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Background: Paenibacillus thiaminolyticus, a species of genus Paenibacillus
of the family Paenibacillaceae, exists widely in environments and habitats
in various plants and worms, and occasionally causes human infections.
This work aimed to characterize the function of a novel aminoglycoside
O-nucleotidyltransferase resistance gene, designated ant(6)-If, from a P.
thiaminolyticus strain PATH554.

Methods: Molecular cloning, antimicrobial susceptibility testing, enzyme expression
and purification, and kinetic analysis were used to validate the function of the
novel gene. Whole-genome sequencing and comparative genomic analysis were
performed to investigate the phylogenetic relationship of ANT(6)-If and other
aminoglycoside O-nucleotidyltransferases, and the synteny of ant(6)-If related
sequences.

Results: The recombinant with the cloned ant(6)-If gene (pMD19-ant(6)-If/
DH5a) demonstrated a 128-fold increase of minimum inhibitory concentration
level against streptomycin, compared with the control strains (DH5a and
pMD19/DH5a). The kinetic parameter k../K, of ANT(6)-If for streptomycin was
9.01x10°M-*s7t. Among the function-characterized resistance genes, ANT(6)-
If shared the highest amino acid sequence identity of 75.35% with AadK. The
ant(6)-If gene was located within a relatively conserved genomic region in the
chromosome.

Conclusion: ant(6)-If conferred resistance to streptomycin. The study of a novel
resistance gene in an unusual environmental bacterium in this work contributed
to elucidating the resistance mechanisms in the microorganisms.

Paenibacillus thiaminolyticus, aminoglycoside-modifying enzyme, comparative
genomics, enzyme kinetic analysis, ant(6)-If
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Introduction

Paenibacillus is a genus of firmicute in the family Paenibacillaceae.
The genus is characterized by aerobic or facultatively anaerobic, oval-
shaped, endospore-forming, Gram-positive, -negative or-variable
bacillus (Saez-Nieto et al,, 2017), and it contains more than 200
recognized species." Paenibacillus has been isolated from a wide range
of sources and produces a variety of antibiotics, enzymes, and
exopolysaccharides that are beneficial to medicine, the manufacturing
industry, and bioremediation. On the negative aspect, some Paenibacillus
species can infect honeybees and cause dairy spoilage, and occasionally
act as an opportunistic pathogen in human beings (Grady et al., 2016).
Paenibacillus thiaminolyticus was initially included in the genus bacillus
and was reclassified into the genus Paenibacillus based on the results of
16S rRNA gene and cellular fatty acid composition analyses (Shida et al.,
1997). Paenibacillus thiaminolyticus can produce thiaminase I enzyme
(Richter et al, 2009), antimicrobial peptide polymyxin Al and
paenibacterin that are active against Gram-negative and Gram-positive
pathogens (Huang and Yousef, 2014; Wu et al., 2022). Infections caused
by clinical P. thiaminolyticus isolates have also been reported (Ouyang
et al.,, 2008; Di Micco et al., 2021; Morton et al., 2022).

Aminoglycoside antibiotics were first isolated from bacteria
Streptomyces and Micromonospora and showed effective treatment of
infections caused by Gram-negative and some Gram-positive bacteria.
But bacterial resistance was observed more frequently as the widespread
use of these antibiotics in clinical practice and the remarkable ability of
bacteria to develop resistance to antibiotics (Becker and Cooper, 2013).
Resistance mechanism of aminoglycoside antibiotics includes
modification of aminoglycoside antibiotics by aminoglycoside-
modifying enzymes (AMEs), increased efflux pumps or decreased
permeability of the bacterial outer membrane, biofilm formation,
methylation of 16S rRNA ribosomal subunit etc. (Wang et al., 2022).
Among the various mechanisms, the most common resistance
mechanism is either intrinsic or acquired ability to produce AMEs
(Wachino et al., 2020). Enzymatic modification at —OH or — NH, groups
of the 2-deoxystreptamine nucleus or the sugar moieties in
aminoglycoside drugs can be accomplished by N-acetyltransferases
(AAGCs), O-adenyltransferases (ANTs) and O-phosphotransferases
(APHs; Ramirez and Tolmasky, 2010). AMEs are classified by different
sites of modification. For instance, ANT(6) catalyzes nucleotidylylation

1 https://lpsn.dsmz.de/genus/paenibacillus

TABLE 1 Bacteria and plasmids used in this study.
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of streptomycin at the hydroxyl group at position 6, and ANT(9) catalyzes
nucleotidylylation of spectinomycin at the hydroxyl group at position 9.
Genes coding for ANT(6) have been named ant(6)-Ia, ant(6)-Ib, and
aadK etc. (Ramirez and Tolmasky, 2010; Hormefio et al., 2018).

In this work, with molecular cloning, whole genome sequencing
and enzyme kinetic analyses, we described a novel aminoglycoside
resistance gene ant(6)-If encoded on the chromosome of
P, thiaminolyticus isolated from an animal fecal swab sample.

Materials and methods
Bacterial strains and plasmids

The bacteria and plasmids used in this study were listed in Table 1.
P, thiaminolyticus PATH554 was isolated from the fecal swab sample
of a rabbit during a survey on the antimicrobial resistance of bacteria
from livestock in a farm in Wenzhou, China. Taxonomic classification
of PATH554 included 16S rRNA gene homology, digital DNA-DNA
hybridization (ADDH; Meier-Kolthoff et al., 2013), genome distance
estimation (Ondov et al., 2016), and whole-genome average nucleotide
identity (ANI) analyses (Richter and Rossello-Mora, 2009).

Antibiotic susceptibility testing

All the antimicrobials were bought from a pharmacy or a hospital.
The antimicrobial agents tested in this work were listed in Table 2,
including gentamicin, tobramycin, neomycin, streptomycin,
sisomicin, ribostamycin, amikacin, spectinomycin, kanamycin, and
paromomycin. The minimum inhibitory concentrations (MICs) were
determined with the agar dilution method following the Clinical and
Laboratory Standards Institute antimicrobial susceptibility testing

standard M100 (31st Edition, 2021).
Cloning of the ant(6)-If gene

Primers were designed using SnapGene.? The open reading frame
(OREF) of the ant(6)-If gene and its promoter region were amplified by

2 https://www.snapgene.com/

Strain and plasmid Description Reference
PATH554 The wild-type strain of P. thiaminolyticus PATH554 This study

DH5a E. coli DH5a as a host for cloning of the ant(6)-If gene Our laboratory collection
BL21 E. coli BL21 as a host for expression of the ant(6)-If gene Our laboratory collection
ATCC 29213 S. aureus ATCC 29213 as the quality control for antimicrobial susceptibility testing Our laboratory collection
pMD19-ant(6)-Iff DH5x DH5a carrying the recombinant plasmid pMD19-ant(6)-If This study

pCold I-ant(6)-If/BL21 BL21 carrying the recombinant plasmid pCold I-ant(6)-If This study

pMD19

Cloning vector for the ant(6)-If gene with its upstream promoter region, AMP"

Our laboratory collection

pCold I

Expression vector for the ORF of the ant(6)-If gene, AMP"

Our laboratory collection

AMP": ampicillin resistance.
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TABLE 2 MICs (ng/mL) of Paenibacillus thiaminolyticus PATH554 and the cloned ant(6)-If gene.

ATCC 29213 PATH554 DH5«a pMD19/DH5a pMD19-ant(6)-1f/DH5«

Gentamicin 0.125 1 1 1 <0.25
Tobramycin 0.125 16 0.5 0.5 0.25
Neomycin 1 <1 2 2 <1
Streptomycin 4 32 4 4 512
Sisomicin 2 1 <0.5 <0.5 <0.5
Ribostamycin <2 64 4 2 2
Amikacin <2 8 2 2 1
Spectinomycin 64 16 8 8 8
Kanamycin <2 64 2 2 1
Paromomycin 1 4 4 4 2

PCR with the primers listed in Table 3 and ligated into the T-Vector
pMD19 with the T4 DNA ligase (Takara Bio, Inc., Dalian, China).
Then the recombinant plasmid was transformed into Escherichia coli
DH5a using the calcium chloride method and cultured on Luria-
Bertani agar plates supplemented with 100 pg/mL ampicillin. The
sequence of the cloned insert was verified by PCR and sequencing
(Shanghai Sunny Biotechnology Co., Ltd., Shanghai, China).

Expression and purification of the ANT(6)-If
enzyme

The OREF of the ant(6)-If gene was amplified by PCR with the
primers listed in Table 3 and ligated into the pCold I vector with the
cleavage sites of thrombin, restriction endonuclease BamHI and
HindIIl. The recombinant plasmid was transformed into E. coli BL21.
Then ANT(6)-If was overexpressed in E. coli BL21/pCold I-ant(6)-If
and purified as described previously (Qing et al., 2004). When the
ODg of the culture reached 0.6-0.8 at 37°C, the expression of
ANT(6)-If protein was inducted by adding 1M isopropyl-p-d-
thiogalactoside, and additional cultivation for 20h at 16°C. Bacteria
were collected by centrifugation (8,000xg, 10min) at 4°C and
resuspended in lysis buffer (20mM Tris-HCI, 150 mM NaCl, 3mM
B-mercaptoethanol, 0.5% Nonidet-P-40, pH 8.0). Then bacteria were
disintegrated by sonication, and the debris was removed by
centrifugation (12,000 x g, 30 min) at 4°C. The lysates were incubated
with pre-equilibrated nickel-nitrilotriacetic acid (Ni-NTA) agarose
resin (Beyotime Biotechnology, Shanghai, China) for 8h at 4°C under
gentle shaking. The recombinant protein was purified by standard
Ni-NTA affinity chromatography. The His6 tag was removed by
incubation with thrombin for 4h at 37°C. The purity and
concentration of the ANT(6)-If protein was validated by SDS-PAGE
and the BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL,
United States). The quaternary structure of ANT(6)-If was examined
by clear-native PAGE. Two proteins with isoelectric points close to
that of the ANT(6)-If (33.7kDa, pl: 4.4), bovine serum albumin (BSA,
66.4kDa, pl: 4.7) and ovalbumin (45kDa, pl: 4.6) were selected as the
protein marker for clear-native PAGE (Wittig and Schigger, 2005).
ANT(6)-If and the markers were separated by 12% clear-native PAGE
without protein denaturant. Electrophoresis was performed at 180V
for 20 min and then at 200V for 40 min.

Frontiers in Microbiology

Enzyme kinetic parameter determination

The enzyme kinetic assay was performed as described previously
(Kim et al., 2006). The ANT(6)-If activity was measured by coupled
enzyme UDP-glucose
phosphoglucomutase, and glucose-6-phosphate dehydrogenase. The

reactions  of pyrophosphorylase,
enzyme activity of ANT(6)-If was assayed by monitoring the
accumulation of NADPH at 340 nm with a Synergy™ Neo2 Multi-Mode
Microplate Reader (BioTek Instruments, Inc., United States). The
reaction mixture contained 50mM HEPES (pH 7.5), 10mM MgCl2,
0.2mM UDP-glucose, 0.2 mM glucose 1,6-bisphosphate, 0.2mM NADP,
0.2mM dithiothreitol, 2units/mL UDP-glucose pyrophosphorylase,
20units/mL phosphoglucomutase, 20 units/mL glucose-6-phosphate
dehydrogenase, 1 mM ATP, 1.40 x 10" mM of ANT(6)-If, and variable
concentrations of aminoglycoside (5-100uM) in a total volume of
0.2mL. Reactions were initiated by the addition of ANT(6)-If.

Whole genome sequencing and
bioinformatic analysis

The genomic DNA was sequenced on the Illumina NovaSeq in the
2x150bp paired-end mode and PacBio RS II platforms (Shanghai
Personal Biotechnology Co., Ltd., Shanghai, China). The complete
genome was initially assembled by Trycycler (Wick et al., 2021) and Flye
(Kolmogorov et al., 2019) using PacBio long reads. Then the Illumina
short reads were mapped to the genome using BWA (Li and Durbin,
2009), and the quality of the genome was improved by Polypolish (Wick
and Holt, 2022). ORFs were predicted by Prokka (Seemann, 2014).
Promoter regions of genes were predicated by BPROM (Solovyev, 2011).
The translated protein sequences were searched against the NCBI nr
database (Sayers et al., 2021), the Swiss-Prot database (Boutet et al.,
2016), and the Comprehensive Antibiotic Resistance Database (CARD;
McArthur et al,, 2013) using DIAMOND blastp (Buchfink et al., 2021).
The 16S rRNA gene and pairwise dDDH analysis were performed on the
TYGS platform (Meier-Kolthoff and Goker, 2019). The whole-genome
average nucleotide identity and genome-to-genome distance were
calculated by FastANI (Jain et al.,, 2018) and Mash (Ondov et al., 2016)
in the gcType species identification pipeline (Shi et al., 2020), respectively.
ANI was proposed as the gold standard for the prokaryotic species
classification, and a recommended threshold of 95% could be used to
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circumscribe species boundary (Richter and Rossell6-Mora, 2009). The
genome distance is an estimate of the overall similarity between two
genomes (Auch et al,, 2010). The circular genome map was drawn by
CGView Comparison Tool (Grant et al., 2012). The molecular weight
and isoelectric point (pI) of protein sequences were calculated by
EMBOSS pepstats (Rice et al., 2000). The maximum-likelihood tree was
reconstructed, tested and visualized by IQ-TREE (Nguyen et al., 2015),
UFBoot2 (Hoang et al,, 2018), and ggtree (Yu, 2020), respectively. The
multiple sequence alignment was achieved through MAFFT (Katoh and

Amplicon size
(bp)
1,096
1,096
889
889

Standley, 2013) and presented by R package msa (Bodenhofer et al.,

60
60

2015). The synteny figure of genes was drawn by the clinker (Gilchrist
and Chooi, 2021). Entrez Direct’ and GNU Parallel (Tange, 2021) were
used to access the NCBI databases. Samtools (Li et al., 2009) and SeqKit
(Shen et al., 2016) were used to manipulate sequence data.

Annealing
temperature (°C)

Results and discussion

pMD19
pMD19
pCold I
pCold I

Genome characterization of PATH554

P thiaminolyticus PATH554 harbored one 6,485,805bp
chromosome (CP114031.1) with a GC content of 53.67%, encoding
5,743 proteins, 83 tRNAs, and 24 rRNAs (Table 4). No plasmid was
carried by PATH554. To identify the taxonomic classification of
PATH554, we combined the results of 16S rRNA gene, dDDH and
ANT analyses. Phylogram based on the 16S rRNA gene indicated that
PATHS554 is phylogenetically close to P. thiaminolyticus (Figure 1).
Pairwise dDDH values of PATH554 and other type strains showed
that PATH554 was most similar (with 74.4% similarity) to
P, thiaminolyticus NRRL B-4156 (CP041405.1). PATH554 also shared
the highest whole-genome ANT value (97.08%) and minimal genome-
to-genome distance (0.0268) against P. thiaminolyticus NRRL B-4156.
Based on the taxonomic identification results above, PATH554 could

Restriction
endonuclease
BamHI + Thrombin
HindIIl

be classified into species P thiaminolyticus and thus designated
P, thiaminolyticus PATH554.

To compare the chromosome of PATH554 and other bacterial
genomes, comparative genomic analysis was performed by blastn
against the NCBI non-redundant nucleotide database. Up to date,
besides PATH554 of this work, 23 other P. thiaminolyticus genome
assemblies were available in the NCBI assembly database, but only
three of them were the complete genomes, which included
P thiaminolyticus NRRL B-4156 (CP041405.1), P thiaminolyticus
SY20 (CP106992.1) and P. thiaminolyticus Mbale2 (CP094446.1). The
circular map of PATH554 with the three close relatives was depicted
in Figure 2. The complete genome of PATH554 sequenced in this work
contributed to the nucleotide database of P. thiaminolyticus and would
be beneficial for future genome-wide molecular studies of this species.

Resistance profiles of PATH554 and
functional analysis of the novel
aminoglycoside resistance gene ant(6)-if

CGGGATCCCTGGTGCCGCGCGGCAGCTTGAGAAATGAACAAGAAATGATGAAC

CCAAGCTTTCACTTCCATGAATTTCGAATATG

GGGCAATGGTTTCGTTACTGAGAAG
GCGCAAAAATATAACCGCCCACTAA
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By annotating the genome of PATH554 against the CARD database,
a total of eight antimicrobial resistance genes (seven genotypes) with
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*Primers started with “pro” were used to clone the ant(6)-If gene with its promoter region; primers started with “orf” were used to clone the ORF of the ant(6)-If gene.

"The underlined sequences indicated the restriction endonuclease sites.

TABLE 3 Primers used to clone the ant(6)-If gene.

3 https://ftp.ncbi.nlm.nih.gov/entrez/entrezdirect/
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TABLE 4 Genome features of Paenibacillus thiaminolyticus PATH554.

Attribute Value

10.3389/fmicb.2023.1184349

>95% amino acid sequence coverage and >80% identity were found
(Table 5), which showed resistance to three classes of antimicrobials,
including one fluoroquinolone resistance gene (norB), three lincosamide

Tite P thiaminolyticus PATHS54 resistance genes (two copies of clbB and one llmA), and four
Accession no. CP11403L1 glycopeptide resistance genes vanR, vanH, vanF and vanX.
Molecule type Genomic DNA When analyzing the resistance mechanism, we found that none of
Coverage (x) 1,052 the eight genes was associated with the resistance to aminoglycoside
i antimicrobials, even though this strain showed high MIC levels to
Topology Circular K . . K
several aminoglycosides tested (Table 2), such as tobramycin (16 pg/
Size (bp) 6485805 mL), streptomycin (32pg/mL), ribostamycin (64pg/mL) and
GC content (%) 53.67 kanamycin (64 pg/mL). The phenomenon indicated the antimicrobial
cDS 5743 resistance might be mediated by unknown mechanisms. To figure out
Known protein 3288 whether there was a putative aminoglycoside resistance gene encoded
' _ in the PATH554 genome, we checked the annotation result of the
Hypothetical protein 2455 genome and found 251 putative antimicrobial resistance genes with
Protein coding (%) 98.2 <80% identity present, including some predicted aminoglycoside
Average protein length 314 resistance genes, such as aadK-and aph(3’)-like. One of the predicted
(RNA 83 genes showed the highest amino acid homology (100% coverage and
RNA 9 75.35% identity) with the function characterized aminoglycoside
! modifying enzyme AadK (CAB14620.1) that contributed resistance to
ffffffffffffffffff o P. thiaminolyticus PATH554
100 — .
---------------------- P. thiaminolyticus NRRL B-4156
100
-------------------------------- P. popilliae ATCC 14706
* - P arenosi CAU 15237
% @ @— P. alvei DSM 29
96
e P. apiarius NRRL B-23460
76
P. glycinis T1
(72| — P. selenitireducens ES3-24
s] -/ P. catalpae CGMCC 1.10784
T P. vietnamensis N4T
-------------------------------------- P. etheri SH7
100 .
- O @ O P. tritici LMG 29502
84
- -1  — P. lutimineralis MBLB1234T
7777777777777777777777777777777777777777777777777 P. pinistramenti ASL46
N P. jamilae KACC 10925
100
S P. polymyxa ATCC 842
98
------------------------------------------- P. wulumugqiensis Y24
P. ginsengihumi DSM 21568
FIGURE 1
Phylogram based on 16S rRNA genes. P. thiaminolyticus PATH554 in this work (blue dot) was phylogenetically close to P. thiaminolyticus NRRL B-4156.
The numbers near the nodes represented the corresponding bootstrap value.

Frontiers in Microbiology

05

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1184349
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Luetal.

10.3389/fmicb.2023.1184349

PATHS554
6,485,805 bp

:.SMbp

FIGURE 2

2Mbp®

Genome map of the P. thiaminolyticus PATH554 and its relatives. Circles 1-7 from outside to inside indicated forward and reverse strand of the P
thiaminolyticus PATH554 chromosome (this work), the chromosomes of P. thiaminolyticus SY20 (CP106992.1), P. thiaminolyticus NRRL B-4156
(CP041405.1), and P. thiaminolyticus Mbale2 (CP094446.1), GC content and GC skew, respectively. The saturation of color on circles 3—5 was
proportional to blast identity value and the darker color indicated higher sequence similarity and vice versa.

W cDps

I (RNA

W rRNA

W other

M identity > 100%

B identity > 98%

M identity > 96%

W identity > 94%

W identity > 92%

[71 identity > 90%

M identity > 88%

[ identity > 86%
identity > 84%
identity > 82%
identity > 0%

B GC content

[l GC skew (forward)

W GC skew (reverse)

TABLE 5 Antimicrobial resistance genes encoded on the chromosome of
Paenibacillus thiaminolyticus PATH554.

Resistance genes Function

norB fluoroquinolone resistance gene
lImA lincosamide resistance gene

clbB*2 lincosamide resistance gene

vanR glycopeptide resistance related gene
vanH glycopeptide resistance related gene
vanF glycopeptide resistance related gene
vanX glycopeptide resistance related gene

streptomycin (N et al., 1993). To determine the potential resistance
function of the gene, we cloned the ORF of this aadK-like gene with
its promoter region into the pMD19 vector, and it was confirmed to
be functional. According to the nomenclature proposed for genes
encoding aminoglycoside modifying enzymes (Ramirez and Tolmasky,
2010), the novel resistance gene of this work was designated ant(6)-If
(OP970560.1). The recombinant (pMD19-ant(6)-If/DH5a) showed
increased MIC levels (by approximately 128-fold) for streptomycin
compared with the control strains (DH5ax or DH5a carrying pMD19).

Frontiers in Microbiology 06

No significant increase in the MIC value of any other antimicrobial
tested was observed (Table 2).

Currently, there were 5 function-characterized ANT(6)s in the
CARD database. They were ANT(6)-Ia (AHE40557.1), ANT(6)-Ib
(CBH51824.1), AadK (CAB14620.1), AadS (AAA27459.1) and AAD(6)
(AAU10334.1). Although they all conferred resistance to streptomycin
alone (Kono et al., 1987; Smith et al., 1992; Schwarz et al., 2001; Abril
etal, 2010; Yang et al,, 2014), they showed different MIC levels against
streptomycin. The transconjugant with a transferred plasmid pRE25
carrying an aad(6) gene resulted a> 5-fold increase of MIC value for
streptomycin compared with that of the recipient (Schwarz et al., 2001).
Similar to ant(6)-1f, ant(6)-1a also showed a high resistance level against
streptomycin and the E. coli strain with the recombinant plasmid
carrying ant(6)-Ia increased >216-fold of the MIC level for streptomycin
compared to the recipient E. coli carrying vector pUC19 only (Yang
et al., 2014), while ant(6)-Ib on the shuttle vector plasmid pCA75
mediated only a 5-fold increase to streptomycin (Abril et al., 2010).

Furthermore, the
(Supplementary Figure S1) and purified (Supplementary Figure S2).
The enzymatic parameters of ANT(6)-If showed a k. and K, of
1.12x107" and 1.24x107°, respectively, and a k./K, ratio of
9.01x10°M™"-s' (Supplementary Figure S3). The enzymological

enzyme was over- expressed

frontiersin.org
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100

ANT(4)-la 190

ANT(4')-1b

100

ANT(4')-lla ANT(#)-lIb

FIGURE 3

Unrooted phylogenetic tree of ANT(6)-If and other function-characterized ANTs. ANT(6)-If (this work) was on the branch of ANT(6) family cluster

0.5

Spd

ANT(9)-la

ANT(3")-Ib
ANT(3")-IId

il
AadA27

ANT(2")-la

located at the top-left corner. The ANT(6) cluster was highlighted with a red circle and ANT(6)-If was indicated by a blue dot. Accession numbers of the
ANTs were AadK (CAB14620.1), ANT(6)-la (AHE40557.1), AAD(6) (AAU10334.1), ANT(6)-1b (CBH51824.1), AadS (AAA27459.1), ANT(4')-la (AAO83986.1),
ANT(4')-1b (ADA62098.1), ANT(4')-lla (AAA25717.1), ANT (4)-1Ib (AAM76670.1), ANT(2")-la (AAC64365.1), AadA27 (CTQ57092.1), ANT (3”)-llc
(ENU37733.1), ANT(3")-1Ib (ENU91137.1), ANT(3")-Ild (QUX80205.1), ANT(3")-Ib (QEQ43477.1), ANT(9)-la (CAA26428.1), and Spd (AGW81558.1). Those

ANTs in the grey circle were not labeled due to the high density. They included AadA (AAO49597.1), AadA10 (AAL36430.1), AadAll (AAV32840.1),
AadAl12 (ACJ47200.1), AadA13 (ABW91178.1), AadAl4 (CAI57696.1), AadAl5 (ABD58917.1), AadA16 (ACF17980.1), AadAl7 (ACK43806.1), AadA2
(AAF27727.1), AadA21 (AAN87151.1), AadA22 (CAK12750.1), AadA23 (CAH10847.1), AadA24 (ABG72894.1), AadA25 (AET15272.1), AadA3 (AAC14728.1),
AadA4 (AAN34365.1), AadA5 (AAF17880.1), AadA6 (CAJ32504.1), AadA6/AadAl10 (CAJ32491.1), AadA7 (BAD00739.1), AadA8 (AAN41439.1), AadA8b
(CAJ13568.1), AadA9 (ABG49324.1), AadA33 (UVE15953.1), AadA36 (UVE15954.1), ANT(3")-1la (CAA26199.1), and ANT(3”)-1i-AAC(6")-lid (AAL51021.2).

properties of ANT(6)-If also showed difference compared to AadK. The
K., of AadK was 8.0 x 10~*M (Kono et al., 1987), which means a higher
binding affinity than that of ANT(6)-If of this work (1.24 x 107> M).

The inactivation of streptomycin could be catalyzed by ANT(6)
through the transfer of the AMP group from ATP to position six of
the streptidine moiety (Latorre et al., 2016). In the streptomycin
recognition process, positions 2, 3, and 4 in the streptose unit, position
1 in the glucose ring and positions 1 and 6 in the streptidine moiety,
are in close contact with the ANT(6) protein binding residue, while
positions 3-6 of the glucose unit play a minor role (Corzana et al.,
2005). ANT(6)-If may act in the same way.

Comparative analysis of ANT(6)-If with
other ANTs

The 855bp ant(6)-If gene had a less common start codon TTG
(Blattner et al., 1997). The protein ANT(6)-If encoded by ant(6)-If
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contained 284 amino acid, with a molecular weight of 33.678 kDa and pI
of 4.44. By searching against the CARD database, ANT(6)-If only showed
higher similarities with 5 sequences from the ANT(6) family mentioned
above. Among them, AadK exhibited the highest amino acid sequence
similarity with 100% coverage and 75.35% identity, and then were
ANT(6)-Ia (97% coverage and 55.44% identity), ANT(6)-Ib (100%
coverage and 54.93% identity), AAD(6) (88% coverage and 57.20%
identity), and AadS (94% coverage and 25.91% identity). To figure out
the phylogenetic relationship of ANT(6)-If with the other function-
characterized ANTS, the phylogenetic tree based on maximum likelihood
algorithm was reconstructed. ANT(6)-If located in the branch composed
of ANT(6)s, and it indicated that ANT(6)-If was closely related with
other ANT(6)s and belonged to the ANT(6) family (Figure 3).

The structure of AadK was determined by X-ray (2PBE). It
contains fourteen helixes and eight beta strands, and the structural
conservation of ANT(6)-If and the other ANT(6) enzymes
(Supplementary Figure S4) was analyzed. Some residues were fully
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Unrooted phylogenetic tree of ANT(6)-If and other putative ANTs. The numbers near the nodes represented the corresponding bootstrap value.
ANT(6)-If (this work) was indicated by a blue dot. The putative ANTs were indicated by their accession numbers. The percentage number and species
name represented the amino acid identity of that sequence against ANT(6)-If and the taxonomy of that sequence, respectively.

conserved across ANT(6) enzymes, e.g., 44D and 451 in the second
beta strand, and 61 W in the third helix. The results of clear-native
PAGE showed that the size of ANT(6)-If was between 45kDa and
66kDa (Supplementary Figure S5), which suggested that ANT(6)-If
was likely to be a homodimer.

The distribution of other ANT(6)-If-like ANTs in the NCBI
database was also investigated (Figure 4). Among the 22 ANT(6)-If-like
ANTSs sharing >95% coverage and > 80% identity with ANT(6)-If, most
(17/22,77.3%) of them were from genus Paenibacillus, and the rest were
from genus Aneurinibacillus (4/22, 18.2%) or Cohnella (1/22,4.5%). The
three genera Paenibacillus, Aneurinibacillus and Cohnella were all
endospore-forming bacteria belonging to family Paenibacillaceae.

Synteny analysis of the ant(6)-If related
sequence

Both Gram-negative and Gram-positive bacteria could capture
or disseminate antimicrobial resistance genes through the action of
mobile genetic elements. Thus, it is a challenging health care problem
that bacteria susceptible to antibiotics became resistant through such
mechanism (Partridge et al., 2018). When analyzing the synteny of
the ant(6)-If related sequences, we examined the 20 kbp chromosomal
fragment containing the ant(6)-If gene and compared it with other
sequences in the NCBI non-redundant nucleotide database. The
mobile genetic element (MGE) like an insertion sequence (IS),
transposon or integron was not found at the flanking region of
ant(6)-If or ant(6)-If-like genes. The structure of the ant(6)-If related

sequence of P thiaminolyticus PATH554 was similar to
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those corresponding sequences of P thiaminolyticus NRRL
B-4156 (NZ_CP041405.1, 93.3% identity), P dendritiformis
J27TS7 (NZ_AP025344.1, 88.5% identity), and P. dendritiformis
ena-SAMPLE-TAB-03-06-2022-11:19:07:959-6,672 (NZ_
0X216966.1, 89.7% identity). Genes encoded at the upstream regions
of the ant(6)-If and ant(6)-If-like genes were those encoding acetyl
coenzyme A carboxylase, phosphatidylglycerophosphatase A and
DNA polymerase III subunit alpha etc., and genes at the downstream
regions were ABC transporter permease, ABC transporter
ATP-binding protein and so on. Although the chromosome sequences
of P. polymyxa ZF197 (NZ_CP042272.1) and P. brasilensis KACC
13842 (NZ_CP045298.1) contained ant(6)-If-like genes, the flanking
regions of the ant(6)-If-like genes were drastically different from that
of PATH554 (Figure 5). Unlike ant(6)-If and ant(6)-If-like genes
analyzed in this work, other ant(6) genes has been found to be related
with MGEs. aadK was found on both the chromosome (Kono et al.,
1987) and the conjugative multi-resistance plasmid pRE25 which was
reported to be able to integrate into the chromosome (Schwarz et al.,
2001). aadS was found to locate on a transposon Tn4551 (Smith et al.,
1992). ant(6)-Ia was identified on a plasmid pMC1 (Yang et al., 2014)
and Tn5405 (Denapaite et al., 2010), and ant(6)-Ib was within a
transferable pathogenicity island on a chromosome (Abril et al., 2010)
and Tn1806 (Corver et al., 2012).

Conclusion

In this study, we identified a novel aminoglycoside resistance
gene ant(6)-If which located in a relatively conserved genomic
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region on the chromosome of Paenibacillus thiaminolyticus
PATHS554 and it encoded an aminoglycoside O-nucleotidyltransferase
ANT(6)-If. The enzyme ANT(6)-If belonged to the ANT(6) family
and shared the highest amino acid identity with the function-
characterized aminoglycoside O-nucleotidyltransferase
AadK. ANT(6)-If conferred resistance to streptomycin with the k./
K., 0f9.01 x 10° M™":s™". Identification of the novel resistance gene
helped to better understand the complex resistance mechanisms in
bacterial population.
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SUPPLEMENTARY FIGURE S1

Analysis of the recombinant protein expression by SDS-PAGE. Lane 1:
sediment; lane 2: supernatant; lane M: PageRuler Prestained Protein Ladder
(10 to 180 kDa).

SUPPLEMENTARY FIGURE S2

Analysis of the recombinant protein purity by SDS-PAGE. Lane FT: flow
through; lane W1, W4 and W6: wash 1, 4 and 6; lane M: PageRuler Prestained
Protein Ladder (10 to 180 kDa); lane E1-E10: elution 1-10.
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