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Obijective: To evaluate the resolution of chromosomal virulence D (chvD) as a novel marker for mycobacterial species identification.
Methods: A segment of chivD (652 bp) was amplified by PCR from 63 mycobacterial reference strains, 163 nontuberculous
mycobacterial clinical isolates, and 16 M. tuberculosis complex (MTBC) clinical isolates. A phylogenetic tree based on the reference
strains was constructed by the neighbor-joining and 1Q-tree methods. Comparative sequence analysis of the homologous chvD gene
efficiently differentiated the species within the genus Mycobacterium. Slowly growing Mycobacterium (SGM) and rapidly growing
Mycobacterium (RGM) were separated in the phylogenetic tree based on the chAvD gene.

Results: The sequence discrepancies were obvious between M. kansasii and M. gastri, M. chelonae and M. abscessus, and M. avium and M.
intracellulare, none of which could be achieved by 16S ribosomal RNA (rRNA) homologous gene alignment. Furthermore, chvD
manifested larger intraspecies diversity among members of M. intracellulare subspecies. A total of 174 of the 179 (97.21%) clinical
isolates, consisting of 12 mycobacterial species, were identified correctly by chvD blast. Four M. abscessus subsp. abscessus were identified
as M. abscessus subsp. bolletii by chvD. MTBC isolates were indistinguishable, because they showed 99.84%—-100% homology.
Conclusion: Homologous chvD is a promising gene marker for identifying mycobacterial species, and could be used for highly
accurate species identification among mycobacteria.
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Introduction

The clinical symptoms and signs of pulmonary disease caused by nontuberculous mycobacteria (NTM) are very similar
to tuberculosis, so differentiating the two becomes extremely challenging. Both diseases manifest cough, expectoration,
hemoptysis, chest pain, and other respiratory symptoms, as well as systemic symptoms, such as fatigue and anorexia.'
Furthermore, NTM pulmonary disease cannot be easily differentiated from tuberculosis by radiographic images either,
even though nodular or cavitary, or multifocal bronchiectasis with multiple small nodules fit best with diseases caused by
Mycobacterium avium complex (MAC), M. kansasii and M. abscessus.* Currently, more than 200 species of NTM are
known, but most of them are nonpathogenic and mainly found in water and soil.” However, a very small minority of the
NTM species can cause human diseases.® During the last few decades, NTM infections have increased globally.”® In the
absence of species identification, NTM diseases are often misdiagnosed as tuberculosis. Because of the evident
differences in drug-susceptibility profiles of different mycobacterial species, accurate species identification is tremen-

dously important before commencing treatment.”*
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Mycobacterial species identification was once dependent on the conventional biochemical method, which relies on a
series of biochemical experiments, pigmentation, and growth characteristics. These had inherent drawbacks, such as slow
turnaround time and limited accuracy, due to similar phenotypes of different mycobacterial species in biochemical
experiments that brought great challenges to the interpretation of results.” Then, from the end of last century, molecular
tests based on homologous gene/sequence comparison have become a major tool to identify NTM at the species level.
The 16S rRNA-encoding gene (16s rRNA) is highly conserved, but exhibits obvious nucleotide variations in different
organisms, which makes it an ideal sequence maker for bacterial species identification, including Mycobacterium.
Although 16s rRNA can clearly differentiate most of the NTM species, it fails to separate some of the most frequently
isolated species, such as M. abscessus and M. chelonae, M. avium, and M. intracellulare, as well as M. kansasii and M.
gastric.*® This failure is typically attributed to the presence of almost identical 16s TRNA sequences in some
mycobacterial species. The hsp65 gene exhibits a homology tendency similar to that of rpoB. The homology among
M. intracellulare, M. chimaera is greater than 99.6%, making them indistinguishable.'” In addition, 16S-23S rRNA gene
ITS is not a useful method for identification at the species level, although it may be a method for intraspecific
differentiation.'" Therefore, alternative or complementary phylogenetic markers for the 16S rRNA gene are needed to
increase the resolution power of species identification.

Chromosomal virulence D (chvD, Rv2477c) encodes a probable macrolide-transport ATP-binding protein ABC transporter
in M. tuberculosis (https://mycobrowser.epfl.ch). As one of the efflux-pump genes, cihvD was thought to be involved in the

active transportation of drugs across the membrane, which has been observed during ofloxacin stress in M. tuberculosis.'* In
addition, chvD is expected to be in 144 mycobacteria species (reported Mycobacterium species from LPSN (http://www.
bacterio.net/mycobacterium.html), and Mycobacterium has a single copy of chvD in the genome (Table S1). Our preliminary

data analysis found that the sequence similarity among different mycobacterial species with known chvD gene sequences was
86.05%-100%. These outcomes imply that chvD can be valuable in phylogenetic studies of the genus Mycobacterium." In
this study, we report the resolution and reliability of the homologous civD gene as a novel biomarker for mycobacterial
species identification.

Methods
Ethics

All the mycobacterial reference and clinical isolates were stored in the Biobank at Beijing Chest Hospital (Beijing,
China). The study was approved by the Ethics Committee of the Beijing Chest Hospital, Capital Medical University
(2021-32-01).

Mycobacterial Reference Strains and Clinical Isolates

A total of 63 reference Mycobacterium strains (Table 1), 163 clinical NTM isolates, and 16 M. tuberculosis complex
(MTBC) clinical isolates were investigated. The reference strains were obtained either from the American Type Culture
Collection (ATCC) or the German Collection of Microorganisms (DSM). The clinical isolates of Mycobacterium were
obtained from the Biobank at the National Clinical Laboratory on Tuberculosis, Beijing Chest Hospital in northeast
China (n=149) and Wuhan Pulmonary Hospital in central China (n=30). All the clinical NTM isolates were classified as
NTM, preliminarily by p-nitrobenzoic acid-containing Lowenstein—Jensen medium (500 pg/mL) and were subsequently
identified at species level by sequence alignment of 16S rRNA, Asp65, rpoB, and 16-23S rRNA internal transcribed

spacer (ITS) sequences.'*

chvD Gene Amplification and Sequencing

DNA was extracted from cultured mycobacteria by boiling them in TE buffer for 10 min. After centrifugation, the supernatant
was used as a template for PCR amplification. The forward primer, 5’-TGCCCTCGAACCAGAACC-3’, corresponded to
positions 96—113 in the chvD gene of M. tuberculosis (GenBank accession number NC000962.3). The reverse primer, 5°-
CTGCAGCGCTACGAGGAG-3’, corresponded to positions 799816 in the chvD gene of M. tuberculosis (GenBank
accession number NC000962.3). PCR amplification conditions were 5 min at 95°C, followed by 30 cycles of 95°C for 30
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Table | chvD sequence matches among types/reference strains

Typelreference GenBank ID RGM/ First match (%) Second match (%)
strain SGM
Nocardia farcinica BJXK 21105 OP709763" NA M. phlei 90.98% | M. vaccae 88.91%
M. xenopi ATCC 19250 OP709762* SGM M. malmoense 86% M. avium subsp. silvaticum 85.74%
M. avium subsp. avium 85.74%
M. vulneris DSM 45247 NZ-NCXMO01000044.1 SGM M. intracellulare subsp. chimaera | 93.22% | M. intracellulare subsp. intracellulare | 93.02%
M. ulcerans ATCC 19423 OP709760% SGM M. marinum 98.18% | M. avium subsp. silvaticum 85.86%
M. avium subsp. avium 85.86%
M. tuberculosis H37Rv ATCC 27294 OP709759* SGM M. tuberculosis H37Ra 99.82% | M. bovis 99.64%
M. microti 99.82% | M. bovis_BCG 99.64%
M. africanum 99.82%
M. tuberculosis H37Ra ATCC 25177 OP709758% SGM M. africanum 100% | M. bovis 99.82%
M. microti 100% | M. bovis BCG 99.82%
M. triplex ATCC 700071 NZ-LQPY01000030.1 SGM M. intracellulare subsp. intracellulare | 92.02% | M. intracellulare subsp. chimaera 91.83%
M. terrae ATCC 15755 OP709754* SGM M. parafortuitum 88.27% | M. phlei 87.63%
M. szulgai ATCC 35799 OP709753" SGM M. avium subsp. silvaticum 88.11% | M. gordonae 87.72%
M. avium subsp. avium 88.11%
M. scrofulaceum ATCC 19981 OP709749* SGM M. parascrofulaceum 98.18% | M. avium subsp. silvaticum 90.56%
M. avium subsp. avium 90.56%
M. parascrofulaceum ATCC BAA-614 OP709743" SGM M. avium subsp. silvaticum 89.92% | M. cosmeticum 88.90%
M. avium subsp. avium 89.92%
M. nonchromogenicum ATCC 19530 OP709740% SGM M. arupense 90.41% | M. austroafricanum 85.50%
M. microti ATCC 19422 OP709737* SGM M. africanum 100% | M. bovis_BCG 99.82%
M. bovis 99.82%
M. marseillense JCM 17324 AP022584.1 SGM M. intracellulare subsp. chimaera | 96.69% | M. intracellulare subsp. intracellulare | 96.68%
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Table | (Continued).

Typelreference GenBank ID RGM/ First match (%) Second match (%)
strain SGM
M. marinum ATCC 927 OP709736" SGM M. avium subsp. silvaticum 85.56% | M. asiaticum 84.94%
M. avium subsp. avium 85.56%
M. malmoense ATCC 29571 OP709735% SGM M. avium subsp. avium 88.50% | M. intracellulare_subsp._chimaera 87.21%
M. avium subsp. silvaticum 88.50%
M. kansasii ATCC 12478 OP709734* SGM M. gastri 95.57% | M. avium subsp. silvaticum 87.06%
M. avium subsp. avium 87.06%
M. intracellulare subsp. intracellulare ATCC 13950 OP709733* SGM M. intracellulare subsp. chimaera | 98.91% | M. gilvum 88.46%
M. intracellulare subsp. chimaera DSM 44623 CP015278.1 SGM M. gilvum 88.48% | M. gordonae 88.25%
M. gordonae ATCC 14470 OP709732% SGM M. fortuitum 89.79% | M. farcinogenes 89.55%
M. gastri ATCC 15754 OP709729* SGM M. avium subsp. silvaticum 87.70% | M. cosmeticum 85.34%
M. avium subsp. avium 87.70%
M. celatum ATCC 51131 OP709718"* SGM M. austroafricanum 87.20% | M. agri 86.99%
M. bovis ATCC 19210 OP709717% SGM M. africanum 99.82% | M. bovis_BCG 99.64%
M. avium subsp. silvaticum ATCC 49884 OP709716% SGM M. avium subsp. avium 100% | M. austroafricanum 88.87%
M. avium subsp. avium ATCC 25291 OP709715* SGM M. asiaticum 87.64% | M. austroafricanum 88.87%
M. asiaticum ATCC 25276 OP709712* SGM M. aichiense 84.60% | M. agri 83.24%
M. arupense DSM 44942 NZ-MVHHO01000002. | SGM M. agri 84.77% | M. aichiense 83.25%
M. africanum ATCC 25420 OP709709* SGM M. tuberculosis - H37Ra 100% M. tuberculosis_ H37Rv 99.82%
M. microti 100% | M. bovis 99.82%
M. bovis BCG 99.82%
M. bovis BCG ATCC 35735 OP709707* SGM M. africanum 99.82% | M. avium subsp. silvaticum 84.46%
M. avium subsp. avium 84.46%
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M. paragordonae JCM 18565 CP025546.1 SGM M. gordonae 91.61% | M. avium subsp. silvaticum 89.31%
M. avium subsp. avium 89.31%

M. vaccae ATCC 15483 OP709761% RGM M. gilvum 93.42% | M. aurum 91.60%
M. tokaiense ATCC 27282 OP709756" RGM M. gilvum 88.69% | M. aurum 88.31%
M. thermoresistibile ATCC 19527 OP709755%* RGM M. porcinum 90.35% | M. goodii 89.94%
M. smegmatis ATCC 19420 OP709752% RGM M. diernhoferi 89.96% | M. flavescens 89.70%
M. septicum ATCC 700731 OP709751% RGM M.porcinum 90.38% | M. senegalense 89.58%
M. neoaurum 89.58%

M. fortuitum 89.58%

M. senegalense ATCC 35796 OP709750% RGM M. porcinum 94.98% | M. fortuitum 94.41%
M. porcinum ATCC 33776 OP709746" RGM M. peregrinum 95.55% | M. fortuitum 95.17%
M. phlei ATCC 11758 OP709745% RGM M. flavescens 91.98% | M. farcinogenes 90.76%
M. peregrinum ATCC 14467 OP709744* RGM M. fortuitum 94.01% | M. farcinogenes 93.41%
M. rhodesiae ATCC 27024 OP709748" RGM M. aichiense 95.17% | M. phlei 90.36%
M. pulveris ATCC 35154 OP709747* RGM M. agri 88.72% | M. goodii 88.71%
M. parafortuitum ATCC 19686 OP709742* RGM M. vaccae 90.79% | M. austroafricanum 90.57%
M. obuense ATCC 27023 OP709741% RGM M. gilvum 90.37% | M. vaccae 88.74%
M. neoaurum ATCC 25795 OP709739* RGM M. flavescens 89.75% | M. septicum 89.58%
M. mucogenicum ATCC 48650 OP709738"* RGM M. senegalense 88.31% | M. porcinum 88.07%
M. goodii DSM 44492 OP709731% RGM M. porcinum 91.82% | M. peregrinum 90.60%
M. gilvum ATCC 43909 OP709730% RGM M. vaccae 93.42% | M. aurum 90.20%
M. gadium ATCC 27726 OP709728" RGM M. goodii 86.79% | M. peregrinum 86.30%
M. fortuitum ATCC 6481 OP709727* RGM M. porcinum 95.17% | M. senegalense 94.41%
M. flavescens ATCC 14474 OP709726* RGM M. phlei 91.98% | M. diernhoferi 90.57%
(Continued)
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Table | (Continued).

Typelreference GenBank ID RGM/ First match (%) Second match (%)
strain SGM
M. farcinogenes ATCC 35753 OP709725%* RGM M. porcinum 93.80% | M. peregrinum 93.41%
M. fallax ATCC 35219 OP709724* RGM M. phlei 88.68% | M. arupense 87.03%
M. diernhoferi ATCC 19340 OP709723" RGM M. flavescens 90.57% | M. phlei 90.36%
M. cosmeticum ATCC BAA-878 OP709722% RGM M. avium subsp. silvaticum 89.94% | M. phlei 89.51%
M. avium subsp. avium 89.94%

M. chubuense ATCC 27278 OP709721% RGM M. agri 89.73% | M. austroafricanum 89.31%
M. chitae ATCC 19627 OP709720% RGM M. phlei 89.96% | M. austroafricanum 87.23%
M. chelonae ATCC 35752 OP709719* RGM M. abscessus subsp. abscessus 90.09% | M. abscessus subsp. massiliense 88.83%

M. abscessus subsp. bolletii 88.83%
M. austroafricanum ATCC 33464 OP709714* RGM M. parafortuitum 90.57% | M. phlei 89.93%
M. aurum ATCC 23366 OP709713% RGM M. vaccae 91.60% | M. flavescens 90.37%
M. aichiense ATCC 27280 OP70971 1% RGM M. rhodesiae 95.17% | M. phlei 89.73%
M. agri ATCC 27406 OP709710* RGM M. chubuense 89.73% | M. phlei 89.72%
M. abscessus subsp. massiliense FLACO047 CP021122.1 RGM M. abscessus subsp. abscessus 97.81% | M. abscessus subsp. bolletii 96.88%
M. abscessus subsp. bolletii BD AP018436.1 RGM M. abscessus subsp. massiliense 96.88% | M. chelonae 88.83%
M. abscessus subsp. abscessus ATCC 19977 OP709708" RGM M. abscessus subsp. bolletii 97.99% | M. abscessus subsp. massiliense 97.81%

Notes: #Sequences uploaded by this study.

e 32 Ny

aro(q


https://www.dovepress.com
https://www.dovepress.com

Dove Yu et al

seconds, 60°C for 30 seconds, and 72°C for 45 seconds, with a final extension step at 72°C for 10 min. The amplified product,
721 bp in length, was sequenced by Rui Biotech (Beijing, China).

Sequence Analysis and Phylogenetic Tree Constructions

In addition to the sequences of 56 reference strains obtained in this study, the chvD sequence of seven other Mycobacterium
species were retrieved from GenBank, including M. abscessus subsp. massiliense (GenBank accession number CP021122.1),
M. abscessus subsp. bolletii (GenBank accession number AP018436.1), M. arupense (GenBank accession number
NZ MVHHO01000002.1), M. intracellulare subsp. chimaera (GenBank accession number CP015278.1), M. marseillense
(GenBank accession number AP022584.1), M. paragordonae (GenBank accession number CP025546.1), and M. vulneris
(GenBank accession number NZ NCXM01000044.1). Then, a 652 bp region (excluding the terminal nucleotides at both
ends that represented the primer binding site) of sequencing was phylogenetically analyzed using both neighbor joining and
1Q-tree. The sequence of Nocardia farcinica (Genebank accession number OP709763) was used as the outgroup to construct a
rooted tree. In addition, hypervariable regions of 16S rRNA was widely used for Mycobacterium species identification, and an
~873 bp region of 16S rRNA of the above 64 reference strains were retrieved from GenBank.

Species Identification of the Clinical Isolates

To evaluate the performance of chvD in species identification of mycobacteria, clinical isolates were obtained and
analyzed. The strain inclusion criteria were as follows. For frequently isolated species, like M. abscessus complex, MAC,
M. kansasii, M. fortuitum, and MTBC, one or a few dozen strains were included. For the less frequently isolated species,
all the strains available were recruited. Sequences minus the known PCR primer sequences were assembled using
SeqMan (version 7.1.0; DNAstar, Madison, WI). Isolates were identified by comparing sequences using a FASTA
BLASTn search with MegAlign (version 10.1.0; DNAstar) to an in-house database of sequences consisting of type and
reference strains from external culture collections.

Results

chvD Sequence Alignment of the Reference Strains

The 63 tested reference strains and one additional mycobacterial species (whose sequences were obtained from the GenBank
database) demonstrated 86.05%—100% sequence identity (Table 1). Among the 29 reference strains of the slowly growing
mycobacteria (SGM), besides themselves, 13 strains had >97% homology with the other first-matched mycobacterial species,
including MTBC members and subspecies of M. avium and M. intracellulare, M. ulcerans and M. marinum. Among the 34
reference strains of rapidly growing Mycobacterium (RGM), only three had sequence identity >97% with the other first-
matched species (Table 1), ie, M. parafortuitum and M. triviale shared identical chvD sequences, whereas the intrasubspecies
of M. abscessus complex demonstrated 97%—98% sequence identity. Furthermore, except for the five MTBC member strains,
all involved strains were well separated from the second-matched strains (homology was lower than 97%). Notably, the
pathogenic M. kansasii was easily differentiated from the nonpathogenic M. gastri (with 96.03% homology). Those two
species were not distinguishable by the 16S rRNA sequence alignment. For some other species, for which 16S RNA provides
inadequate separation, chvD also demonstrated very distinct sequence variation: 88.80% sequence identity between M.
chelonae and M. abscessus, 88.26% between M. avium and M. intracellulare, and 84.66% sequence identity between M.
szulgai and M. malmoense were observed. In contrast to 16S rRNA, chvD also easily differentiated the subspecies of M.
abscessus complex, ie, homology of 96.74% between M. bolletii and M. massiliense, 97.78% between M. bolletii and M.
abscessus, and 97.61% between M. massiliense and M. abscessus were observed. However, the sequence similarity between
MTBC members was high, 99.84%—100%, which indicated incapacity in differentiating members of MTBC (Table S2).

Phylogenetic Tree Construction

A phylogenetic tree that provided the basis for species differentiation in the genus Mycobacterium was constructed
(Figure 1). The reliability of the phylogenetic tree was verified by the bootstrap method, using Nocardia farcinica as the
outgroup. All 63 tested species showed good separation. The phylogenetic tree built upon the 63 reference strains was
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robust and discriminatory. Four SGM species — M. celatum, M. terrae, M. trivial and M. nonchromogenicum — were
incorrectly placed among the RGM strains. Otherwise, the SGM and RGM were well separated. The sequence
discrepancy was obvious between M. kansasii and M. gastri, M. chelonae and M. abscessus, M. avium and M.
intracellulare, and M. szulgai and M. malmoense, which could not be achieved by 16S rRNA gene comparison
(Figure 1). Notably, chvD also showed higher discrimination within the intraspecies of M. intracellulare complex and
M. abscessus complex.

Species-ldentification Outcomes of Clinical Isolates

To evaluate the performance of chvD in identifying mycobacteria, 179 clinical isolates were tested, including 11 mycobacterial
species, three subspecies, and clinical strains of M. tuberculosis (Table 2). chvD sequence identity in intraspecies was very
high, generally 97%-100% (Table S2). Only three clinical strains of M. gordonae demonstrated significant variation when
compared with the chvD sequence of the M. gordonae reference strain. Using the first-matched species’ sequence similarity
(ie, >97%) as a cutoff value, chvD correctly identified 174 of the 179 (97.21%) clinical isolates (Table 2). All clinical strains of
the frequently isolated pathogenic species, including M. intracellulare, M. avium, M. abscessus and MTBC, had been
accurately identified. Misidentification was encountered in one of the six tested M. gordonae clinical isolates, which was
identified as M. paragordonae. In addition, four (10.26%) M. abscessus subspecies abscessus of the 39 M. abscessus complex
isolates were incorrectly identified as M. abscessus subspecies bolletii (Table 2). Owing to the high similarity between MTBC
members (99.84-100%), chvD can not differentiate between members of MTBC taking 97% as a cutoff value.

Discussion

While 16S rRNA has good resolution in identifying most NTM species, many species that have close phylogenic
relatedness often have indistinguishable 16S rRNA gene sequences. For example, the difference between M. abscessus
and M. chelonae was only four nucleotides across the several-hundred bp lengths of the genes.'> A previous study
showed that about a third of the included clinical strains were wrongly categorized when using 16S rRNA alone, due to
high similarity of the sequences.'® Additional/supplementary DNA markers are needed for species that cannot be
identified confidently by 16S rRNA."” rpoB was reported to be an effective DNA marker for the species identification
of mycobacteria.'® Addition of rpoB increased the resolution to 84% in contrast to 48% achieved using only the 16S
rRNA gene.'” However, inconsistent outcomes between these two markers are frequently encountered (24.4%, 42 of
172).° As a common genomic locus used in species identification, the rate of species-level identification of ITS was
81.55%.% Hence, more makers are needed to resolve this inconstancy and to further improve species identification.

To be a qualified marker for species differentiation, the target gene should be a single-copy gene in the genome and should be
conserved among species, but with enough random sequence variations. Therefore, extremely conserved genes or highly variable
genes are not eligible. As a single-copy gene in 144 Mycobacterium genomes (Table S1), chvD works well in discriminating
Mpycobacterium species without ambiguous identification. Compared to chvD, 16S rRNA had higher homology within our tested
mycobacteria (ie, 94.3%—100% compared to 86.05%—100%). According to our findings, chvD presented excellent potential as a
supplementary marker to 16S rRNA in identification of Mycobacterium species. In this study, the 64 recruited reference strains
resulted in 2016 paired comparisons (2016=[n,;+n(n-1)d/2]; al=1, n=63, d=1), and chvD successfully differentiated 99.01%
(1996 of 2016) of them when using 97% sequence similarity as the cutoff value. Furthermore, the mean sequence identity of the
chvD gene was 93.67%, which is significantly lower than the 16S rRNA genes (96.6%), indicating a higher discriminatory power
of chvD.?® Phylogenetic analysis and tree construction further increased the resolution of chvD compared to the cutoff value
method. Among the 179 clinical isolates, 97.21% (174 of 179) were identified correctly by chvD gene blast. One M. gordonae
clinical strain was incorrectly identified as M. paragordonae at species level, which may have been caused by the high degree of
intraspecies variability in M. gordonae.>" Additionally, at the subspecies level, four (10.26%) M. abscessus subspecies abscessus
of 39 M. abscessus complexes were incorrectly identified as M. abscessus subspecies bolletii by chvD blast. M. abscessus
subspecies bolletii was described as a new member of M. abscessus complex in 2009, and often infects patients with cystic
fibrosis.”® In China, M. abscessus subspecies bolletii is rarely isolated,”* and none was detected in the 1755 NTM isolates from
the year 2014 to 2021 in our laboratory. Therefore, these four isolates, identified as M. abscessus subspecies bolletii by chvD,
need to be reconfirmed by other more powerful approaches, such as whole-genome sequencing and MALDI-TOF.
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Table 2 Comparison of mycobacteria identified by 16S rRNA/ITS/hsp65/rpoB gene sequencing and chvD sequencing among the 179 clinical isolates®

Primary identification (n)®

Primary identification (n)°

First choice

Second choice

Identification (n) Match Identification (n) Match

M. intracellulare subspecies intracellulare (69) M. intracellulare subspecies intracellulare (1) 100% M. intracellulare subspecies chimaera () 98.74%
M. intracellulare subspecies intracellulare (2) 96.69% M. intracellulare subspecies chimaera (2) 98.59%

M. intracellulare subspecies intracellulare (2) 99.53% M. intracellulare subspecies chimaera (2) 98.43%

M. intracellulare subspecies. intracellulare (1) 99.37% M. intracellulare subspecies chimaera (1) 98.26%

M. intracellulare subspecies intracellulare (11) 99.22% M. intracellulare subspecies chimaera (2) 98.11%

M. intracellulare subspecies chimaera (9) 98.10%

M. intracellulare subspecies intracellulare (46) 99.06% M. intracellulare subspecies chimaera () 98.10%

M. intracellulare subspecies chimaera (38) 97.95%

M. intracellulare subspecies chimaera (6) 97.94%

M. intracellulare subspecies chimaera (1) 97.93%

M. intracellulare subspecies intracellulare (5) 98.90% M. intracellulare subspecies chimaera (3) 97.79%

M. intracellulare subspecies chimaera (2) 97.78%

M. intracellulare subspecies intracellulare (1) 98.59% M. intracellulare subspecies chimaera () 97.62%

M. abscessus subspecies abscessus (19) M. abscessus subspecies abscessus (4) 100% M. abscessus subspecies bolletii (4) 97.87%
M. abscessus subspecies abscessus (9) 99.83% M. abscessus subspecies bolletii (9) 98.04%

M. abscessus subspecies abscessus (2) 99.30% M. abscessus subspecies bolletii (2) 98.22%

M. abscessus subspeciesbolletii (4) 99.30% M. abscessus subspecies abscessus (4) 98.23%

M. abscessus subspecies. massiliense (20) M. abscessus subspecies massiliense (19) 99.66% M. abscessus subspecies abscessus (4) 97.93%
M. abscessus subspecies massiliense (1) 99.49% M. abscessus subspecies abscessus (5) 97.75%
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M. kansasii (22) M. kansasii (22) 100% M. gastri (21) 96.04%
M. gastri (1) 96.03%
M. avium (8) M. avium subspecies avium/M. avium subspecies silvaticum (4) 100% M. scrofulaceum (4) 90.84%
M. avium subspecies silvaticum (I) 99.49% M. avium subspecies avium (1) 99.49%
M. avium subspecies silvaticum (2) 99.32% M. avium subspecies avium (2) 99.32%
M. avium subspecies avium/M. avium subspecies silvaticum (1) 99.15% M. gordonae (1) 90.78%
M. Fortuitum (9) M. fortuitum (1) 99.68% M. porcinum (1) 94.63%
M. fortuitum (1) 98.43% M. porcinum (1) 94.48%
M. fortuitum (4) 98.27% M. porcinum (4) 94.70%
M. fortuitum (2) 97.96% M. porcinum (2) 94.37%
M. fortuitum (1) 97.16% M. porcinum (1) 94.54%
M. arupense (2) M. arupense (1) 99.38% M. nonchromogenicum (1) 91.47%
M. arupense (1) 99.06% M. nonchromogenicum (1) 91.11%
M. marseillense (2) M. marseillense (1) 99.85% M. intracellulare subspecies chimaera (1) 96.67%
M. marseillense (1) 98.75% M. intracellulare subspecies chimaera (1) 97.48%
M. parascrofulaceum (1) M. parascrofulaceum (1) 99.84% M. scrofulaceum (1) 97.96%
M. porcinum (1) M. porcinum (1) 99.22% M. peregrinum (1) 95.69%
M. vulneris (1) M. vulneris (1) 97.46% M. intracellulare subspecies chimaera (1) 93.99%
M. tuberculosis complex (16) M. dfricanum/M. microtilM. tuberculosis_lH37Ra (13) 100% M. bovis (12) 99.85%
M. bovis/M. tuberculosis_H37Rv/M. africanum (1) 99.84%
M. africanum/M. microti/M. tuberculosis_H37Ra (I) 99.84% M. bovis/M. tuberculosis_H37Rv (1) 99.69%
M. microtilM. tuberculosis_H37Ra (2) 99.85% M. africanum (2) 99.84%

(Continued)
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Table 2 (Continued).

Primary identification (n)®

Primary identification (n)®

First choice Second choice

Identification (n) Match Identification (n) Match

M. neoaurum (1) M. neoaurum (1) 99.22% M. septicum (1) 89.87%
M. paragordonae (2) M. paragordonae (1) 99.66% M. gordonae (1) 92.16%
M. paragordonae (1) 97.43% M. gordonae (1) 92.18%

M. gordonae (6) M. gordonae (3) 99.15% M. paragordonae (3) 91.97%
M. gordonae (2) 94.22% M. paragordonae (2) 92.56%

M. paragordonae (1) 9291% M. gordonae (1) 92.18%

Notes: *Numbers in parentheses represent the number of isolates identified as a particular species. ®ldentification based on sequencing of at least two of the following: 16S rDNA, 16-23S rRNA gene internal transcribed spacer (ITS),

and rpoB and hspé5 genes.
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In this study, the homologous chvD gene demonstrated robust capacity in identification of RGM and SGM species. Five
SGM species — M. celatum, M. terrae, M. arupense and M. nonchromogenicum — were allocated to the RGM group in the
phylogenetic tree. The general rationale showed that RGM have two rRNA gene operons, while SGM have only one.*
Surprisingly, SGM species (M. terrae and M. celatum) have been reported to contain two rRNA genes, which suggests that
these two species could be intermediate transition species between SGM and RGM. In addition, M. trivial and M.
nonchromogenicum belong to the M. terrae complex. This complex is often placed into the group of RGM based on Asp63,
dnaK and secA1,*'2° as well as rpsA4, which we previously reported as a novel potential marker for Mycobacterium species
identification.”” Consistently, the M. terrae complex (M. terrae, M. arupense, and M. nonchromogenicum) was placed
between RGM and SGM based on tmRNA sequences in phylogenetic tree’® and allocated to the RGM group in the
phylogenetic tree by 16S rRNA. Overall the M. terrae complex may phylogenetically be an intermediate transition species
between SGM and RGM, according to this and other studies.

All the included 64 reference strains were distinguished by the civD phylogenetic tree. Some paired species, such as
M. senegalense and M. thermoresistibile, M. austroafricanum and M. terrae, are known to be not properly separated from
each other by other markers alone, such as 16S rRNA, ITS, rpoB and hsp65.>” The chvD sequence identity between the
above species was 88.37% and 87.99%, respectively. Thus, the data suggest that cAvD had an advantage in resolving
certain species over 16S rRNA, ITS, rpoB and hsp65 when used as sole marker.

Even with the suboptimal resolution, the 16S rRNA gene is still frequently firstly selected because it has been well
recognized and its sequence dataset is highly abundant. To increase the resolution, at least one additional maker, such as
ITS, rpoB, hsp65, rpsA (previously reported by us) and chvD (in this study) are recommended to be used as a
supplementary maker. Integration of different loci would be helpful to avoid conflicting or dubious outcome yields.
Furthermore, other results of species identification, including biochemical tests, high-performance liquid chromatography
(HPLC), and matrix-assisted laser desorption ionization—time of flight (MALDI-TOF) mass spectrometry, could be used
for increasing the precision of diagnoses.

There were some limitations in our study. Firstly, the analyses were from culture-positive isolates and not DNA extracted
directly from clinical samples. The performance of the homologous civD gene in species identification should be further
evaluated in clinical samples. Secondly, some uncommon yet clinically relevant species like M. chimaera have not been
clearly evaluated owning to no such isolates being able to be collected in our hospital. Thirdly, similar to current DNA markers
like 16S rRNA, chvD was unable to differentiate members of MTBC owing to the high similarity between MTBC members.

In conclusion, the homologous cAvD gene is a valuable DNA marker for mycobacterial species identification. For
certain specific species, chvD manifested better discrimination power than other frequently used DNA markers, which
suggests its utility in increasing the resolution of Mycobacterium species identification.
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