
Two strictly aerobic, Gram-staining-positive, non-spore-for-
ming, regular rod-shaped (approximately 0.7 × 1.9 mm) 
bacteria (HY170T and HY001) were isolated from bat feces 
collected from Chongzuo city, Guangxi province (22°20 54 N, 
106°49 20 E, July 2011) and Chuxiong Yi Autonomous Pre-
fecture, Yunnan province (25°09 10 N, 102°04 39 E, October 
2013) of South China, respectively. Optimal growth is ob-
tained at 25–28°C (range, 4–32°C) on BHI-5% sheep blood 
plate with pH 7.5 (range, 5.0–10.0) in the presence of 0.5– 
1.0% NaCl (w/v) (range, 0–15% NaCl [w/v]). The phyloge-
netic and phylogenomic trees based respectively on the 16S 
rRNA gene and 845 core gene sequences revealed that the 
two strains formed a distinct lineage within the genus Bre-
vibacterium, most closely related to B. aurantiacum NCDO 
739T (16S rRNA similarity, both 98.5%; dDDH, 46.7–46.8%; 
ANI, 91.9–92.1%). Strain HY170T contained MK-8(H2), di-
phosphatidylglycerol (DPG) and phosphatidylglycerol (PG), 
galactose and ribose as the predominant menaquinone, ma-
jor polar lipids, and main sugars in the cell wall teichoic acids, 

respectively. The meso-diaminopimelic acid (meso-DAP) 
was the diagnostic diamino acid of the peptidoglycan found 
in strain HY170T. Anteiso-C15:0 and anteiso-C17:0 were the 
major fatty acids (> 10%) of strains HY170T and HY001, with 
anteiso-C17:1A predominant in strain HY170T but absent in 
strain HY001. Mining the genomes revealed the presence 
of secondary metabolite biosynthesis gene clusters encoding 
for non-alpha poly-amino acids (NAPAA), ectoine, sidero-
phore, and terpene. Based on results from the phylogenetic, 
chemotaxonomic and phenotypic analyses, the two strains 
could be classified as a novel species of the genus Brevibac-
terium, for which the name Brevibacterium zhoupengii sp. 
nov. is proposed (type strain HY170T = CGMCC 1.18600T 
= JCM 34230T).
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Introduction

The fact is eventually accepted that bats, the only mammal 
that can fly, carry a large number of viruses, including deadly 
viruses like SARS coronavirus, Nipah virus, Hendra virus, 
and Ebola virus (Shi, 2010; Smith and Wang, 2013). However, 
bat-associated bacteria were relatively neglected (Muhldorfer, 
2013; Afonso and Goydadin, 2018), which might play an im-
portant role as components of the microbiota. Some novel 
bacterial species previously isolated from bat feces in our 
laboratory belong to the phylum Actinobacteria, such as 
Agromyces laixinhei (Cheng et al., 2021), Haloactinobacterium 
kanbiaonis (Xu et al., 2021), Microbacterium chengjingii, M. 
fandaimingii (Zhou et al., 2021), and Ruania zhangjianzhongii 
(Xu et al., 2021). In the present study, we continue to explore 
bat fecal microbiota, and describe the phenotypic and ge-
nomic characterization of a novel species in the genus Bre-
vibacterium belonging to phylum Actinobacteria.
  The genus Brevibacterium is a group of Gram-stain- and 
catalase-positive, nonsporulating, nonmotile, obligate aero-
bic or anaerobic-tolerant rod-shaped bacteria, having meso- 
diaminopimelic acid (meso-DAP) as diagnostic peptidogly-
can, anteiso-C15:0 and anteiso-C17:0 as the primary fatty acids, 
and MK-8(H2) as major respiratory menaquinone (Collins 
and Farrow, 1983). As of July 2022, there are 36 validly pub-
lished species within genus Brevibacterium (https://lpsn.dsmz. 
de/genus/brevibacterium) isolated from various sources, such 
as milk products, poultry, sediment, soil, oil paintings, clinical 
specimens, multiple sites on the human body, insects, brown 
algae, and marine environments. Overall, the genus has quite 
a few extraordinary features. Genetically, the sequenced ge-
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nomes have relatively high G + C contents within a range 
of 55.8–72.4 mol% (Wauters et al., 2001; Deng et al., 2020). 
Phenotypically, almost all of the members are nonmotile 
and can tolerate 10% (w/v) or even higher of NaCl, with a 
few exceptions. Only two (B. album and B. samyangense) are 
motile (Lee, 2006; Tang et al., 2008), and B. anseongense is 
the only one reported to be unable to grow in medium with 
NaCl higher than 1% (Jung et al., 2018). Furthermore, the 
genus Brevibacterium, with a lot of unknowns, also plays a 
crucial role in industry, producing enzymes, aroma, anti-
microbial substances, amino acids (L-lysine and L-gluta-
mic acid), and carotenoids (Onraedt et al., 2005). Brevibac-
terium linens, the type species of genus, first isolated from 
the surface of ripened cheese in 1910 (Forquin-Gomez and 
Weimer, 2014) and formally described in 1953 (Breed, 1953), 
is found to be vital for the hallmark color, flavor, and aroma 
of smear surface-ripened cheeses (Onraedt et al., 2005). Also 
of note is that some species of the genus Brevibacterium are 
likely opportunistic pathogens causing bacteremia, brain ab-
scess, endocarditis, meningitis, and osteomyelitis. At least 
five species (B. casei, B. epidermidis, B. iodinum, B. otitidis, 
and B. paucivorans) have been involved in diverse infections 
affecting either immunocompromised or even immunocom-
petent people (McCaughey and Damani, 1991; Antoniou et 
al., 1997; Wauters et al., 2000; Cannon et al., 2005; Kumar et 
al., 2011; Asai et al., 2019; Joshi et al., 2020).
  Here, we propose Brevibacterium zhoupengii sp. nov., a 
novel halotolerant actinomycete of the genus Brevibacterium 
isolated from bat feces, with a carotenoid biosynthetic gene 
cluster highly similar to that of B. linens.

Materials and Methods

Purpose of isolation
Our laboratory has a long term interest in investigating the 
intestine (via fecal samples) microbiome diversity of wild 
animals such as Equus kiang (Huang et al., 2019), Marmota 
himalayana (Liu et al., 2015), Pantholops hodgsonii (Bai et 
al., 2016), and yak (Ge et al., 2021) to identify potentially pa-
thogenic microbial species and dissect the process of disease 
transmission. Recently, bats have attracted global attention 
because of their zoonotic association with severe acute res-
piratory syndrome coronaviruses (SARS-CoV and SARS- 
CoV-2) (Hu et al., 2021). Thus far, the prevalence and abun-
dance of pathogenic bacteria in bats and their potential public 
health significance have largely been neglected (Muhldorfer, 
2013; Afonso and Goydadin, 2018), and we are curious if bat 
fecal samples contain any novel bacteria alongside the viruses.

Isolation and culture conditions of the strains
During investigating the microbial diversity in bat feces, two 
strains (HY001, HY170T) were isolated from fecal samples of 
bats (Taphozuos spp. and Rousettus spp.), which were col-
lected from the Chongzuo city, Guangxi province (22°20 54 N, 
106°49 20 E, July 2011) and Chuxiong Yi Autonomous Pre-
fecture, Yunnan province (25°09 10 N, 102°04 39 E, Octo-
ber 2013), respectively. Sample collection, storage, transpor-
tation and strain isolation were similar to what was pre-

viously described (Cheng et al., 2021; Huang et al., 2022). 
In brief, bat feces from the same location were pooled toge-
ther, fully ground, well mixed on a 1.5 ml tube rotator, and 
150 μl of each mixed sample (1.0 g diluted with 1.0 ml 0.85% 
[w/v] NaCl solution) was immediately plated onto the brain- 
heart infusion (BHI) plates supplemented with 5% sheep 
blood (BHIB). After aerobic incubation at 28°C for 24–96 h, 
selected bacterial colonies were subjected to preliminary char-
acterization by PCR amplification and sequencing of 16S 
rRNA gene sequence analysis. Strains HY170T and HY001, 
undergoing an identical procedure as other colonies, were 
purified on BHIB agar and preserved at -80°C in BHI broth 
supplemented with glycerol (20%, v/v).

16S rRNA gene sequences and phylogenetic analysis
To determine the phylogenetic positions of strains HY170T 
and HY001, their 16S rRNA genes were amplified with the 
universal primers 27F and 1492R, cloned by using the pEASY- 
T3 cloning kit, sequenced as before (Huang et al., 2022), 
and deposited in GenBank with accession numbers MH-
915557 and OL752407, respectively. The newly generated 16S 
rRNA gene sequences were compared with others by EzBio-
Cloud’s identification service (https://www.ezbiocloud. net) 
(Yoon et al., 2017a) to locate their taxonomic position (phy-
lum, Actinobacteria; class, Actinomycetia; order, Brevibac-
teriales; family, Brevibacteriaceae; genus, Brevibacterium). 
Multiple alignment of the 16S rRNA gene sequences of the 
type strains in the genus Brevibacterium was performed us-
ing the CLUSTAL W program (Thompson et al., 1994) and 
phylogenetic analysis using the software package MEGA X 
(https://www.megasoftware.net/), by the neighbor-joining 
(NJ) (Saito and Nei, 1987), maximum parsimony (MP) (Fitch, 
1971) and maximum likelihood (ML) (Felsenstein, 1981) algo-
rithms with a bootstrap analysis of 1,000 replicates (Felsen-
stein, 1985).

Whole-genome sequencing and phylogenomic analysis
Strain HY170T was sequenced by single molecule real-time 
(SMRT) technology (McCarthy, 2010) on the Pacific Bios-
ciences (PacBio) sequencing platform to obtain its whole ge-
nome sequence without gaps, which was assembled using de 
novo and analyzed using the Hierarchical Genome Assembly 
Process (HGAP4) application (Castanera et al., 2020). Mean-
while, strain HY001 was sequenced on the Illumina HiSeq 
TM2000 platform and assembled using VELVET (Zerbino 
and Birney, 2008). The genomic sequences of strains HY170T 
and HY001 were deposited in GenBank with accession num-
bers CP088298 and JAJNND000000000, the other available 
whole genomes within the genus of Brevibacterium (listed 
in Supplementary data Table S1) were obtained from the 
NCBI sequence read archive (https://www.ncbi.nlm.nih.gov/ 
genome), and Sediminivirga luteola CGMCC 1.12785T served 
as outgroup. Gene annotation, including the protein-coding 
DNA sequences (CDSs), tRNAs, and rRNAs was processed 
by the NCBI Prokaryotic Genome Annotation Pipeline (PGAP; 
https://www.ncbi.nlm.nih.gov/genome/annotation_prok/). 
Gene calling and annotation was performed using the RAST 
(Rapid Annotation using Subsystem Technology) server 
(https://rast.nmpdr.org/) and the SEED viewer framework 
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(Aziz et al., 2008; Overbeek et al., 2014). The clusters of or-
thologous groups of proteins (COG) database was used for 
functional gene annotation by a BLAST search (Galperin et 
al., 2015) with the minimal alignment length percentage larger 
than 40% (E-value less than 1e-5). Secondary metabolite bio-
synthesis gene clusters in bacterial genomes were identi-
fied, annotated and analyzed by antiSMASH bacterial version 
(https://antismash.secondarymetabolites.org/#!/start) (Me-
dema et al., 2011). Furthermore, digital DNA-DNA hybri-
dization (dDDH) (http://ggdc.dsmz.de/ggdc.php; with a thre-
shold of 70%) and average nucleotide identity (ANI) (ANI 
Calculator | Ezbiocloud.net; with a threshold of 95–96%) have 
been widely used for bacterial species delineation, with per-
centage calculations using Formula 2 (Auch et al., 2010) and 
the OrthoANIu algorithm (Yoon et al., 2017b), respectively.
  To further verify the taxonomic position of strains HY170T 
and HY001 in the genus Brevibacterium, a bio-clustering tool 
software, CD-HIT (Fu et al., 2012) was used to cluster amino 
acids from 31 whole genomes (Supplementary data Table S1, 
including strains HY170T and HY001) by a protein sequence 
identity threshold of 0.4. A phylogenomic tree was rebuilt 
with the NJ method using FastTree (Price et al., 2009) after 
the extracted core genes were concatenated and aligned by 
MAFFT. Then, the phylogenomic tree was visualized by 
Dendroscope 3 (version 3.5.10, 14 Nov 2018) (Huson and 
Scornavacca, 2012), and modified with Interactive Tree of 
Life (https://itol.embl.de/).

Phenotypic and biochemical characterization
Bacterial growth requirement was tested in BHI broth for 7 
days in various temperatures (4, 10, 15, 20, 25, 28, 30, 32, 
35, 37, 40, 42, or 45°C), pH (4.0–11.0, 0.5 units intervals) 
and salt concentrations (0.5–22.0% [w/v] NaCl, with an in-
terval of 0.5%). Culture characteristics were determined on 
different media, such as BHI, BHIB, Reasoner’s 2A, Nutrient, 
MacConkey, and Tryptic soy agar. Growth on identical plates 
was also assessed for up to one week under microaerophilic 
(a 5% [v/v] CO2 incubator) or anaerobic condition (anaerobic 
chamber: 80.0% N2, 10.0% CO2, and 10.0% H2). Gram stain-
ing was performed using a Gram-staining kit (Baso) (Aust-
rian, 1960), and motility was tested via observing the spread-
ing growth of cells inoculated by piercing into BHI semi-
solid (0.3% agar) medium in test tubes (Xu et al., 2013). Mor-
phology of strain HY170T was observed under a light micro-
scope (RVL2-K, Echo) and a transmission electron micro-
scope (HT7700, Hitachi). Catalase activity of strains was 
tested with a drop of 3% H2O2 (v/v) solution, and 1% (w/v) 
tetramethyl-p-phenylenediamine was used to determine the 
oxidase activity of fresh cells. Further biochemical charac-
teristics (carbon utilization, acid production, and enzyme 
activities) were obtained using the identification system of 
API 50CH strips (with API 50 CHB medium), API 20NE and 
API ZYM according to the manufacturers’ instructions (bio-
Mérieux) (Irakli et al., 2011).

Chemotaxonomic characterization
For the following assays, all the tested strains were harvested 
in exponential growth phase under the same conditions (BHIB 
plates [1.0% NaCl, w/v; pH 7.5], aerobically at 28°C for 2 

days). Cellular fatty acids were extracted and identified fol-
lowing the standard protocols of the Sherlock Microbial 
Identification System (MIDI) (Sasser, 1990). High perform-
ance liquid chromatography (HPLC) was used to extract, pu-
rify, and analyze the respiratory isoprenoid quinones (Ko-
magata and Suzuki, 1988). Polar lipids were analyzed using 
two-dimensional thin-layer chromatography (2D TLC) af-
ter hydrolysis with 6 M HCl at 100°C for 18 h (Staneck and 
Roberts, 1974; Harper and Davis, 1979). Peptidoglycan amino 
acid composition was measured with a Hitachi-8900 high 
speed amino acid analyzer after hydrolyzing the cell-wall, 
and whole-cell sugars were examined according to the me-
thod of Hasegawa et al. (1983). Bacterial carotenoid extracts 
were analyzed at 450 nm using an UPLC system with DAD 
detector (UPLC, U3000; Thermo Scientific). The analytical 
conditions were as follows, UPLC: column, YMC Carotenoid 
S-3 μm (150 × 4.6 mm); column temperature, 40°C; flow rate, 
1.0 ml/min; injection volume, 2 μl; solvent system (MeOH: 
MTBE:H2O = 20:75:5); gradient program, 100:0 V/V at 0 min, 
39:61 V/V at 15 min, 0:100 V/V at 25 min, 100:0 V/V at 25.1 
min, 100:0 V/V at 30 min. Data were acquired on the U3000 
UPLC (Thermo Scientific), and processed using chrome-
leon 7.2 CDS (Thermo Scientific) (Meléndez-Martínez et 
al., 2010; Irakli et al., 2011).

Results and Discussion

Phylogenetic and phylogenomic analyses
The near full-length 16S rRNA gene (1,499 bp) of strain 
HY170T was most closely related to that of strain HY001 
(100%), B. aurantiacum NCDO 739T (98.5%), B. antiquum 
VKM Ac-2118T (97.8%) and B. celere KMM 3637T (97.6%), 
with < 97.5% to other members of the genus Brevibacterium, 
via the EzBioCloud database service. In the NJ phylogenetic 
tree (Fig. 1), our isolates (HY170T and HY001) clustered with 
B. aurantiacum NCDO 739T and B. antiquum VKM Ac- 
2118T, respectively, with bootstrap values of 61% and 93%. 
This cluster was adjacent to another cluster comprising B. 
celere KMM 3637T and other species of Brevibacterium, and 
these findings were also supported by the ML and MP an-
alysis (Supplementary data Figs. S1 and S2).
  The phylogenomic tree (Fig. 2) based on 845 core genes 
illustrated that our isolates were closest to B. aurantiacum 
ATCC 9175T (= NCDO 739T) and B. antiquum DSM 21545T 
(= VKM Ac-2118T), further proving that the isolates belong 
to genus Brevibacterium. The topologies of the phylogenetic/ 
phylogenomic trees (Figs. 1, 2; Supplementary data Figs. S1 
and S2) were consistent to the DNA relatedness between 
strains, i.e., B. aurantiacum JCM 2590T had almost identical 
G + C content, the highest 16S rRNA similarity and scores of 
dDDH and ANI with our isolates (Supplementary data Table 
S1), followed by B. antiquum JCM 13317T. Thus, B. auranti-
acum JCM 2590T (= ATCC 9175T = NCDO 739T), B. anti-
quum JCM 13317T (= DSM 21545T = VKM Ac-2118T) and 
B. celere JCM 13521T (= KMM 3637T) were chosen and pur-
chased from Japan Collection of Microorganisms for direct 
comparison in subsequent phenotypic and biochemical an-
alyses.
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  The dDDH and ANI values between strains HY170T and 
HY001 were 93.4% and 99.2%, respectively, indicating that 
they belong to the same species. However, they showed dDDH 
and ANI scores far below the threshold level (dDDH, 70%; 
ANI, 95–96%) when comparing to their closely related species 
and other available type strains of genus Brevibacterium (Sup-
plementary data Table S1), demonstrating that they could 
be assigned to a novel species of Brevibacterium.

Whole genome characteristics and functional gene annotation
The genome of strain HY170T was comprised of a circular 
chromosome of 4,408,116 bp (N50 4,408,116 bp), containing 
12 rRNA genes, 49 tRNA genes, and 3,894 predicted CDSs, 
respectively. Likewise, the draft genome of strain HY001 as-
sembled from 8 contigs was 4,310,443 bp (N50 939,788) long, 
including 7 rRNA genes, 49 tRNA genes and 4,042 predicted 

NJ phylogenetic tree based on nearly full length 16S rRNA gene sequences revealing the position of Brevibacterium zhoupengii sp. nov. Solid circles 
indicate the nodes supported by both maximum-likelihood and maximum-parsimony analyses. Numbers on the tree indicate bootstrap values calculated 
for 1,000 subsets for branch points > 50%. Bar, 0.005 substitutions per nucleotide position. Sediminivirga luteola F23T serving as outgroup.
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CDSs (Supplementary data Table S2). DNA G + C content 
of strains HY170T and HY001 was 62.6% and 62.7%, respec-
tively, which was close to that of the three reference strains 
(B. aurantiacum ATCC 9175T, B. antiquum DSM 21545T, 
and B. celere JCM 13521T) and was within the range (55.8– 
72.4 mol%) of the genus Brevibacterium (Chen et al., 2016). 
As shown in Supplementary data Table S2, subsystem fea-
ture counts of strains HY170T and HY001 were 1,531 and 
1,614, slightly higher than the reference strains and most of 
them were involved in activities for Amino Acids and De-
rivatives (335 [21.9%], 330 [20.4%]), Carbohydrates (174 
[11.4%], 264 [16.4%]) and Protein Metabolism (177 [11.6%], 
172 [10.7%]). In addition, mining the genomes revealed the 
presence of some secondary metabolite biosynthesis gene 
clusters, including those encoding for non-alpha poly-amino 
acids (NAPAA), ectoine, siderophore, and terpene. Of note, 
the presence of several biosynthetic gene clusters presum-

ably encoding ulleungmycin and desferrioxamine, reveals 
the potential of our isolates in antibiotic biosynthesis (Sup-
plementary data Table S3). Furthermore, strains HY001 and 
HY170T carry a terpene-related secondary metabolism regions 
on their the genomes which is respectively 85% and 92% 
similar to the carotenoid biosynthetic gene cluster (MIBiG 
accession, BGC0000636) in B. linens (AF139916) (Krubasik 
and Sandmann, 2000) (Supplementary data Table S3 and 
Fig. S3B), respectively. However, the results showed that the 
novel strains under our culturing and testing conditions were 
unable to produce any of the eight carotenoids used as cali-
bration standard (Supplementary data Fig. S4), raising a pos-
sibility that carotinoid(s) other than the eight tested might 
confer colonies of the orange color. The impact of containing 
30–50% more or less genes for carbohydrates between our 
isolates (Supplementary data Table S2) remains to be inves-
tigated.

Neighbor-joining phylogenomic tree based on 845 core genes of analysed strains. Numbers on the tree indicate each split in the tree support values 
with the Shimodaira-Hasegawa test calculated for 1,000 resamples. Sediminivirga luteola CGMCC 1.12785T was used as an outgroup.



982 Huang et al.

Direct test and comparison of morphological, physiological, 
and biochemical characteristics with reference strains
Strains HY170T and HY001 were Gram-stain-positive, strictly 
aerobic, non-motile and rod-shaped (approximately 0.7 × 
1.9 mm, Supplementary data Fig. S5). Our isolates and B. 
aurantiacum JCM 2590T grew between 4 and 32°C (optimum, 
25–28°C), while the other two (B. antiquum JCM 13317T 
and B. celere JCM 13521T) managed to grow beyond 32°C 

(≥ 35°C). Optimal pH for growth was 7.5, but the strains 
proliferated between pH 5–10. Colonies of strains HY170T 
and HY001 grown on BHIB agar were circular (with a di-
ameter of ~1 mm), convex and changed color from opaque 
and creamy (day 2) to orange (day 5) when incubating at 28°C 
(Supplementary data Fig. S3A). The isolates grew also on 
BHI agar, Reasoner’s 2A agar, Nutrient agar and Tryptic soy 
agar but not on MacConkey agar. Our isolates could tolerate 
NaCl up to 15.0% (w/v), 0.5–1.0% optimal, similar to their 

 Differential characteristics of Brevibacterium zhoupengii sp. nov. and the type strains of closely related species
All data are from this study unless indicated.

B. zhoupengii 
HY001Characteristics

B. zhoupengii 
HY170T

B. antiquum 
JCM 13317T

B. aurantiacum 
JCM 2590T

B. celere 
JCM 13521T

Colony colour Creamya Creamya Orange Pale-yellow White
Isolation source Fecesb Fecesc Sediments Cheese Brown alga
Temperature (°C)

Range 4–32 4–32 4–37 4–32 10–40
Optimum 25–28 25–28 25 25 28

NaCl (w/v, %)
Range 0–15 0–15 0–20 0–15 0–15
Optimum 0.5–1.0 0.5–1.0 1.0–2.0 1.0 1.0–2.0

pH
Range 5–10 5–10 5–9 5–9 5–10
Optimum 7.5 7.5 7–7.5 7–7.5 8.5

API ZYM results
Alkaline phosphatase w + – w +
Esterase lipase (C8) + + – + +
Leucine arylamidase + + w + +
Cystine arylamidase + – – – –
Acid phosphatase + + – – +
α-Glucosidase – – – – +

API 50 CH results
Glycerol – – + + +
D-Arabinose – – – – +
D-Ribose – – + – –
D-Xylose w w + + –
D-Galactose w w w + –
D-Glucose w w + + –
D-Fructose – – + + –
L-Rhamnose + – – – –
Salicin – – + + –
D-Maltose – – – – +
D-Trehalose – – – – +
D-Turanose – – – – +
L-Fucose – – – – +
Potassium 5-ketogluconate + + + + –

API 20NE results
Urea + + + – –
Gelatin w + + – +
D-Glucose + + – – +
N-acetyl-glucosamine – – – – +
D-Maltose – – – – +
Potassium gluconate + + – + +
Adipic acid + + – – –
Malic acid + + – + +
Trisodium citrate + + – + +
Phenylacetic acid + + – – +

a Culture for 2 days; b Taphozous spp. bat; c Rousettus spp. bat; +, positive; w, weakly positive; –, negative.
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closest relatives and the majority of genus Brevibacterium 
exhibiting halotolerant capability. The presence of multiple 
resistance and pH (mrp) gene cluster (Supplementary data 
Fig. S6) and genes for Na+/H+ antiporter-associated proteins 
(below in brackets) in the four type strains might explain 
the sodium tolerance and pH homeostasis (Wang et al., 
2019); Na+/H+ antiporter-associated proteins in HY170T 
(WP_231441931.1, WP_231446240.1, WP_231443555.1, WP_ 
231443664.1, WP_231443551.1 and WP_231443548.1), in 
B. aurantiacum ATCC 9175T (WP_069600513.1, WP_1015-
83342.1, WP_101584787.1, WP_009882258.1, WP_101584-
789.1 and WP_096157730.1), in B. antiquum DSM 21545T 
(WP_232488493.1, WP_198395160.1, WP_198395750.1, WP_ 
198395751.1, WP_198395752.1 and WP_198395753.1) and 
in B. celere JCM 13521T (WP_113902932.1, WP_113903004.1, 
WP_113903003.1 and WP_113903002.1). It would be inter-
esting to dissect the role of mrpC present in the other three 
type strains in contrast to its absence in B. celere JCM 13521T 
(Supplementary data Fig. S6). Differential biochemical char-
acteristics between our isolates and the representative strains 
of the closest phylogenetically related Brevibacterium spe-
cies are depicted in Table 1. Among other interesting and 
relatively discriminatory biochemical differences, strains HY-
170T and HY001 were able to utilize adipic acid but unable 
to utilize glycerol as carbon source, in striking contrast to 
all their three closest relatives.

Chemotaxonomic characteristics
The patterns of the major polar lipids (DPG, PG), predom-
inant menaquinone (MK-8[H2]) and main fatty acids (an-
teiso-C15:0, anteiso-C17:0) in our isolates were consistent with 
other species of the genus Brevibacterium. The major polar 
lipids of strain HY170T were diphosphatidylglycerol (DPG), 
phosphatidylglycerol (PG), an unidentified glycolipid (GL) 
and two unidentified lipids (L1, L2) (Supplementary data Fig. 
S7). MK-8(H2) was the predominant menaquinone. Addi-
tionally, all the five strains tested in parallel shared anteiso- 
C15:0 and anteiso-C17:0 as major fatty acids (Supplementary 
data Table S4), with both amounting to around 40% in B. 
celere JCM 13521T, a result similar to that originally reported 
(Ivanova et al., 2004). The major sugars in the cell-wall tei-
choic acids of strain HY170T were galactose and ribose (Sup-
plementary data Fig. S8A). Moreover, strain HY170T con-
tained meso-diaminopimelic acid (meso-DAP) as the diag-
nostic diamino acid of the peptidoglycan (Supplementary 
data Fig. S8B), which is a typical feature of the Brevibacterium 
species, readily seen in the closely related species (Gavrish 
et al., 2004; Ivanova et al., 2004).

Taxonomic conclusion
Strains HY170T and HY001 isolated from bat feces collected 
in south China were closest to B. aurantiacum ATCC 9175T 
(Figs. 1 and 2) according to the topologies of phylogenetic 
and phylogenomic trees based on the 16S rRNA gene se-
quence and core gene analysis, and their genomic related-
ness with other species were less than the proposed thresh-
olds for species delineation by their dDDH and ANI values 
(Supplementary data Table S1), indicating that they repre-
sent a novel species belonging to genus Brevibacterium. This 

distinctiveness was also supported by the different profiles 
from their closely related species in biochemical tests (Table 1). 
However, the range of growth temperature, pH, and NaCl of 
strains HY170T and HY001 is similar to other related strains 
in the genus Brevibacterium. Moreover, the major polar lipids 
(DPG, PG), fatty acids (anteiso-C15:0 and anteiso-C17:0), res-
piratory quinone (MK-8[H2]) and diagnostic diamino acid 
(meso-DAP) of strain HY170T were congruent to their closest 
species of the genus Brevibacterium. Of note, mining the ge-
nomes of strains HY170T and HY001 for secondary meta-
bolite biosynthesis gene clusters using the antiSMASH server 
revealed the presence of several putative biosynthetic gene 
clusters, such as infrastructures for ulleungmycin and des-
ferrioxamine E, implying their potential in antibiotic biosyn-
thesis. Additionally, the two strains’ genomes have carotenoid 
biosynthetic gene clusters highly similar (85–92%) to that 
of B. linens. Galactose and ribose were the primary cell wall 
sugars for strain HY170T judged by the results from the 2D 
TLC analysis of its cell-wall (Supplementary data Fig. S8A).
Based on the results of phenotypic, phylogenetic, genotypic 
analyses and chemotaxonomic data, we conclude that strains 
HY170T and HY001 represent a novel species of the genus 
Brevibacterium, for which the name Brevibacterium zhou-
pengii sp. nov. is proposed.

Description of Brevibacterium zhoupengii sp. nov.
Brevibacterium zhoupengii (zhou.peng i.i. N.L. gen. n. zhou-
pengii of Peng Zhou, a researcher in Wuhan Institute of Viro-
logy, Chinese Academy of Sciences, for his contribution to 
taxonomic analysis of viruses isolated from bats)
  Cells are strictly aerobic, Gram-stain- and catalase-positive, 
oxidase-negative, non-motile, regular rod-shaped (approxi-
mately 0.7 × 1.9 mm). Growth in brain heart infusion (BHI) 
broth occurs at 4–32°C (optimum, 25–28°C), at pH 5.0–10.0 
(optimum, 7.5) and with 0–15% NaCl (w/v) (optimum, 0.5– 
1.0%); best and fastest growth on BHIB agar, with decent 
growth on BHI agar, Reasoner’s 2A agar, Nutrient agar and 
Tryptic soy agar, but not on MacConkey agar. Colonies on 
BHIB agar at 28°C are circular (with a diameter of ~1 mm), 
convex and opaque, and change color from creamy to orange 
after 2–5 days of incubation. Anteiso-C15:0 and anteiso-C17:0 
are the major fatty acids (> 10%), with variable amount of 
anteiso-C17:1A and anteiso-C17:1ω9c between strains. The polar 
lipids include diphosphatidylglycerol (DPG), phosphati-
dylglycerol (PG), an unidentified glycolipid (GL) and two 
unidentified lipids (L1, L2). MK-8(H2) is the predominant 
menaquinone. The type strain contains meso-DAP as the di-
agnostic diamino acid in the cell-wall peptidoglycan, and 
galactose and ribose in the whole-cell extracts. Using API 50 
CH, acid is produced from D-xylose (weakly), D-galactose 
(weakly), D-glucose (weakly), esculin ferric citrate and po-
tassium 5-ketogluconate, but not from amidon, amygdalin, 
arbutin, dulcitol, D-adonitol, D-arabinose, D-arabitol, D- 
cellobiose, D-fructose, D-fucose, D-lactose, D-lyxose, D-mal-
tose, D-mannose, D-mannitol, D-melezitose, D-melibiose, 
D-raffinose, D-ribose, D-saccharose, D-sorbitol, D-tagatose, 
D-trehalose, D-turanose, erythritol, gentiobiose, glycerol, gly-
cogen, inositol, inulin, L-arabinose, L-arabitol, L-fucose, L- 
sorbose, L-xylose, methyl-α-D-glucopyranoside, methyl-α- 
D-mannopyranoside, methyl-β-D-xylopyranoside, N-acetyl-
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glucosamine, potassium 2-ketogluconate, potassium gluco-
nate, salicin or xylitol, and variable from L-rhamnose. With 
API ZYM, positive for acid phosphatase, alkaline phospha-
tase (HY001 weakly), esterase (C4), esterase lipase (C8), leu-
cine arylamidase, and naphthol-AS-BI-phosphohydrolase, 
negative for lipase (C14), N-acetyl-β-glucosaminidase, tryp-
sin, valine arylamidase, α-chymotrypsin, α-fucosidase, α- 
galactosidase, α-glucosidase, α-mannosidase, β-galactosidase, 
β-glucosidase or β-glucuronidase, and variable for cystine 
arylamidase. In the API 20NE kit, positively assimilate urea, 
esculin ferric citrate, gelatin (HY001 weakly), D-glucose, po-
tassium gluconate, adipic acid, malic acid, phenylacetic acid, 
and trisodium citrate, but not capric acid, D-maltose, D-man-
nitol, D-mannose, L-arabinose, L-arginine, L-tryptophane, N- 
acetyl-glucosamine, potassium nitrate and 4-nitrophenyl- 
β-D-galactopyranoside.
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