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Abstract

We investigated the species diversity of Mycobacteriaceae in surface water samples from
six environments at the zoological park in Sdo Paulo, Brazil. Three hundred and eighty iso-
lates were cultivated and identified by phenotypic characteristics (growth rate and pigmenta-
tion) and sequencing of hsp65, rpoB and 16S rRNA genes. The results revealed that almost
48% of the isolates could be identified at the species level; about 50% were classified at the
genus level, and only less than 2% of the isolates showed an inconclusive identification. The
isolates classified at the genus level and not identified were then evaluated by phylogenetic
analyses using the same three concatenated target genes. The results allowed us to identify
at the genus level some isolates that previously had inconclusive identification, and they
also suggested the presence of putative candidate species within the sample, demonstrat-
ing that this zoological park is an important source of diversity.

Introduction

A comparative genomic analysis among 150 species of the genus Mycobacterium based on core
proteins has shown the existence of distinct monophyletic groups, leading to the division of
the genus into five distinctive genera [1,2]. According to this study, the genera of the family
Mpycobacteriaceae were named Mycobacterium, which includes all of the major human patho-
gens, namely Mycolicibacterium, Mycolicibacter, Mycolicibacillus and Mycobacteroides, corre-
sponding to the “Fortuitum-Vaccae”, “Terrae”, “Triviale” and “Abscessus-Chelonae” clades,
respectively.

Most species of the family Mycobacteriaceae are considered saprophytic microorganisms
and inhabitants of several natural environments, such as lakes, rivers, swamps, soils and envi-
ronments influenced by humans, such as water treatment and distribution systems [3-7].
Some environmental isolates have raised interest because of their ability to metabolize aliphatic
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hydrocarbons and polycyclic aromatic hydrocarbons, which are important pollutants [8-11].
Apart from that, genome analysis of M. brisbanense (UM_WWY) has revealed the presence of
genes associated with nitrogen and urea cycles, suggesting that their use in soil may result in
the synthesis of urea, favoring plant growth [12].

In Brazil, studies on the diversity of environmental isolates from Mycobacteriaceae are still
scarce. Lima-Junior et al. (2016) characterized isolates of Mycobacteriaceae and mycobacterio-
phages from the compost at Sdo Paulo Zoo and isolated an environmental M. insubricum for
the first time [13]. The mycobacteriophage isolates displayed considerable genomic diversity
and the phage Madruga showed over 95% similarity with the genome of the phage Patience
forming a new assigned cluster U. These data demonstrate the richness of the microbial com-
munities within the composting systems and their potential source for the prospecting of new
phage and bacterial isolates. The Sdo Paulo Zoological Park Foundation (FPZSP) has an area
of 824,529 m” of original Atlantic Forest, and besides the composting unit, it has several
springs and lakes that shelter captive and free-living animals and migratory birds, a water
treatment station and a sewage treatment station.

This work aimed to isolate microorganisms from the family Mycobacteriaceae from six
aquatic environments with distinct anthropic and trophic characteristics at the zoo in Séo
Paulo, Brazil. We investigated the diversity of Mycobacteriaceae isolates and found the possible
occurrence of putative candidate species among these isolates.

Material and methods
Description of study sites

FPZSP is located in an urban area of the city of Sdo Paulo, and within a remnant area of the
Atlantic Forest. Its location is between the parallels 23° 38’ 08” S and 23° 40" 18” S and the
meridians 46°36’48” W and 46°38°00” W. Surface water samples from six environments of
FPZSP were studied, which were classified according to the degree of anthropization, color
and odor as suggested by Bicudo et al., 2002 [14]. The Bigger Spring (BS) has an area of 3,852
m?, and is odorless and barren; it is an enclosure for five alligators and has little human influ-
ence. The Smaller Spring (SS) has a water area of 388 m? and is clear and odorless; it is located
inside a bird enclosure, where it is considered an environment with a medium degree of
anthropization. Lake70 (L70) has an area of 34,665 m” and is an artificial lake with a medium
degree of anthropization; it is inhabited by primates and local and migratory birds. A particu-
lar feature of this environment is the presence of algae, making the water greenish though
odorless. Water samples from the sewage treatment station were also analyzed at two points,
the crude sewage (cS) and treated sewage (tS). The sewage treatment station receives water
from the animal enclosures and the daily activities of the park, which has a characteristic odor
and brownish color. Water from the water treatment station (WTS) was collected shortly after
the end of the physical and chemical treatment. WTS treats water from the sewage treatment
station and Lake70 on alternate days, generating re-cycled water to wash the animal enclosures
and also to restore the water level of Lake70. This study was approved by the Research Ethics
Committee of UNIFESP and FPZSP under numbers 0082/10 and 263/2009, respectively.

Sample collection

Surface water samples were collected from six different sources every month between Novem-
ber 2011 and October 2012, totaling 72 samples. Using a sterile flask, 1L of water was collected
from each site, and for the WTS water the flasks contained 0.01% sodium thiosulfate for neu-
tralization of residual chlorine [15]. The samples were stored and transported at 4°C until pro-
cessed, which did not exceed three hours.
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Processing of water samples

Each sample was totally concentrated under vacuum and filtered with a 0.45-um nitrocellulose
membrane (Millipore) for subsequent decontamination and culture of bacteria belonging to
the family Mycobacteriaceae. The water samples from Lake70 were first filtered with a 20-pm
mesh phytoplankton net and then with a 8-pm glass microfiber filter (AP20 Millipore), fol-
lowed by filtration through a 5-um cellulose ester membrane (Millipore) for the removal of
microalgae [16-18]. The crude and treated sewage samples were also previously pre-filtered
due to a high concentration of organic matter.

After the sample concentration procedure, each membrane was transferred to a sterile tube
with 10 mL of phosphate-buffered saline (PBS 1X, pH 7.4) and maintained under vigorous
stirring for 30 min. The bacterial suspension was decontaminated with 0.05% cetylpyridinium
chloride (CPC) and spread on Middlebrook 7H10 medium supplemented with 0.5% glycerol
and 10% OADC-oleic acid, albumin, dextrose and catalase (Becton Dickinson) and 10%
PANTA (40 U/mL polymyxin, 4 pg/mL amphotericin B, 16 pug/mL nalidixic acid, 4 ug/mL tri-
methoprim and 4 pug/mL azlocillin) (Becton Dickinson) according to the protocol described by
Radomski et al., 2010 [19]. The cultures were incubated at 30°C and examined for 60 days.

Species identification

All recovered colonies were initially visualized under a light microscope (Eclipse E100, Nikon)
after Ziehl-Neelsen staining (Renylab, Brazil). Acid-fast bacteria colonies were isolated and
identified by evaluation of phenotypic characteristics (growth rate and pigment) and
sequences of the hsp65 gene, rpoB gene V region and 16S rRNA gene [20-24].

DNA was extracted by thermal lysis, that is suspension of bacterial colonies in 300 pL of
sterile MiliQ water and incubation at 95°C for 10 minutes, and 5 pL of the supernatant were
used for each PCR. The regions amplified by PCR included a 667 bp fragment of hsp65 gene,
containing the fragment described by Telenti, a 752 bp fragment of the V region of rpoB and
the complete (1,500 bp) 16S rRNA gene [20,22-25]. The amplification and sequencing of
region III of rpoB gene performed in cases of doubt in the identification [26]. The amplicons
were purified using the QIAquick PCR purification kit (Qiagen), as recommended by the
manufacturer and were sequenced in both directions in an ABI Prism 3500xL Sequencer
(Applied Biosystems, Foster City, CA, USA). The primers used for sequencing reactions were
the same as those for PCR, except for the sequencing of the 16S rRNA gene, which included
the internal primers described by Adékambi & Drancourt (2004) [23].

Nucleotide sequences were edited using the BioNumerics program version 7.6.3 (Applied
Maths, Sint-Martens-Latem, Belgium) to generate single consensus sequences, which were
later compared with those deposited in the NCBI database (National Center for Biotechnology
Information) using the tool BLAST-Basic Local Alignment (URL: http://www.ncbi.nlm.nih.
gov/BLAST). The cut-off points for the analyses of the hsp65, rpoB and 16S rRNA genes were
>97, >98.3 and >99%, respectively [22,27,28].

Consensus sequences of rpoB and 16S rRNA gene regions were aligned using Bionumerics
7.6.3 with Fast Algorithm (AppliedMaths, Sint-Martens-Latem, Belgium) and those of hsp65
using Clustal W 1.6 [29], implemented on Mega 7.0 [30]. Alignments of coding regions (hsp65
and rpoB) were translated into amino acids using the program Se-Al v.2.0al1 (http://tree.bio.
ed.ac.uk/software/seal) to verify the presence of unexpected stop-codons. One representative
of each sequence obtained from the hsp65, rpoB and 16S rRNA genes were deposited in Gen-
Bank under accession numbers KP768386, KP768387, KR779718, MK876855-MK877231;
MK879838-MK879916; KP768388, KP768389, KR779819, and MK890454-890532.
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Phylogenetic analysis

The isolates identified at the genus level according to Gupta et al, (2018) [1] along with uniden-
tified isolates and 86 sequences of described Mycobacteriaceae species downloaded from Gen-
Bank (S1 Table) were used in the phylogenetic analyses. The species Corynebacterium
afermentans DSM 44280 (NZ_FTMHO00000000.1), Nocardia abscessus DSM44557
(JN041731.1; JN215598.1; JN041494.1) and Tsukamurella paurometabola NCTC13232
(NZ_UHIQ00000000.1) were selected as outgroups.

Phylogenetic analyses were performed using a concatenated dataset of 2,511 bp from the
two fragments of the coding gene regions of hsp65 and rpoB and the ribosomal 16S rRNA
gene. Prior to analyses, models of substitution for each gene region and the concatenated data-
set were selected using jModelTest v.2.1.6 [31], according to Akaike Information Criterion
(AIC) as implemented at CIPRES Science Gateway (https://www.phylo.org/).

Phylogenetic analyses were carried out using both maximum-likelihood (ML) and bayesian
inference (BI). The tree search under the ML criterion was performed in PAUP v.4.0 with 20
replicates of random stepwise addition under tree-bisection-reconnection (TBR) [32]. BI anal-
yses were conducted in MRBAYES v.3.2.2 [33] implemented at CIPRES Science Gateway
(https://www.phylo.org/), with two independent searches of 10” generations each, sampling
every 1000 generations, and with four Markov Chain Monte Carlo (MCMC) runs. We assessed
convergence between runs using Tracer v1.6 [34] and discarded the first 20% trees as burn-in.

Node support in resulting nodes on ML tree was evaluated by 200 non-parametric boot-
strap analyses and by posterior probability values the BI topology [35]. Nodes with bootstrap
proportions (BP) > 70% ([36]; with caveats) on the ML tree and those with posterior values
(PP) > 0.95 on BI tree were considered as evidence of supported clades [33]. Trees were edited
in the program FigTree 1.3.1. (http://tree.bio.ed.ac.uk/).

Analysis of the diversity of species

The species diversity in each environment studied was analyzed by the Shannon-Wiener index
(H) [37]. This index determines the alpha (o) diversity of a local community providing values
that allow the comparison of diversity between the different sites sampled.

Results
Identification of isolates

Among the 72 water samples analyzed, 56 (77.7%) showed growth of Mycobacteriaceae totaling
380 isolates. A total of 237 isolates were collected from the effluents, 92 from Lake70, 45 from
the springs and 6 from the water treatment station, Fig 1.

Most of the isolates (314, 82.6%), were recovered during the months of November to May,
corresponding to the period of higher temperatures in Brazil, Fig 1. According to the pheno-
typic classification, 347 isolates (91.3%) displayed rapid growth and 33 (8.7%) slow growth.
Regarding pigmentation, 214 (56.3%) isolates were classified as achromogenic and 166
(43.7%) as chromogenic.

Initially, the identification was performed by sequencing a 401 bp fragment of hps65 gene
for all isolates, and the results were analyzed together with phenotypic characteristics. All
sequences were deposited in GenBank as described in the Material and Methods section. Thus,
it was possible to identify 140 isolates (36.8%) corresponding to the species Mycobacteroides
chelonae, Mycobacterium gordonae, Mycobacterium parascrofulaceum, Mycobacterium lentifla-
vum, Mycobacterium kansasii, Mycolicibacter arupensis, Mycolicibacterium insubricum and
Mpycolicibacterium austroafricanum/M. vanbaalenii. In addition, these results allowed us to
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Fig 1. Distribution of Mycobacteriaceae isolates according to origin and period of analysis. cS: crude sewage; tS: treated sewage; L70: Lake70; SS: Smaller Spring;
BS: Bigger Spring and WTS: water treatment station.

https://doi.org/10.1371/journal.pone.0227759.g001

classify the other 240 isolates (63.2%) as belonging to the genera Mycobacterium, Mycobacter-
oides, Mycolicibacterium and Mycolicibacter and also to separate them into 78 groups, Fig 2.

To further identify these isolates, at least one representative of each group was randomly
selected and then sequenced for the 16S rRNA and rpoB genes.

The analysis of the three targets allowed us to identify 11.1% more isolates to the species
level, namely: Mycobacteroides abscessus subsp. bolletii, Mycolicibacterium bacteremicum,
Mpycolicibacterium brisbanense, Mycolicibacterium fluoranthenivorans, Mycolicibacterium for-
tuitum, Mycolicibacterium mucogenicum, Mycolicibacterium neoaurum, Mycolicibacterium
phocaicum, Mycolicibacterium septicum, Mycolicibacter kumamotonensis and Mycobacterium
marseillense. Thus, at the end of the identification stage, 182 (47.9%) isolates were identified at
the species level, 191 (50.3%), clustered in 55 groups, were classified at the genus level, while
seven isolates (1.8%), clustered in 6 groups, showed identity with sequences of species belong-
ing to different genera, so their identification was considered inconclusive, Table 1.

The species Mycobacterium gordonae, Mycolicibacterium insubricum and Mycobacteroides
chelonae were the most prevalent, representing between 11 and 7.9% of the isolates identified.
The species Mycobacterium parascrofulaceum, Mycolicibacterium mucogenicum, Mycobacte-
rium kansasii, Mycolicibacter arupensis, Mycolicibacterium austroafricanum/vanbaalenii,
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JN571199.1/ JN571203.1

JIN571199.1/ JN571203.1

EU140946.1/ GQ478699.1

JX154109.1 / GQ478699.1

EU140946.1/ GQ478699.1

JX154109.1 / GQ478699.1 / JF491325.1
EU732654.1/JN571191.1

EU732654.1/JN571191.1

EU732654.1/JN571191.1

JIN571191.1/ EU732654.1 / JX294382.1

JF491297 1

DQ986500.1/ AY496139.1 / AF547873.1 / AY943195.1
DQ986500.1/ AY496139.1 / AF547873.1 / AY943195.1
EU156064.1/ AY496139.1 / AF547873.1 / AY943195.1
AF547865.1 / AY496139.1 / AF547873.1 / AY943195.1
AY496138.1 / EU156064.1 / AY943195.1 / AF547873.1
AF547865.1 / AY943195.1 / AY496138.1 / AF547873.1
AY496142.1 / AY943195.1 / AY496138.1 / AY379072.1
JF491329.1/ AY496138.1/ JX294387.1 / AY379072.1
KP768387.1 / JF491329.1 / AF547865.1
JF491333.1/HM775983.1/ DQ987725.1 / AF140676.1
JF491333.1/ AY458077.1/ AF140676 / HM775983.1
FJ536253.1 / AY458077.1 / AF547830.1

JF491329.1/ AY379072.1/ AY496138.1 / AY943195.1
AY943195.1 / AY458076.1 / AF547805.1 / AJ310232.1
EU732652.1

EF551421.1/ EF551410.1

EF551421.1/ EF551410.1

EF551421.1 / EF551410.1

AY458079.1 / EF551410.1

AY859676.1 / AF547858.1

JF491302.1

FJ172322.1

FJ172314.1 / HM030495.1 / FJ172318.1
DQ184965.1/FJ172324

AF547825.1

FJ172325.1 / AF547804.1 / DQ533995.1/ DQ533997.1
FJ172325.1 / AF547804.1 / DQ533995.1/ DQ533997.1
FJ172325.1 / AF547804.1 / DQ533995.1/ DQ533997.1
KT185534.1/ KT185520.1

KF432469.1/ JF491331.1/ JF491322.1
KT284832.1/JF491331.1 /JF491322.1
KF432469.1/GQ153291.1

GQ153291.1/ JF491331.1/ JF491322.1

JF491308.1/ KF432469.1 / KF432737.1

HMO022219.1/ AY208859.1 / AY337275.1

FJ426336.1

FJ426336.1

FJ426336.1/ FJ426336.1 / KF432737.1
GQ153291.1/JX091372.1 / KF432737.1

HM454220.1 / KP401760.1 / KF432490.1

EU935586.1 / EU239788.1 / AY550235.1

HM454220.1 / CP010114.1 / KF432799.1

JX154108.1

FJ384767.1

AF547862.1 / GU362519.1

JX154123.1 / GU362519.1

EU727188.1/ AF547862.1 / DQ986499.1

EU727188.1/ AF547862.1 / DQ986499.1

EU727188.1/ AF547862.1 / DQ986499.1

AF547862.1 / GU362519.1

AY438649.1 / AF547864.1 / JF491312.1

AY438649.1 / AF547864.1 / JF491312.1

AY438649.1 / AF547864.1 / JF491312.1

CP002385.1/ AY438649.1 / AF547864.1

CP002385.1/ AY438649.1 / AF547864.1
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Fig 2. Classification of the isolates into 78 groups by sequencing the hsp65 gene. Similarity dendrogram was based on the
multiple alignment matrix of the hsp65 gene sequences using the UPGMA method. In the first column are the isolates
randomly selected to be analyzed by sequencing the 16S rRNA and rpoB genes. Column 2: Number of isolates included in each
group. Column 3: Result of the comparison of the hsp65 gene sequences of isolates with sequences deposited in the GenBank
database with their percentages of identity. Column 4: GenBank accession number of each sequence.

https://doi.org/10.1371/journal.pone.0227759.g002

Mpycolicibacterium fluoranthenivorans, Mycolicibacterium neoaurum, Mycolicibacterium bris-
banense, Mycolicibacterium bacteremicum, Mycolicibacterium septicum, Mycobacteroides
abscessus subsp. bolletti, Mycobacterium lentiflavum, Mycobacterium marseillense and Mycolici-
bacter kumamotonsensis were also found in the samples analyzed and represented between 3.7
and 0.3% of the total isolates. Mycolicibacterium was the most prevalent genus, followed by
Mpycolicibacter and Mycobacterium.

A more detailed analysis of the isolates from Lake70 revealed that 36 of the 49 isolates were
recovered in November and December 2011. They were initially identified as Mycolicibacter-
ium komossense, because they showed pigment, rapid growth and sequence identity of 100 and
98.7% with hsp65 and 16S rRNA genes of that species (AY438649.1; NR026086.1), respectively.
The sequence of rpoBV gene of M. komossense was not available in databases, and thus, rpoB
region III sequencing was performed here (Genbank accession number MK907678), which

Table 1. Identification of isolates and distribution according to site of origin. cS: crude sewage; tS: treated sewage; L70: Lake70; SS: Smaller Spring; BS: Bigger Spring

and WTS: water treatment station.

cS tS L70 SS BS WTS Total (%)
Species identified
Mpycobacterium gordonae 9 11 10 12 - - 42 (11,1%)
Mycolicibacterium insubricum 1 31 1 - 1 - 34 (8,9%)
Mpycobacteroides chelonae 4 - 8 8 7 3 30 (7,9%)
Mycobacterium parascrofulaceum 3 11 - - - - 14 (3,7%)
Mycolicibacterium mucogenicum 8 3 - - - - 11 (2,9%)
Mycobacterium kansasii - - 8 - - - 8(2,1%)
Mycolicibacter arupensis 6 - 1 - - - 7 (1,8%)
Mycolicibacterium austroafricanum/vanbaalenii - 4 1 - - - 5(1,3%)
Mycolicibacterium brisbanense 5 - - - - - 5(1,3%)
Mycolicibacterium fluoranthenivorans 1 1 3 - - - 5(1,3%)
Mycolicibacterium neoaurum - - 5 - - - 5(1,3%)
Mycolicibacterium bacteremicum - 3 - - - - 3 (0,8%)
Mycolicibacterium septicum 1 - - 1 - 1 3 (0,8%)
Mpycobacteroides abscessus subsp. bolletti 2 - - - - - 2 (0,5%)
Mycolicibacterium fortuitum 2 - - - - - 2 (0,5%)
Mpycobacterium lentiflavum 1 - - - - 1 2 (0,5%)
Mycolicibacterium phocaicum - - 1 1 - - 2 (0,5%)
Mycolicibacter kumamotonensis 1 - - - - - 1(0,3%)
Mycobacterium marseillense - 1 - - - - 1(0,3%)
Genus identified
Mycolicibacterium 32 20 49 2 3 1 107 (28,2%)
Mycolicibacter 40 27 2 3 1 - 73 (19,2%)
Mpycobacterium 2 1 4 2 2 - 11 (2,9%)
Not identified

2 4 - 1 - - 7 (1,8%)
Total 119 118 92 30 15 6 380 (100%)

https://doi.org/10.1371/journal.pone.0227759.t001
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showed 93.9 and 98.2% identity with the sequences of M. komossense (AY544936.1) and Myco-
licibacterium parafortuitum (AY544952.1), raising doubts about their identification.

Phylogenetic analysis

The phylogenetic analyses were conducted on a concatenated dataset of sequences from three
genes (hsp65, rpoB and ribosomal 16S rRNA), comprising 2,511 bp of 152 members of Mycobac-
teriaceae that included 60 isolates (representing 55 groups classified at the genus level), six isolates
with inconclusive identification and 86 sequences from known species (S1 Table) analyzed with
both ML and BI methods. Groups with more than 15 isolates had more than one isolate analyzed.

ML analysis was conducted under the GTR (general time-reversible) model of evolution,
with rate of variable sites (gamma = 0.547) and the proportion of invariant sites (I = 0.545),
and generated 3 equally likely trees, from which we produced a semi-strict consensus tree
(Lnl = 36046.26; Fig 3). Bl analysis (hsp65: GTR+1+G; rpoB: TIM1+G; 16S rRNA: TIM3+I+G)
produced a very similar topology as the ML consensus tree (S1 Fig).

These phylogenetic analyses allowed us to identify at the genus level some isolates whose
identification was previously considered inconclusive, such as MYC270 belonging to Mycolici-
bacter and isolates MYC252, MY011, MYC284, MYC248 and MYC244 attributed to the genus
Mpycolicibacterium (Fig 3 and S1 Fig).

Herein, we focused our attention on groups of isolates of the genera Mycolicibacter and
Mpycobacterium, which may contain potentially candidate species. Within the genus Mycolici-
bacter, some isolates were grouped closely related to sequences of known species: MYC028 to
Mpycolicibacter icosiumassiliensis (BP = 84, PP = 0.88), MYC182 to Mycolicibacter virginiensis
(BP =73, PP = 0.76), and MYC224 to Mycolicibacter longobardus, (BP = 97, PP = 1.0), with
strong support, especially with the ML method (bootstrap proportions). Regarding isolates
MYC049 and MYC375, both ML and BI methods uncovered different relationships between
them and other known species, some without support.

Contrarily, ten isolates placed in the genus Mycolicibacter were recovered in distinct phylo-
genetic groups and more distantly related to those sequences of known species. For instance,
the isolate MYC098 was recovered externally to a major group that contains seven known spe-
cies and eight isolates (BP = 99; PP = 0.99; Fig 3 and S1 Fig). Next in the topology, the highly
supported sister group MYC334+MYC340 (BP = 100; PP = 0.99) was placed. Externally, the
clade containing (MYC187+ MYC270) with MYC191 as its sister taxon (BP = 100; PP = 1.0)
was recovered. Following all these clades, a major clade was recovered (BP = 100; PP = 1.0)
grouping MYC101 and MYC123 (BP = 100; PP = 1.0) with MYCO017 (BP<50; PP = 0.73) as its
sister group, and isolate MYC074 placed basal to them (BP = 100; PP = 0.99).

Within the genus Mycobacterium, MYC170 was recovered as sister to Mycobacterium angel-
icum (BP = 100; PP = 0.99), while MYC161 grouped with Mycobacterium saskatchewanense
(BP = 81; PP = 0.84; Fig 3 and S1 Fig). As a distinct group, both ML and BI methods recovered
a clade formed by (MYC070+MYC233; BP = 73, PP = 0.74) with MYC141 sister to them
(BP =100; PP = 1.0).

Additionally, we mention that within the genus Mycolicibacterium our phylogenetic analy-
ses recovered a well-supported major clade containing five isolates (MYC015+MYC035+-
MYC354) and (MYC342+MYC355), the last being placed as sister to the M. septicum species
(BP = 81; PP = 0.796; Fig 3 and S1 Fig).

Analysis of bacterial diversity

After the identification of the isolates, it was possible to evaluate the bacterial diversity by ori-
gin. The values of o diversity found were: 3.28 for crude sewage (cS), 2.73 for treated sewage
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Fig 3. Phylogeny of Mycobacteriaceae based on concatenated sequences of hsp65, rpoB and 16S rRNA genes (2,511
bp), according to maximum-likelihood method (Lnl = 36046.26). Values above branches are bootstrap proportions
(>70%) and those in parenthesis after the terminal names refer to number of isolates belonging to each group. *
Groups with more than one isolate studied by phylogenetic analysis.

https://doi.org/10.1371/journal.pone.0227759.9003

(tS), 2.31 for Lake70 (L70) and 1.7, 1.65 and 1.25 for Bigger Spring (BS), Smaller Spring (SS)
and the water treatment station (WTS), respectively. These results revealed that the ¢S, tS and
L70 environments had higher diversity than the others investigated.

Discussion

In the last decades, we have observed an increase in Mycobacteriaceae species described. This
study aimed to determine the diversity of these bacteria in water samples in a zoological park
during a period of twelve months.

Most of the isolates were recovered during the warmest period of the year and also from
eutrophic environments, in accordance with data already described in other studies [38-41].

Using an approach associated with sequencing three genes and phenotypic characteristics,
we were able to characterize almost 48% of the isolates at the species level and 50.3% at the
genus level. Several studies have described that analyses based on concatenated housekeeping
genes support the clustering of most species in well-defined phylogenetic groups and empha-
size the importance of including also data on growth rate and pigmentation of colonies
[1,23,42-46)].

M. fluoranthenivorans DSM44556, M. vanbaalenii-PYR1 and M. neoaurum NRRL B-3805
were isolated from the environment by screening tests and later characterized as sterol, hydro-
carbon and aflatoxin B degraders, indicating potential biotechnological application [47-49].
Among the species identified herein, there are saprophytic and potentially pathogenic ones
and also species previously described as having biotechnological potential. In addition, it was
possible to isolate M. bacteremicum, a species involved in cases of catheter-related sepsis, in
samples from the sewage treatment plant, where this is the first report of isolation of this spe-
cies from water samples [50]. A curious finding is that the isolates identified as M. komossense
were prevalent in Lake70 only during the months of November and December. These isolates
exhibited more similarity to M. parafortuitum than to M. komossense on the basis of the region
III of rpoB gene sequence. Kim and colleagues (2013) reported the horizontal transfer of the
rpoB gene from M. parascrofulaceum to Mycobacterium yongonense [51]. A horizontal gene
transfer event may have occurred in the isolates of this study, and it is a hypothesis that would
explain our results.

Our study showed that all analyzed aquatic environments at the zoo presented several spe-
cies of Mycobacteriaceae and, many of them might have been characterized at genus level with-
out conclusive species identification, possibly belonging to new taxa. Some studies have
demonstrated that inconclusive results after the analysis of several genes are indicative of puta-
tive new species and also point to the importance of a phylogenetic approach to achieve this
conclusion [50,52-54].

The results of our phylogenetic analyses based on three concatenated target genes con-
firmed the identity of isolates at the genus level. Also, this allowed us to verify the relationships
within the Mycolicibacterium and Mycobacterium clades, as isolates MYC028, MYC182 and
MYC224 are closely related to M. icosiumassiliensis, M. virginiensis and M. longobardus, and
MYC170 and MYC161 recovered closely to M. angelicum and M. saskatchewanense, respec-
tively. Besides, among the isolates with inconclusive identification, the ML and BI phylogenies
made it possible to recognize one isolate as belonging to the genus Mycolicibacter and to
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attribute six others to the genus Mycobacterium, confirming the value of inferring phylogenetic
relationships for more accurate identification of Mycobateriaceae. The present work suggests
the presence of putative candidate species.

Some studies on microbial diversity use metagenome analyses since they consider that cul-
tivation approaches provide a limited view on bacterial diversity [41,55]. However, the analysis
of gut microbiota based on different cultivation conditions (microbial culturomics) has
allowed the isolation and description of unknown species within the human intestine, rein-
forcing the importance of studies supported by bacterial culture [56-58]. In this work, we
demonstrated the possibility of using decontamination and cultivation methods to recover
environmental isolates representing species diversity in the family Mycobacteriaceae. Isolation
of bacteria presents the advantage of having the live isolates, and not only their sequences, for
genetic, physiological, taxonomic studies and biotechnological applications.
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S1 Table. List of hsp65, rpoB and 16S rRNA sequences of Mycobacteriaceae species down-
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S1 Fig. Bayesian phylogeny based on concatenated sequences of hsp65, rpoB and 16S rRNA
genes (2,511 bp). Numbers above branches are Bayesian posterior probabilities (>0.95).
(TIF)

Acknowledgments

We thank the staff of Sdo Paulo Zoological Foundation for allowing sampling at the zoological
park. We thank Henri Berghs for his technical support with BioNumerics software. We also
thank the Nucleo de Plataformas Tecnoldgicas (NPT) at the Institute Aggeu Magalhies (FIO-
CRUZ-PE) for the use of the sequencing platform and Viviane do Carmo Vasconcelos de Car-
valho for technical assistance. Dr. A. Leyva helped with English editing of the manuscript.

Author Contributions
Conceptualization: Cristina Viana-Niero.

Data curation: Camila Lopes Romagnoli, Katia Cristina Machado Pellegrino, Sylvia Cardoso
Ledo, Cristina Viana-Niero.

Formal analysis: Cristina Viana-Niero.

Methodology: Camila Lopes Romagnoli, Natalia Maria Silva, Urze Adomaitis Brianesi,
Michelle Christiane da Silva Rabello, Cristina Viana-Niero.

Writing - original draft: Camila Lopes Romagnoli, Katia Cristina Machado Pellegrino, Sylvia
Cardoso Ledo, Michelle Christiane da Silva Rabello, Cristina Viana-Niero.

Writing - review & editing: Katia Cristina Machado Pellegrino, Cristina Viana-Niero.

References

1. GuptaRS, Lo B, Son J. Phylogenomics and comparative genomic studies robustly support division of
the genus Mycobacterium into an emended genus Mycobacterium and four novel genera. Front Micro-
biol. 2018; 9: 1—41. https://doi.org/10.3389/fmicb.2018.00001

PLOS ONE | https://doi.org/10.1371/journal.pone.0227759 January 14, 2020 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227759.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227759.s002
https://doi.org/10.3389/fmicb.2018.00001
https://doi.org/10.1371/journal.pone.0227759

@ PLOS | O N E Diversity of Mycobacteriaceae from aquatic environment at the Sdo Paulo Zoological Park Foundation in Brazil

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Oren A, Garrity G. List of new names and new combinations previously effectively, but not validly, pub-
lished. Int J Syst Evol Microbiol. Microbiology Society; 2018; 68: 1411-1417. https://doi.org/10.1099/
ijsem.0.002711 PMID: 31825780

Makovcova J, Slany M, Babak V, Slana |, Kralik P. The water environment as a source of potentially
pathogenic mycobacteria. J Water Health. 2014; 12: 254-263. https://doi.org/10.2166/wh.2013.102
PMID: 24937219

Makovcova J, Babak V, Slany M, Slana I. Comparison of methods for the isolation of mycobacteria from
water treatment plant sludge. Antonie van Leeuwenhoek, Int J Gen Mol Microbiol. 2015; 107: 1165—
1179. https://doi.org/10.1007/s10482-015-0408-4 PMID: 25724128

Falkinham JO. Environmental sources of nontuberculous mycobacteria. Clin Chest Med. Elsevier Inc;
2015; 36: 35—41. https://doi.org/10.1016/j.ccm.2014.10.003 PMID: 25676517

Amha YM, Anwar MZ, Kumaraswamy R, Henschel A, Ahmad F. Mycobacteria in Municipal Wastewater
Treatment and Reuse: Microbial Diversity for Screening the Occurrence of Clinically and Environmen-
tally Relevant Species in Arid Regions. Environ Sci Technol. 2017; 51: 3048-3056. https://doi.org/10.
1021/acs.est.6b05580 PMID: 28139909

Haig S-J, Kotlarz N, LiPuma JJ, Raskin L. A High-Throughput Approach for Identification of Nontubercu-
lous Mycobacteria in Drinking Water Reveals Relationship between Water Age and Mycobacterium
avium. Bailey MJ, editor. MBio. 2018; 9. https://doi.org/10.1128/mbio.02354-17 PMID: 29440575

Heitkamp MA, Cerniglia CE. Mineralization of polycyclic aromatic hydrocarbons by a bacterium isolated
from sediment below an oil field. Appl Environ Microbiol. American Society for Microbiology; 1988; 54:
1612—4. PMID: 3415226

Heitkamp MA, Franklin W, Cerniglia CE. Microbial metabolism of polycyclic aromatic hydrocarbons: Iso-
lation and characterization of a pyrene-degrading bacterium. Appl Environ Microbiol. 1988; 54: 2549—
2555. PMID: 3202633

Hennessee CT, Seo JS, Alvarez AM, Li QX. Polycyclic aromatic hydrocarbon-degrading species iso-
lated from Hawaiian soils: Mycobacterium crocinum sp. nov., Mycobacterium pallens sp. nov., Myco-
bacterium rutilum sp. nov., Mycobacterium rufum sp. nov. and Mycobacterium aromaticivorans sp. nov.
Int J Syst Evol Microbiol. 2009; 59: 378—387. https://doi.org/10.1099/ijs.0.65827-0 PMID: 19196782

Peng R, Fu X, Tian Y, Zhao W, Zhu B, Xu J, et al. Metabolic engineering of Arabidopsis for remediation
of different polycyclic aromatic hydrocarbons using a hybrid bacterial dioxygenase complex. Metab
Eng. 2014; 26: 100—110. https://doi.org/10.1016/j.ymben.2014.09.005 PMID: 25305469

Wee WY, Tan TK, Jakubovics NS, Choo SW. Whole-genome sequencing and comparative analysis of
Mycobacterium brisbanense reveals a possible soil origin and capability in fertiliser synthesis. PLoS
One. 2016; 11: 1-15. https://doi.org/10.1371/journal.pone.0152682 PMID: 27031249

Lima-Junior JD, Viana-Niero C, Conde Oliveira D V, Machado GE, Rabello MC da S, Martins-Junior J,
et al. Characterization of mycobacteria and mycobacteriophages isolated from compost at the Sdo
Paulo Zoo Park Foundation in Brazil and creation of the new mycobacteriophage Cluster U. BMC Micro-
biol. BioMed Central; 2016; 16: 111. https://doi.org/10.1186/s12866-016-0734-3 PMID: 27316672

Bicudo D de C, Forti MC, Bicudo CE de M. Parque Estadual das Fontes do Ipiranga (PEFI): unidade de
conservacgao que resiste a urbanizacao de Sao Paulo. Parque Estadual das Fontes do Ipiranga (PEFI):
unidade de conservacgao que resiste a urbanizacao de Sao Paulo. SMA; 2002.

Rice EW, Bridgewater L, American Public Health Association., American Water Works Association.,
Water Environment Federation. Standard methods for the examination of water and wastewater. Amer-
ican Public Health Association; 2012.

Gentil CR, Tucci A, Célia E, Sant ‘anna L. Dindmica da comunidade fitoplanctonica e aspectos sanitar-
ios de um lago urbano eutréfico em S&o Paulo, SP. Hoehnea. 2008; 35: 265-280.

Sant’Anna C, Tucci A, Azevedo M, Melcher S, Werner V, Malone C, et al. Atlas de cianobactérias e
microalgas de dguas continentais brasileiras. Inst Botanica-Nucleo Pesqui em Ficologia. 2012; 175.
https://doi.org/10.13140/2.1.4417.1208

Carvalho M do C, Agujaro LF, Pires DA, Picoli C. Manual de Cianobactéria Planctonicas:Legislacao,
Orientagdes para o Monitoramento e Aspectos Ambientais [Internet]. Cetesb. CETESB; 2013. Avail-
able: https://cetesb.sp.gov.br/laboratorios/wp-content/uploads/sites/24/2015/01/manual-
cianobacterias-2013.pdf

Radomski N, Cambau E, Moulin L, Haenn S, Moilleron R, Lucas FS. Comparison of culture methods for
isolation of nontuberculous mycobacteria from surface waters. Appl Environ Microbiol. American Soci-
ety for Microbiology; 2010; 76: 3514-3520. https://doi.org/10.1128/AEM.02659-09 PMID: 20363776

Weisburg WG, Barns SM, Pelletier DA, Lane DJ. 16S ribosomal DNA amplification for phylogenetic
study. J Bacteriol. 1991; 173: 697-703. https://doi.org/10.1128/jb.173.2.697-703.1991 PMID: 1987160

PLOS ONE | https://doi.org/10.1371/journal.pone.0227759 January 14, 2020 12/14


https://doi.org/10.1099/ijsem.0.002711
https://doi.org/10.1099/ijsem.0.002711
http://www.ncbi.nlm.nih.gov/pubmed/31825780
https://doi.org/10.2166/wh.2013.102
http://www.ncbi.nlm.nih.gov/pubmed/24937219
https://doi.org/10.1007/s10482-015-0408-4
http://www.ncbi.nlm.nih.gov/pubmed/25724128
https://doi.org/10.1016/j.ccm.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25676517
https://doi.org/10.1021/acs.est.6b05580
https://doi.org/10.1021/acs.est.6b05580
http://www.ncbi.nlm.nih.gov/pubmed/28139909
https://doi.org/10.1128/mbio.02354-17
http://www.ncbi.nlm.nih.gov/pubmed/29440575
http://www.ncbi.nlm.nih.gov/pubmed/3415226
http://www.ncbi.nlm.nih.gov/pubmed/3202633
https://doi.org/10.1099/ijs.0.65827-0
http://www.ncbi.nlm.nih.gov/pubmed/19196782
https://doi.org/10.1016/j.ymben.2014.09.005
http://www.ncbi.nlm.nih.gov/pubmed/25305469
https://doi.org/10.1371/journal.pone.0152682
http://www.ncbi.nlm.nih.gov/pubmed/27031249
https://doi.org/10.1186/s12866-016-0734-3
http://www.ncbi.nlm.nih.gov/pubmed/27316672
https://doi.org/10.13140/2.1.4417.1208
https://cetesb.sp.gov.br/laboratorios/wp-content/uploads/sites/24/2015/01/manual-cianobacterias-2013.pdf
https://cetesb.sp.gov.br/laboratorios/wp-content/uploads/sites/24/2015/01/manual-cianobacterias-2013.pdf
https://doi.org/10.1128/AEM.02659-09
http://www.ncbi.nlm.nih.gov/pubmed/20363776
https://doi.org/10.1128/jb.173.2.697-703.1991
http://www.ncbi.nlm.nih.gov/pubmed/1987160
https://doi.org/10.1371/journal.pone.0227759

@ PLOS | O N E Diversity of Mycobacteriaceae from aquatic environment at the Sdo Paulo Zoological Park Foundation in Brazil

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

Le&o SC, Martin A, Mejia M. G, Palomino juan C, Robledo R. J, Telles MA da S, et al. Practical Hand-
book for the Phenotypic and Genotypic Identification of Mycobacteria. 2004.

Adékambi T, Colson P, Drancourt M. rpoB-Based Identification of Nonpigmented and Late-Pigmenting
Rapidly Growing Mycobacteria. J Clin Microbiol. 2003; 41: 5699-5708. https://doi.org/10.1128/JCM.41.
12.5699-5708.2003 PMID: 14662964

Adékambi T, Drancourt M. Dissection of phylogenetic relationships among 19 rapidly growing Mycobac-
terium species by 16S rRNA, hsp65, sodA, recA and rpoB gene sequencing. Int J Syst Evol Microbiol.
2004; 54: 2095-2105. https://doi.org/10.1099/ijs.0.63094-0 PMID: 15545441

Selvaraju SB, Khan IUH, Yadav JS. A new method for species identification and differentiation of Myco-
bacterium chelonae complex based on amplified hsp65 restriction analysis (AHSPRA). Mol Cell Probes.
2005; 19: 93-99. https://doi.org/10.1016/j.mcp.2004.09.007 PMID: 15680210

Telenti A, Marchesi F, Balz M, Bally F, Bottger EC, Bodmer T. Rapid identification of mycobacteria to
the species level by polymerase chain reaction and restriction enzyme analysis. J Clin Microbiol. Ameri-
can Society for Microbiology (ASM); 1993; 31: 175-178. Available: http://www.ncbi.nim.nih.gov/
pubmed/8381805 PMID: 8381805

Kim BJ, Lee SH, Lyu MA, Kim SJ, Bai GH, Kim SJ, et al. Identification of mycobacterial species by com-
parative sequence analysis of the RNA polymerase gene (rpoB). J Clin Microbiol. 1999; 37: 1714-1720.
Available: http://www.ncbi.nIm.nih.gov/pubmed/10325313 PMID: 10325313

McNabb A, Eisler D, Adie K, Amos M, Rodrigues M, Stephens G, et al. Assessment of Partial Sequenc-
ing of the 65-Kilodalton Heat Shock Protein Gene (hsp65) for Routine Identification of Mycobacterium
Species Isolated from Clinical Sources. J Clin Microbiol. 2004; 42: 3000-3011. https://doi.org/10.1128/
JCM.42.7.3000-3011.2004 PMID: 15243051

Drancourt M, Bollet C, Carlioz A, Martelin R, Gayral JP, Raoult D. 16S ribosomal DNA sequence analy-
sis of a large collection of environmental and clinical unidentifiable bacterial isolates. J Clin Microbiol.
2000; 38: 3623—-3630. Available: http://www.ncbi.nim.nih.gov/pubmed/11015374 PMID: 11015374

Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-specific gap penalties and weight matrix
choice. Nucleic Acids Res. Oxford University Press; 1994; 22: 4673-80. https://doi.org/10.1093/nar/22.
22.4673 PMID: 7984417

Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Big-
ger Datasets. Mol Biol Evol. 2016; 33: 1870-4. https://doi.org/10.1093/molbev/msw054 PMID:
27004904

Posada D. jModelTest: Phylogenetic Model Averaging. Mol Biol Evol. 2008;25. https://doi.org/10.1093/
molbev/msn083 PMID: 18397919

Swofford DL. PAUP*: phylogenetic analysis using parsimony (and other methods) Sinauer. Sunder-
land, Massachusetts, USA. 1998;

Huelsenbeck JP, Ronquist F. MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics.
2001; 17: 754-755. https://doi.org/10.1093/bioinformatics/17.8.754 PMID: 11524383

Rambaut A, Drummond AJ. Tracer v1.4.1. [Internet]. 2007. Available: http://tree.bio.ed.ac.uk/software/
tracer/

Felsenstein J. Confidence limits on phylogenies: an approach using the bootstrap. Evolution. 1985; 39:
783-791. https://doi.org/10.1111/j.1558-5646.1985.tb00420.x PMID: 28561359

Hillis DM, Bull JJ. An empirical test of bootstrapping as a method for assessing confidence in phyloge-
netic analysis. Syst Biol. Narnia; 1993; 42: 182—-192. https://doi.org/10.1093/sysbio/42.2.182

Stout LM, Blake RE, Greenwood JP, Martini AM, Rose EC. Microbial diversity of boron-rich volcanic hot
springs of St. Lucia, Lesser Antilles. FEMS Microbiol Ecol. 2009; 70: 402—412. https://doi.org/10.1111/j.
1574-6941.2009.00780.x PMID: 19796138

Torvinen E, Suomalainen S, Lehtola MJ, Miettinen IT, Zacheus O, Paulin L, et al. Mycobacteria in
Water and Loose Deposits of Drinking Water Distribution Systems in Finland. Appl Environ Microbiol.
2004; 70: 1973-1981. https://doi.org/10.1128/AEM.70.4.1973-1981.2004 PMID: 15066787

Torvinen E, Lehtola MJ, Martikainen PJ, Miettinen IT. Survival of Mycobacterium avium in drinking
water biofilms as affected by water flow velocity, availability of phosphorus, and temperature. Appl Envi-
ron Microbiol. 2007; 73: 6201-6207. https://doi.org/10.1128/AEM.00828-07 PMID: 17675427

Kormas KA, Neofitou C, Pachiadaki M, Koufostathi E. Changes of the bacterial assemblages through-
out an urban drinking water distribution system. Environ Monit Assess. 2010; 165: 27—38. https://doi.
org/10.1007/s10661-009-0924-7 PMID: 19404754

Roguet A, Therial C, Saad M, Boudahmane L, Moulin L, Lucas FS. High mycobacterial diversity in rec-
reational lakes. Antonie van Leeuwenhoek, Int J Gen Mol Microbiol. Springer International Publishing;
2016; 109: 619-631. hitps://doi.org/10.1007/s10482-016-0665-x PMID: 26873594

PLOS ONE | https://doi.org/10.1371/journal.pone.0227759 January 14, 2020 13/14


https://doi.org/10.1128/JCM.41.12.5699-5708.2003
https://doi.org/10.1128/JCM.41.12.5699-5708.2003
http://www.ncbi.nlm.nih.gov/pubmed/14662964
https://doi.org/10.1099/ijs.0.63094-0
http://www.ncbi.nlm.nih.gov/pubmed/15545441
https://doi.org/10.1016/j.mcp.2004.09.007
http://www.ncbi.nlm.nih.gov/pubmed/15680210
http://www.ncbi.nlm.nih.gov/pubmed/8381805
http://www.ncbi.nlm.nih.gov/pubmed/8381805
http://www.ncbi.nlm.nih.gov/pubmed/8381805
http://www.ncbi.nlm.nih.gov/pubmed/10325313
http://www.ncbi.nlm.nih.gov/pubmed/10325313
https://doi.org/10.1128/JCM.42.7.3000-3011.2004
https://doi.org/10.1128/JCM.42.7.3000-3011.2004
http://www.ncbi.nlm.nih.gov/pubmed/15243051
http://www.ncbi.nlm.nih.gov/pubmed/11015374
http://www.ncbi.nlm.nih.gov/pubmed/11015374
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1093/nar/22.22.4673
http://www.ncbi.nlm.nih.gov/pubmed/7984417
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1093/molbev/msn083
https://doi.org/10.1093/molbev/msn083
http://www.ncbi.nlm.nih.gov/pubmed/18397919
https://doi.org/10.1093/bioinformatics/17.8.754
http://www.ncbi.nlm.nih.gov/pubmed/11524383
http://tree.bio.ed.ac.uk/software/tracer/
http://tree.bio.ed.ac.uk/software/tracer/
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
http://www.ncbi.nlm.nih.gov/pubmed/28561359
https://doi.org/10.1093/sysbio/42.2.182
https://doi.org/10.1111/j.1574-6941.2009.00780.x
https://doi.org/10.1111/j.1574-6941.2009.00780.x
http://www.ncbi.nlm.nih.gov/pubmed/19796138
https://doi.org/10.1128/AEM.70.4.1973-1981.2004
http://www.ncbi.nlm.nih.gov/pubmed/15066787
https://doi.org/10.1128/AEM.00828-07
http://www.ncbi.nlm.nih.gov/pubmed/17675427
https://doi.org/10.1007/s10661-009-0924-7
https://doi.org/10.1007/s10661-009-0924-7
http://www.ncbi.nlm.nih.gov/pubmed/19404754
https://doi.org/10.1007/s10482-016-0665-x
http://www.ncbi.nlm.nih.gov/pubmed/26873594
https://doi.org/10.1371/journal.pone.0227759

@ PLOS | O N E Diversity of Mycobacteriaceae from aquatic environment at the Sdo Paulo Zoological Park Foundation in Brazil

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Stackebrandt E, Frederiksen E, Garrity GM, Grimont PAD, Kampfer P, Maiden MCJ, et al. Report of the
ad hoc committee for the re-evaluation of the species definition in bacteriology. Int J Syst Evol Microbiol.
Microbiology Society; 2002; 52: 1043—1047. https://doi.org/10.1099/00207713-52-3-1043 PMID:
12054223

Devulder G, de Montclos MP, Flandrois JP. A multigene approach to phylogenetic analysis using the
genus Mycobacterium as a model. Int J Syst Evol Microbiol. 2005; 55: 293-302. https://doi.org/10.
1099/ijs.0.63222-0 PMID: 15653890

Mignard S, Flandrois JP. A seven-gene, multilocus, genus-wide approach to the phylogeny of mycobac-
teria using supertrees. Int J Syst Evol Microbiol. 2008; 58: 1432—1441. https://doi.org/10.1099/ijs.0.
65658-0 PMID: 18523191

Tortoli E, Fedrizzi T, Meehan CJ, Trovato A, Grottola A, Giacobazzi E, et al. The new phylogeny of the
genus Mycobacterium: The old and the news. Infect Genet Evol. 2017; 56: 19-25. https://doi.org/10.
1016/j.meegid.2017.10.013 PMID: 29030295

Gevers D, Cohan FM, Lawrence JG, Spratt BG, Coenye T, Feil EJ, et al. Re-evaluating prokaryotic spe-
cies. Nat Rev Microbiol. 2005; 3: 733-739. https://doi.org/10.1038/nrmicro1236 PMID: 16138101

Teniola OD, Addo PA, Brost IM, Farber P, Jany KD, Alberts JF, et al. Degradation of aflatoxin B1 by
cell-free extracts of Rhodococcus erythropolis and Mycobacterium fluoranthenivorans sp. nov.
DSM44556T. Int J Food Microbiol. 2005; 105: 111-117. https://doi.org/10.1016/j.ijffoodmicro.2005.05.
004 PMID: 16061299

Kim SJ, Kweon O, Sutherland JB, Kim HL, Jones RC, Burback BL, et al. Dynamic response of Myco-
bacterium vanbaalenii PYR-1 to BP deepwater horizon crude oil. Appl Environ Microbiol. American
Society for Microbiology; 2015; 81: 4263-4276. https://doi.org/10.1128/AEM.00730-15 PMID:
25888169

Rodriguez-Garcia A, Fernandez-Alegre E, Morales A, Sola-Landa A, Lorraine J, Macdonald S, et al.
Complete genome sequence of “Mycobacterium neoaurum” NRRL B-3805, an androstenedione (AD)
producer for industrial biotransformation of sterols. J Biotechnol. 2016; 224: 64—5. https://doi.org/10.
1016/j.jbiotec.2016.03.021 PMID: 26988397

Brown-Elliott BA, Wallace RJ, Petti CA, Mann LB, McGlasson M, Chihara S, et al. Mycobacterium
neoaurum and Mycobacterium bacteremicum sp. nov. as causes of mycobacteremia. J Clin Microbiol.
2010; 48: 4377-4385. https://doi.org/10.1128/JCM.00853-10 PMID: 20881180

Kim BJ, Hong SH, Kook YH, Kim BJ. Molecular Evidence of Lateral Gene Transfer in rpoB Gene of
Mycobacterium yongonense Strains via Multilocus Sequence Analysis. Herrmann JL, editor. PLoS
One. 2013; 8: €51846. hitps://doi.org/10.1371/journal.pone.0051846 PMID: 23382812

Salah BI, Cayrou C, Raoult D, Drancourt M. Mycobacterium marseillense sp. nov., Mycobacterium
timonense sp. nov. and Mycobacterium bouchedurhonense sp. nov.,members of the Mycobacterium
avium complex. Int J Syst Evol Microbiol. 2009; 59: 2803—2808. https://doi.org/10.1099/ijs.0.010637-0
PMID: 19628609

Nogueira CL, Simmon KE, Chimara E, Cnockaert M, Carlos Palomino J, Martin A, et al. Mycobacterium
franklinii sp. nov., a species closely related to members of the Mycobacterium chelonae—Mycobacte-
rium abscessus group. Int J Syst Evol Microbiol. Microbiology Society; 2015; 65: 2148—2153. https:/
doi.org/10.1099/ijs.0.000234 PMID: 25858242

Nogueira CL, Whipps CM, Matsumoto CK, Chimara E, Droz S, Tortoli E, et al. Mycobacterium saopau-
lense sp. nov., a rapidly growing mycobacterium closely related to members of the Mycobacterium che-
lonae—Mycobacterium abscessus group. Int J Syst Evol Microbiol. 2015; 65: 4403—-4409. https://doi.
org/10.1099/ijsem.0.000590 PMID: 26358475

Wielen V der, J. PWJ, Heijnen L, van der Kooij D. Pyrosequence Analysis of the hsp65 Genes of Nontu-
berculous Mycobacterium Communities in Unchlorinated Drinking Water in the Netherlands. Appl Envi-
ron Microbiol. 2013; 79: 6160-6166. https://doi.org/10.1128/AEM.01591-13 PMID: 23913420

Lagier J-C, Armougom F, Million M, Hugon P, Pagnier |, Robert C, et al. Microbial culturomics: paradigm
shift in the human gut microbiome study. Clin Microbiol Infect. Elsevier; 2012; 18: 1185—-1193. https://
doi.org/10.1111/1469-0691.12023 PMID: 23033984

Lagier J-C, Khelaifia S, Alou MT, Ndongo S, Dione N, Hugon P, et al. Culture of previously uncultured
members of the human gut microbiota by culturomics. Nat Microbiol. Nature Publishing Group; 2016; 1:
16203. https://doi.org/10.1038/nmicrobiol.2016.203 PMID: 27819657

Amrane S, Hocquart M, Afouda P, Kuete E, Pham T-P-T, Dione N, et al. Metagenomic and culturomic
analysis of gut microbiota dysbiosis during Clostridium difficile infection. Sci Rep. Nature Publishing
Group; 2019; 9: 12807. https://doi.org/10.1038/s41598-019-49189-8 PMID: 31488869

PLOS ONE | https://doi.org/10.1371/journal.pone.0227759 January 14, 2020 14/14


https://doi.org/10.1099/00207713-52-3-1043
http://www.ncbi.nlm.nih.gov/pubmed/12054223
https://doi.org/10.1099/ijs.0.63222-0
https://doi.org/10.1099/ijs.0.63222-0
http://www.ncbi.nlm.nih.gov/pubmed/15653890
https://doi.org/10.1099/ijs.0.65658-0
https://doi.org/10.1099/ijs.0.65658-0
http://www.ncbi.nlm.nih.gov/pubmed/18523191
https://doi.org/10.1016/j.meegid.2017.10.013
https://doi.org/10.1016/j.meegid.2017.10.013
http://www.ncbi.nlm.nih.gov/pubmed/29030295
https://doi.org/10.1038/nrmicro1236
http://www.ncbi.nlm.nih.gov/pubmed/16138101
https://doi.org/10.1016/j.ijfoodmicro.2005.05.004
https://doi.org/10.1016/j.ijfoodmicro.2005.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16061299
https://doi.org/10.1128/AEM.00730-15
http://www.ncbi.nlm.nih.gov/pubmed/25888169
https://doi.org/10.1016/j.jbiotec.2016.03.021
https://doi.org/10.1016/j.jbiotec.2016.03.021
http://www.ncbi.nlm.nih.gov/pubmed/26988397
https://doi.org/10.1128/JCM.00853-10
http://www.ncbi.nlm.nih.gov/pubmed/20881180
https://doi.org/10.1371/journal.pone.0051846
http://www.ncbi.nlm.nih.gov/pubmed/23382812
https://doi.org/10.1099/ijs.0.010637-0
http://www.ncbi.nlm.nih.gov/pubmed/19628609
https://doi.org/10.1099/ijs.0.000234
https://doi.org/10.1099/ijs.0.000234
http://www.ncbi.nlm.nih.gov/pubmed/25858242
https://doi.org/10.1099/ijsem.0.000590
https://doi.org/10.1099/ijsem.0.000590
http://www.ncbi.nlm.nih.gov/pubmed/26358475
https://doi.org/10.1128/AEM.01591-13
http://www.ncbi.nlm.nih.gov/pubmed/23913420
https://doi.org/10.1111/1469-0691.12023
https://doi.org/10.1111/1469-0691.12023
http://www.ncbi.nlm.nih.gov/pubmed/23033984
https://doi.org/10.1038/nmicrobiol.2016.203
http://www.ncbi.nlm.nih.gov/pubmed/27819657
https://doi.org/10.1038/s41598-019-49189-8
http://www.ncbi.nlm.nih.gov/pubmed/31488869
https://doi.org/10.1371/journal.pone.0227759

