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Abstract

In this study, we aimed to clarify the taxonomic positions of Anoxybacillus kamchatkensis DSM 14988 and Anoxybacillus
ayderensis AB04" using whole-genome phylogenetic analysis, biochemical and chemotaxonomic characteristics. In phylo-
genetic trees drawn using whole-genome sequences and 16S rRNA gene sequences, A. kamchatkensis DSM 14988T and A.
ayderensis AB04T clade together and showed high sequence similarity (99.6%) based on 16S rRNA gene. The average amino
acid identity, average nucleotide identity and digital DNA-DNA hybridization values between A. kamchatkensis DSM 14988T
and A. ayderensis ABO4T were found to be greater than the threshold values for species demarcation. Most phenotypic and
chemotaxonomic features between both species were almost identical except for a few exceptions. The present results show
that A. kamchatkensis DSM 149887 is a later heterotypic synonym of A. ayderensis AB0O4T,

Keywords Anoxybacillus kamchatkensis - Anoxybacillus ayderensis - Genome-based reclassification

Introduction

The genus Anoxybacillus is separated from the genus Bacil-
lus, and was first described by Pikuta et al. (2000) with
Anoxybacillus pushchinoensis DSM 124237 as the type
species (Pikuta et al. 2000). At the time of writing, this
genus comprised 24 species with validly published names
(https://lpsn.dsmz.de/genus/bacillus). The taxonomy of
Anoxybacillus members was mainly elucidated by 16S
rRNA gene sequence analysis and DNA-DNA hybridiza-
tion (DDH) methods. However, it is widely known that the
identification power of 16S rRNA gene analysis is gener-
ally limited, and the reconstitution of DDH is quite difficult
and sometimes varies depending on the method used by
the laboratory. Using metrics such as digital DDH, average

Communicated by Erko Stackebrandt.

< Kadriye Inan Bektas
kadriyensis @gmail.com

Department of Molecular Biology and Genetics, Faculty
of Science, Karadeniz Technical University, 61080 Trabzon,
Turkey

Department of Biology, Faculty of Science, Karadeniz
Technical University, 61080 Trabzon, Turkey

nucleotide identity (ANI) and average amino acid identity
(AAIJ) associated with the whole-genome sequence, phylog-
eny is an important tool for the identification of prokaryotic
taxa (Orata et al. 2018) and is currently used extensively for
reclassification of many bacterial taxa (Liu et al. 2019; Rao
et al. 2022).

The type strain ABO4T of Anoxybacillus ayderensis was
isolated from hot spring in Turkey by Dulger et al. (2004)
and described as validly named species based on a poly-
phasic taxonomic approach. Anoxybacillus kamchatkensis
DSM 14988 was isolated from an unnamed hot spring in
the Kamchatka Peninsula by Kevbrin et al. (2005) and was
validated in IJSEM (Validation List No. 109; Euze” 2016).
In the original article, Kevbrin et al. (2005) proposed A.
kamchatkensis DSM 149887 as a new species in the genus
Anoxybacillus based mainly on DNA-DNA hybridiza-
tion value between A. kamchatkensis DSM 14988T and A.
ayderensis ABOAT, A. pushchinoensis K17, A. flavithermus
DSM26417, A. gonensis G2". However, during our genome-
based analysis, we observed that A. kamchatkensis DSM
14988" and A. ayderensis ABO4! shared similar features; as
a result, we attempted to clarify the relationship between that
A. kamchatkensis DSM 14988T and A. ayderensis AB04"
through genomics-based methods, biochemical and chemo-
taxonomic characteristics. The data presented in this study
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provide evidence that A. kamchatkensis DSM 14988 is later
heterotypic synonym of A. ayderensis ABO4™.

Materials and methods

In the original article, Kevbrin et al. (2005) stated that A.
ayderensis ABOAT were obtained from the NCIMB (National
Collection of Industrial Food and Marine Bacteria) collec-
tion. Therefore, in this study, we purchased A. ayderensis
AB04" from NCIMB and A. kamchatkensis DSM 14988"
from DSMZ (Deutsche Sammlung von Mikroorganismen
und Zellkulturen). Two type strains were grown on trypti-
case soy agar (TSA) incubated at 50 °C for 24 h. The API
20E, API 50CH strips and Vitek2 Bacilli Identification Card
(BCL) microtest systems (bioMérieux) were used to evalu-
ate the biochemical properties of A. ayderensis ABO4T and
A. kamchatkensis DSM 14988" according to the manufac-
turer’s instructions. Polar lipids of A. ayderensis ABO4T and
A. kamchatkensis DSM 149887 were extracted from 100 mg
freeze-dried cells using the two-stage method described by
Tindall (1990a, b). The method was performed using two-
dimensional thin-layer chromatography (TLC) in the first
direction with chloroform:methanol:water (65:25:4, v/v)
and the second direction with chloroform:methanol:acetic
acid:water (80:12:15:4, v/v). In the analysis of lipids, molyb-
dophosphoric acid, molybdenum blue, ninhydrin, a-naphthol
were used for total lipids, phospholipids, aminolipids and
glycolipids, respectively (Tindall et al. 2007). Respiratory
quinone analysis was performed using a high-performance
liquid chromatography instrument as described by Collins
(1985).

The whole-genome sequences of A. kamchatkensis DSM
14988 (JACDUV000000000) and A. ayderensis AB04T
(JXTG00000000) are available from NCBI Database (https://
www.ncbi.nlm.nih.gov/genome/). The 16S rRNA gene
sequences were retrieved from the draft genome sequence
of A. kamchatkensis DSM 14988" and A. ayderensis AB04™
using RNAmmer (version 1.2) (Lagesen et al. 2007) and
were deposited under accession number OP218102 and
OP218102, respectively.

The 16S rRNA gene sequence similarity values between
A. kamchatkensis DSM 14988" and A. ayderensis AB04T
were calculated using the pairwise alignment tool available
on the EZBioCloud server at https://www.ezbiocloud.net/
tools/pairA.

The 16S rRNA gene sequences of closely related type
strains were retrieved from EzBioCloud server at https://
www.ezbiocloud.net/ (Yoon et al. 2017a) and edited
by using the Bioedit software (Hall, 1999). cLUSTAL_W
(Thompson et al. 1994) software was used to perform the
multiple sequence alignment of 16S rRNA gene sequences).
Maximum-likelihood (Felsenstein 1981), neighbor-joining
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(Saitou and Nei 1987) and maximum-parsimony (Fitch
1971) algorithms implemented in MEGA software V 7.0
was used to reconstruct the phylogenetic trees based on 16S
rRNA gene sequences (Kumar et al. 2016). Kimura’s two-
parameter model (Kimura 1980) was used to calculate the
evolutionary distance matric. Tree topologies were assessed
by bootstrapping method with 1000 replicates (Felsenstein
1985).

The phylogenetic analysis of A. kamchatkensis DSM
14988T and A. ayderensis AB04T was performed using the
type strain genomes server pipeline at website https://tygs.
dsmz.de/ Meier-Kolthoff and Goker (2019). The digital
DNA-DNA hybridization ({DDH) value between the draft
genome sequences of A. kamchatkensis DSM 14988T and
A. ayderensis ABO4T was calculated with the Formula 2 of
the online Genome-to-Genome Distance Calculator at http://
ggdc.dsmz.de/distcalc2.php (Meier-Kolthoff et al. 2013).
OrthoANIu algorithm and an ANI calculator server (www.
ezbiocloud.net/tools/ani) were used to calculate average
nucleotide identity (ANI) values for evaluating the genetic
relationship between A. kamchatkensis DSM 14988T and
A. ayderensis AB04T (Lee et al. 2016; Yoon et al. 2017b).
TYGS web server (https://tygs.dsmz.de/) was used to con-
struct a phylogenetic tree based on whole-genome sequences
Meier-Kolthoff and Goker (2019) and CompareM tool cal-
culated the amino acid identity (AAI) value at https://github.
com/dparks1134/CompareM.

Results and discussion

The phylogenetic analysis based on whole-genome
sequences has clarified the taxonomic inconsistence of
prokaryotic taxa; as a result, several bacterial species have
been reclassified (Orata et al. 2018). In the present study, the
taxonomic relationship of A. kamchatkensis DSM 14988T
and A. ayderensis AB04T was re-evaluated using whole-
genome phylogenetic analysis, biochemical and chemot-
axonomic features.

In the original study, Kevbrin et al. (2005) stated that
A. kamchatkensis DSM 149887 had the highest 16S
rRNA gene sequence similarity (99.2%) with A. ayderen-
sis AB04T. Despite high 16S rRNA gene sequence simi-
larity, they reported 35% DNA-DNA hybridization value
between A. kamchatkensis DSM 14988T and A. ayderen-
sis AB04T which was below the threshold value (70%)
for species delineation (Wayne et al. 1987). In our study,
the whole-genome sequences of A. kamchatkensis DSM
14988 (JACDUV000000000) and A. ayderensis ABO4T
(JXTGO00000000) were retrieved from NCBI Database
and we obtained the 16S rRNA gene sequences from these
genomes of A. kamchatkensis DSM 14988" and A. ayder-
ensis ABO4T,
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In the present study, we determined the pairwise nucleo-
tide sequence alignment (16S rRNA gene sequence obtained
from genomes) between A. kamchatkensis DSM 149887
and A. ayderensis AB04T was 99.6% with a mismatch of
six nucleotides. In addition, in the present study, we recon-
structed the phylogenetic trees based on 16S rRNA gene
sequences using the acquired 16S rRNA gene sequences
from the genome of A. kamchatkensis DSM 14988" and A.
ayderensis ABO4T. We determined that A. kamchatkensis
DSM 14988" and A. ayderensis ABO4T clustered together in
the neighbor-joining phylogenetic tree with high bootstrap
resampling values of 97% (Fig. 1). Topologies of phyloge-
netic trees built according to the maximum-likelihood and
maximum-parsimony algorithms also supported the results
of the neighbor-joining algorithm (Figs. S1, S2). Further,
in the phylogenomic tree (Fig. 2), A. kamchatkensis DSM

57

- 65

14988" and A. ayderensis AB04" formed a robust branch
different from other type strains of this genus with high boot-
strap resampling values of 97%. The ANI value between A.
kamchatkensis DSM 14988T and A. ayderensis ABOAT was
97.58% which was greater than the threshold value (95-96%)
for species demarcation Richter and Rossello”-Mora” (2009),
confirming that A. kamchatkensis DSM 14988" and A. ayde-
rensis AB04T were highly phylogenetically closely related.
The calculated AAI value between the A. kamchatkensis
DSM 14988" and A. ayderensis ABO4™ was 98.0% and this
value is also clearly above the suggested cut-offs for species
delineation (AAI>95%) (Luo et al. 2014), confirming that
they belong to the same species. Also, digital DNA-DNA
hybridization (DDH) analyses indicated that A. kamchat-
kensis DSM 14988" and A. ayderensis ABO4T exhibited
78.5% dDDH value which is higher than the cut-off (70%)

Anoxybacillus pushchinoensis K1" (AJ010478)

Anoxybacillus tengchongensis T-11" (F1438370)
Anoxybacillus flavithermus subsp. yunnanensis E13' (HM016869)
Anoxybacillus mongoliensis 4" (EF654664)

Anoxybacillus eryuanensis E-1 12" (GQ153549)

—— Anoxybacillus kaynarcensis D1021" (EU926955)
Anoxybacillus karvacharensis K1" (MK418417)

Anoxybacillus kestanbolensis NCIMB 139717 (AY248711)

98

— Anoxybacillus flavithermus subsp. flavithermus IFO 15317T (CP020815)
@ Anoxybacillus kamchatkensis DSM14988" (OP218102)
po Anoxybacillus thermarum AF/04" (JF292514)

@ Anoxybacillus ayderensis AOB04" (OP218103)
Anoxybacillus gonensis G2" (CP012152)
Anoxybacillus salavatliensis A343" (EU326496)
Anoxybacillus bogrovensis BT 13" (AM409184)

97

—E Anoxybacillus calidus C161ab" (F1430012)
79 Anoxybacillus vitaminiphilus 3nP4" (FJ474084)

29

Anoxybacillus contaminans LMG 21888" (AJ551330)
Anoxybacillus voinovskiensis TH13" (AB1 10008)

97 | Anoxybacillus amylolyticus MR3C" (AJ618979)

93

noxybactlius rupiensts 3
Anoxybacillus rupiensis R270" (AJ879076

Anoxybacillus geothermalis ATCC BAA-2555" (KJ722458)
Anoxybacillus caldiproteolyticus SF03" (FN428698)
Anoxybacillus tepidamans GS5-97" (AY 563003)
Anoxybacillus sediminis YIM 73012" (MG661737)
Paenibacillus polymyxa DSM 36" (D16276)

0.01

Fig. 1 Neighbor-joining (NJ) tree constructed based on 16S rRNA
gene sequences available from the GenBank database. Bootstrap val-
ues (expressed as percentages of 1000 replications) greater than 50%

are shown at branch points. Bar, 0.01 represents substitutions per
nucleotide position. Paenibacillus polymyxa DSM 367 used as the
outgroup
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Fig.2 Phylogenetic tree based on whole-genome sequences of A.
kamchatkensis DSM 149887 and A. ayderensis ABO4T and related
reference strains. The tree was inferred with FastME 2.1.6.1 (Lefort
et al. 2015) from genome blast distance phylogeny (GBDP) distances
calculated from genome sequences using the TYGS server (https://

used to classify bacterial strains to the same species (Wayne
et al. 1987), further confirming that A. kamchatkensis DSM
14988T and A. ayderensis AB04T should belong to the same
genomic species. Also, AAI, ANI and dDDH values between
A. kamchatkensis DSM 14988T, A. ayderensis AB04" and
closely related type strains are given in Table 1.

In addition, this conclusion has been also confirmed by
a comparison of phenotypic and chemotaxonomic features
between A. kamchatkensis DSM 14988" and A. ayderensis
ABO04T. In API 20E, API 50CH and Vitek2 BCL system,
A. kamchatkensis DSM 14988" and A. ayderensis AB04T
shared similar biochemical features with few exceptions
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Anoxybacillus flavithermus subsp. yunnanensis CCTCC AB20101877 D I: - -
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HE[E N
Anoxybacillus thermarum ATCC BAA-1156" D . . E - -
yderensis ABOA™ HE BHE N
hatkensis DSM 149887 [ | im| N |
Anoxybacillus gonensis G27 . D E - -
Anoxybacillus pushchinoensis K17 ! . . - - [ )
Anoxybacillus rupiensis DSM 171277 . . . - -

tygs.dsmz.de) (Meier-Kolthoff and Goker 2019) The branch lengths
are scaled in terms of GBDP distance formula d5. The numbers at
branches are GBDP pseudo-bootstrap support values >64% from 100
replications with an average branch support of 97.7%. The tree was
rooted at the midpoint (Farris, 1972)

(Table 2). For example, acid production from L-arabinose,
D-xylose, D-mannose, N-acetyl-glucosamine, xylitol, gentio-
biose and B-xylosidase were negative for A. kamchatken-
sis DSM 14988™, while positive for A. ayderensis ABO4™.
L-aspartate arylamidase and p-glucosidase were positive
for A. kamchatkensis DSM 149887, while negative for A.
ayderensis AB04T. Both species were shown positive for
ONPG hydrolysis, tryptophan deaminase, nitrate reduc-
tion, a-glucosidase, Leucine-arylamidase, phenylalanine
arylamidase, tyrosine arylamidase, Ala-Phe-Pro-Arylam-
idase, acid production from maltotriose, esculin ferric
citrate, p-galactose, p-glucose, p-fructose, p-mannitol,

Table1 AAI, ANI and

dDDH values between A.
kamchatkensis DSM 149887 A.
ayderensis AB04T and closely

A. kamchatkensis DSM A ayderensis ABO4T

related type strains

149887

AAIl ANl dDDH AAI ANI dDDH
A. gonensis G2 (JRZG00000000) 96.12 9458 58.00 96.17 9475 59.00
A. kamchatkensis DSM 149887 (JACDUV000000000) — - - 98.00 97.58 78.50
A. ayderensis ABO4T (JXTG00000000) 98.00 97.58 7850 — - -
A. thermarum AF/04T (IXTH00000000) 96.17 94.88 60.50 96.36 9475 62.20
A. salavatliensis DSM 22626T (JANGZY000000000)  96.30 94.45 57.10 96.37 9450 57.50
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Table2 The biochemical characteristics of A. kamchatkensis DSM
14988" and A. ayderensis ABO4T

A. kamchatkensis
DSM 149887

A. ayde-
rensis
AB04T

B-Xylosidase - +
L-Aspartate arylamidase
B-Glucosidase

a-Glucosidase

+
+
+
Tyrosine arylamidase +
Phenylalanine arylamidase +
Leucine-arylamidase +
Tryptophan deaminase +
Lysine decarboxylase - -
Ornithine decarboxylase - -
Alanine arylamidase - -
o-Galactosidase, - -
L-Pyrrolydonyl arylamidase - -
L-Lysine arylamidase - -
L-Proline arylamidase - -
a-Mannosidase - -

Glycine arylamidase -
Acid production from
L-Arabinose -
L-Xylose

L-Mannose -
L-Galactose
L-Glucose
L-Fructose
L-Mannitol
L-Maltose
L-Sucrose

+ + + o+ +

+ + 4+ + 4+ + o+

L-Trehalose
L-Arabinose -

L-Ribose

L-Xylose - -
L-Lactose - -
L-Melibiose - -
L-Sorbitol - -

+, Positive; —, negative

amygdalin, salicin, p-cellobiose, p-maltose, D-sucrose,
p-trehalose, b-melezitose, b-raffinose, starch, glycogen, and
p-turanose. A. kamchatkensis DSM 14988" and A. ayde-
rensis AB04T were shown negative for arginine dihydro-
lase, citrate utilization, urease, Voges—Proskauer, lysine
decarboxylase, ornithine decarboxylase, hydrogen sulfide
production, indole production (tryptophanase), growth in
6.5%NaCl, kanamycin resistance, oleandomycin resist-
ance, L-lysine arylamidase, L-proline arylamidase, L-pyr-
rolydonyl arylamidase, a-galactosidase, alanine arylami-
dase, B-N-acetyl-glucosaminidase, cyclodextrin, ellman,

methyl-p-xyloside, a-mannosidase, glycine arylamidase,
palatinose, p-galactosidase, f-mannosidase, phosphoryl
choline, pyruvate, acid production from inositol, sorbi-
tol, glycerol, erythritol, p-arabinose, p-ribose, L-xylose,
methyl-p-xylopyranoside, L-sorbose, L-thamnose, dulcitol,
D-sorbitol, methyl-alpha- p-mannopyranoside, methyl-a-
D-glucopyranoside, arbutin, p-lactose, D-melibiose, inulin,
D-lyxose, D-tagatose, p-L-fucose, D-and L-arabitol, potassium
gluconate, potassium 2-ketogluconate, potassium 5-ketoglu-
conate, and putrescine. Total number of phenotypic test
performed using the API 20E, API 50CH and Vitek2 BCL
system were 91. We observed differences only in 9 tests
between A. kamchatkensis DSM 14988T and A. ayderen-
sis AB04T, accounting the value of dissimilarity only 10%
which is lower than the threshold value (30%) and justifying
the unification of species (Deb et al. 2020).

In the original articles, the polar lipids of A. kamchat-
kensis DSM 14988" and A. ayderensis AB04"T were not
determined (Dulger et al. 2004; Kevbrin et al. 2005). In our
study, the polar lipids found in A. ayderensis AB04T were
phosphatidylglycerol (PG), diphosphatidylglycerol (DPG),
phosphatidylethanolamine (PE), phosphatidylcholine (PC),
unidentified phospholipid-1 (PL1), unidentified amino phos-
pholipid-1 (APL1) and unidentified amino phospholipid-2
(APL2) whereas A. kamchatkensis DSM 14988T consist of
PG, DPG, PE, PC, PL1, PL2, APL1 and APL2. Polar lipid
composition showed very similar profile between two spe-
cies (Fig. 3). The respiratory quinone of A. kamchatkensis
DSM 14988" and A. ayderensis ABO4T was menaquinone
MK-7. As is shown in Table 2 and Fig. 3, most phenotypic
and chemotaxonomic features between them were almost
identical except for a few exceptions. The disagreement for
phenotypic and chemotaxonomic was probably due to their
different ecological niches.

The present results, when evaluated together, show that
A. kamchatkensis DSM 14988" and A. ayderensis AB04T
were considered to belong to the same species. Therefore,
according to phylogenetic analysis based on whole-genome
sequences and rule 42 of the Bacteriological Code (Parker
et al. 2019), we propose that A. kamchatkensis DSM 14988T
Kevbrin et al. 2005 should be reclassified as a later het-
erotypic synonym of A. ayderensis AB04T Dulger et al.
2004. The type strain is AB04" (=NCIMB 139727 =NCCB
100050T) and JW/VK-KG4 (=DSM 14988, = ATCC BAA-
549) is an additional strain of A. Ayderensis.

Emended description of A. ayderensis Dulger et al.
(2004)

The description is the same as given by Dulger et al. (2004)
with the following modification.

Major polar lipids include phosphatidylglycerol (PG),
diphosphatidylglycerol (DPG), phosphatidylethanolamine
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Fig.3 Two-dimensional thin-layer chromatogram of polar lipids of
A A. kamchatkensis DSM 14988 and B A. ayderensis AB04". DPG
diphosphatidylglycerol; PG phosphatidylglycerol; PE phosphatidyle-

(PE), phosphatidylcholine (PC), unidentified phospho-
lipid-1 (PL1), unidentified amino phospholipid-1 (APL1)
and unidentified amino phospholipid-2 (APL2). The res-
piratory quinone is menaquinone MK-7. In API 20E, API
50CH and Vitek2 BCL system, the following activities
were positive for ONPG hydrolysis, tryptophan deaminase,
nitrate reduction, a-glucosidase, Leucine-arylamidase,
phenylalanine arylamidase, tyrosine arylamidase, Ala-
Phe-Pro-Arylamidase, acid production from maltotriose,
esculin ferric citrate, b-galactose, b-mannitol, amygdalin,
salicin, p-cellobiose, b-trehalose, p-melezitose, starch, gly-
cogen, D -turanose, nv-acetyl-glucosamine, xylitol, gentio-
biose and p-xylosidase. Negative for arginine dihydrolase,
citrate utilization, Voges—Proskauer, lysine decarboxylase,
ornithine decarboxylase, growth in 6.5%NaCl, kanamycin
resistance, oleandomycin resistance, L-aspartate arylami-
dase and p-glucosidase, L-lysine arylamidase, L-proline
arylamidase, L-pyrrolydonyl arylamidase, a-galactosidase,
alanine arylamidase, B-N-acetyl-glucosaminidase, cyclo-
dextrin, ellman, methyl-p-xyloside, a-mannosidase,
glycine arylamidase, palatinose, P-galactosidase,
B-mannosidase, phosphoryl choline, pyruvate, acid pro-
duction from inositol, sorbitol, glycerol, erythritol, p-ara-
binose, p-ribose, L-xylose, methyl-p-xylopyranoside,
L-sorbose, dulcitol, p-sorbitol, methyl-alpha- p-man-
nopyranoside, methyl-a-p-glucopyranoside, arbutin,
p-melibiose, inulin, p-lyxose, D-tagatose, D-L-fucose, D-
and L-arabitol, potassium gluconate, potassium 2-ketoglu-
conate, potassium 5S-ketogluconate, and putrescine. The
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thanolamine; PC phosphatidylcholine; APL unidentified aminophos-
pholipid; PL unidentified phospholipid

DNA G + C content of the type strain AB04T (= NCIMB
13972T=NCCB 1000507) is 41.83 mol%.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00203-022-03201-4.
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