculated using the GGDC web server between strain
15-057AT strain and its phylogenetic neighbours, S. griseoplanus DSM 40009T and S. oryzae TH49T, are
99.7% and 97.6% with 7 and 36 nucleotides differences, respectively. These later strains were grouped
together in a distinct clade divergent from the one accommodating Streptomyces and Kitasatospora strains
including K. arboriphila HKI 0189%, K. aureofaciens ATCC 107627, S. avellaneus NBRC 134517, K.
kifunensis IFO 152067 and K. viridis 52108a’. In fact, the phylogenetic position of the genus
Streptacidiphilus, including the Streptacidiphilus specis cited above, within the phylum Actinobacteria
have been revised recently based on genome sequences [50]. Thus, the close phylogenetic relatedness of
strains 15-057AT and S. griseoplanus DSM 40009 to S. oryzae species highlighted their affiliation to the

genus Streptacidiphilus.

Kim et al. [2] reported on a 23-bp nucleotide sequence unique in the 16S rRNA genes of Streptacidiphilus
species. Comparison of this 16S rRNA gene signature with the 16S rRNA gene sequence of strain 15-
057AT showed sequence similarity for 19 of 23-bp of this short motif, however, the 23-bp sequences
showed 100% sequence similarity with the Streptomyces species 16S rRNA gene sequence. Any

difference in the 16S rRNA gene signature does not negate the close relatedness of strain 15-057AT to



Streptacidiphilus taxon as it represents a small fraction of nucleotide information used to investigate the

16S rRNA phylogeny of the studied strain.

Genomic DNA extraction for strain 15-057A" and S. griseoplanus DSM 40009" for genome sequencing,
was performed following the protocol provided by the MoBio Power Microbial Midi DNA Isolation Kit
(MoBio Laboratories, Carlsbad, California). Paired-end libraries of genomic DNA were prepared using
the NEBNext Ultra DNA library prep kit (New England Biolabs, Inc., Ipswich, MA, USA) and then
sequenced on an Illumina MiSeq V2 (2 x 250 bp) platform (Illumina, Inc., San Diego, CA, USA). BBDuk

37.38 (http://sourceforge.net/projects/bbmap/) and Trimmomatic 0.36 [51] were used to remove PhiX,

clip off adaptors, quality trim, and length filter sequence reads prior to de novo genome assembly in
SPAades 3.11.1 [52]. Three sequential rounds of SNP and InDel correction with SAMtools 1.7 [53], bwa
mem 0.7.17-r1188 [54], and Pilon 1.22 [55] were used to generate a high fidelity genome assembly. /n-
silico DNA-DNA hybridization was performed between draft genomes of isolate 15-057AT (7.01 Mbp,
624 contigs, GenBank accession PXZ101000000.1) and S. griseoplanus DSM 40009" draft genome (8.25
Mbp, 802 contigs, GenBank accession LIQR01000000.1) using Formula 2 from the GGDC 2.0 [39] online
server. Estimates of the average nucleotide identity between the genome of both strains was determined
using the Average Nucleotide Identity (ANI) calculator [56]. The G+C content was determined by the

method of Meshah [57].

The ANI value determined between isolate 15-057A" and S. griseoplanus DSM 4009T was 85.97%, well
below the threshold of 95 to 96% value recommended as boundary for prokaryotic species delimitation
[58]. Likewise, in silico DNA-DNA hybridization was 29.2% +/- 2.5%, a value well below the threshold

of 70% proposed by Wayne et al. [59] to demarcate genomic species. The genome size of strain 15-057AT



is 7.01Mb while its nearest phylogenetic neighbours, S. griseoplanus DSM 4009" and S. oryzae TH49T
were 8.25Mb and 7.8Mb, respectively. The G+C content of 15-057AT and S. griseoplanus DSM 4009"
were 72.6% and 72.5% respectively, a value slightly above the range of 70 - 72% G+C content for the

genus Streptacidiphilus [2, 9, 60]. These results call for an emendation of the genus Streptacidiphilus.

Interestingly, the 99 amino acid gene bldB, involved with morphogenesis, antibiotic production and
catabolite control in the core genome of Streptomyces species was not detected in the 15-057AT genome
[61]. The bldB gene has been noted to be absent in members belonging to the Streptacidiphilus and
Kitasatospora genera [62]. Together, the lack of the 16S rRNA gene Streptacidiphilus signature sequence
but absence of the hldB gene suggests the genome of isolate 15-057AT may have been subjected to

interspecies recombination.

The phenotypic and morphological features of isolate 15-057A" were consistent with those described for
the genus Streptacidiphilus [2]. The nearest phylogenetic neighbour of the studied strains, S. griseoplanus
DSM 40097, showed a clear genetic divergence from its supposed genus. The sugar cannot be considered
as diagnostic feature of the genus Streptacidiphilus since it cannot be used to separate the phylogenetic
relatedness of isolate 15-057AT to the genus Streptacidiphilus. This finding is in line with the conclusions

highlighted in the recent taxonomic revision of the phylum Actinobacteria by Nouioui et al. [50].

The results obtained in this polyphasic investigation for isolate 15-057A" were very interesting since the
isolate showed properties of a fuzzy species with genomic and chemotaxonomic properties consistent with
members of the Streptacidiphilus and Streptomyces genera [63]. For instance, the major cell-wall sugars

in whole cell hydrolysates were glucose, mannose and ribose and lacked a 23-bp Streptacidiphilus
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signature sequence indicating more Streptomyces-like characters due to partial distortion of the species
boundary by interspecies recombination. More importantly, analysis of 16S rRNA gene sequences, whole
genome sequence analysis, including lack of the b/dB gene, and phenotypic differences from its closest
phylogenetic neighbor strongly supports the affiliation of the isolate 15-057AT to the genus
Streptacidiphilus and to be considered as a new species for which the name S. bronchialis sp. nov. is

proposed.

The well supported phylogenetic position of the type strain of S. griseoplanus within the radiation of
Streptacidiphilus and its divergence from the representative strains of the genera Streptomyces and
Kitasatospora confirmed the affiliation of S. griseoplanus to the genus Streptacidiphilus. The
misclassification of S. griseoplanus species is justified by low number of phenotypic features used at that
time for classifying this taxon. Therefore, it is proposed that S. griseoplanus be re-classified as

Streptacidiphilus griseoplanus comb. nov.

Description of Streptacidiphilus bronchialis sp. nov.

bronchialis L. pl. n. bronchia, the bronchial tubes; L. fem. suff. -alis, suffix used with the sense of

pertaining to; N.L. masc. adj. bronchialis, pertaining to the bronchi, coming from the bronchi.

An aerobic, Gram-stain positive, non-acid fast, nonmotile, streptomycete-like actinomycete. Produces
branched mycelium and aerial hyphae. Grows occurs from 20 to 40°C. Forms elevated white to light grey
colonies on TSA supplemented with 5% sheep blood and no hemolysis. Colonies are shiny white to pale
grey on heart infusion agar with 5% rabbit blood with hemolysis after growth for 5 days at 37°C. Strain
developed aerial mycelium acquired different pigmentation depending on the used medium, Grey (GYM,
ISP 2 and ISP 3 medium), beige (TSA), white (ISP 7, N-Z-Amine agar and Sucrose Bennett’s). The

studied strain was not able to grow in presence of nutrient agar medium or to produce aerial mycelium in
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ISP 6 agar plates. Grow at pH 5-7 and up to 1% NaCl. The strain was able to metabolise D-arabitol, D-
cellobiose, dextrin, D-galactose, p-gentiobiose, D-glucose, D-glucose-6-phosphate, 6, N-acetyl-d-
glucosamine, L-glutamic acid, L-malic acid, D-maltose, D-mannitol, propionic acid, methyl pyruvate,
sucrose, D-trehalose, turanose, sodium bromate as carbon source; L-alanine, L-arginine, l-aspartic acid
L-histidine, glycine-proline and D-serine #2 as amino acids; acetic acid, y-amino-n-Butyric acid, bromo-
succinic acid, butyric acid, a-and B-hydroxy-butyric acid, a-keto-butyric acid, a-keto-glutaric acid, D-
malic acid, as organic acids; grow in presence of inosine, nalidixic acid, pectin, potassium tellurite and
1% sodium lactate and able to degrade elastin 0.3%, gelatine, guanine, hypoxanthine 0.4%, starch, tween
20, 40, 60, 80, wurea. Polar lipids pattern consisted of diphosphatidylglycerol (DPG),
phosphatidylethanolamine (PE), phosphatidylinositol (PI), glycophospholipid (GPL), unknown lipid (L)
and aminoglycolipid (AGL); whole cell hydrolysates include LL-A>pm and glucose, mannose and ribose;
predominant menaquinome (>25%) was MK9(Hs); major fatty acids (>15%) are anteiso-Cis.0 and iso-

Ci6:0. The DNA G+C content of the genome is 72.6 mol %.
The type strain 15-057AT (=DSM 106435" = ATCC BAA-2934) was isolated from the bronchial lavage
of an 80 year old male patient from the state of Tennessee. The GenBank accession number of the 16S

rRNA gene and draft genome sequences are respectively KR346911 and PZX101000000.1.

Description of Streptacidiphilus griseoplanus comb. nov.

Streptomyces gri.se.o.planus. (N.L. adj. griseus. grey: L. adj. planus, flat, level: N.L. masc. adj.
griseoplanus, flat, gray,referring to restricted, flat, plane growth and grayish spore color en masse of the

organism).
Basonym: Streptomyces griseoplanus Backus et al. 1957

The description is as given for Streptomyces griseoplanus Backus et al. 1957 with the following addition:
strain DSM 4009T was able to grow in presence of pH5 and up to 1% NaCl. It metabolised dextrin, D-
cellobiose, D-fructose, D-galactose, B-gentiobiose, D-glucose, 6, N-acetyl-d-glucosamine, D-mannose,

D-maltose, D-mannitol, L-rhamnose, D-sorbitol, sodium bromate, D-trehalose and turanose as sugars;, o-
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and B-hydroxy-butyric acid, a-keto-butyric acid, D-gluconic acid, L-glutamic acid, L-lactic acid, L-malic
acid, methyl pyruvate, D-saccharic acid, N-acetyl-neuraminic acid, as organic acids; glycine-proline, 1-
aspartic acid as amino acids, and degrade gelatine, tween 20, 40, 60, 80, hypoxanthine 0.4%, Tributin 1%
and urea. The strain was able to grow in presence of aztreonam, gycerol, nalidixic acid, potassium tellurite
and rifamycin SV. The type strain was characterised by LL- Aopm in the peptidoglycan layer and glucose,
mannose (trace) and ribose as cell wall sugars; MK9(Hs) as predominant menaquinone (>25%); anteiso-
Cis.0 and Cis:0 as major fatty acid (15%) and diphosphatidylglycerol (DPG), phosphatidylethanolamine
(PE), phosphatidylinositol (PI), glycophospholipid (GPL), unknown lipid (L) and aminoglycolipid (AGL),
glycolipid (GL), aminolipid (AL) and three unknown phospholipids (PLi-3). The genome size is 8.25 Mb
with DNA G+C content of 72.5 mol %. The type strain is DSM 40009 =NBRC 12779 T =ISP 5009 T

=RIA 1046 T =NBRC 12779 T =CBS 505.68 T =IFO 12779 T =ATCC 19766 T =AS 4.1868 ™.

Emended description of the genus Streptacidiphilus Kim et al. 2003.

The description is as given before by Kim et al. 2003 with the following modification. Whole-cell
hydrolysates are rich in glucose, mannose and ribose or in galactose and rhamnose. The G+C content is

around 70-72.6%. The type species is Streptoacidiphilus albus Kim et al. 2003.
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Figure Legends

Fig 1. Maximum-likelihood phylogenetic tree, based on the 16S rRNA gene sequences showing the
phylogenetic relationship of strain 15-057AT with its closely related species. Bootstrap percentages based
on 1,000 resampled data sets; only values >60% are shown. The numbers above the branches are bootstrap
values from maximum-likelihood (left) and maximum parsimony (right). Bar, 0.007 substitutions per

nucleotide position.
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