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Abstract

Nocardiais a complex and diverse genus of aerobic actinomycetes that cause complex clini-
cal presentations, which are difficult to diagnose due to being misunderstood. To date, the
genetic diversity, evolution, and taxonomic structure of the genus Nocardia are still unclear.
In this study, we investigated the pan-genome of 86 Nocardia type strains to clarify their
genetic diversity. Our study revealed an open pan-genome for Nocardia containing 265,836
gene families, with about 99.7% of the pan-genome being variable. Horizontal gene transfer
appears to have been an important evolutionary driver of genetic diversity shaping the
Nocardia genome and may have caused historical taxonomic confusion from other taxa (pri-
marily Rhodococcus, Skermania, Aldersonia, and Mycobacterium). Based on single-copy
gene families, we established a high-accuracy phylogenomic approach for Nocardia using
229 genome sequences. Furthermore, we found 28 potentially new species and reclassified
16 strains. Finally, by comparing the topology between a phylogenomic tree and 384 phylo-
genetic trees (from 384 single-copy genes from the core genome), we identified a novel
locus for inferring the phylogeny of this genus. The dapb1 gene, which encodes dipeptidyl
aminopeptidase Bl, was far superior to commonly used markers for Nocardia and yielded a
topology almost identical to that of genome-based phylogeny. In conclusion, the present
study provides insights into the genetic diversity, contributes a robust framework for the tax-
onomic classification, and elucidates the evolutionary relationships of Nocardia. This frame-
work should facilitate the development of rapid tests for the species identification of highly
variable species and has given new insight into the behavior of this genus.
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Author summary

Nocardia species can be responsible for opportunistic infections in humans, causing a
variety of clinical presentations. They can also cause mycetoma in a normal host through
direct inoculation. Although these species are often overlooked and misunderstood by
modern medicine, they can cause life-threatening infections. However, most of our
knowledge about Nocardia is based upon case reports and a few small studies of limited
scope. This study provides an overview of the taxonomic and evolutionary structure of the
genus Nocardia through extensive analysis of genome sequences. Our work aids the field
by dissecting the genetic diversity of this species and improving the identification scheme
for Nocardia species.

Introduction

The genus Nocardia, first described in 1888 by Edmund Nocard, belongs to the family Nocar-
diaceae of the order Corynebacteriales in the phylum Actinobacteria [1]. The members of this
genus are Gram-positive, aerobic, non-motile, and acid-fast actinomycetes. At the time of writ-
ing, there were 115 recognized species with valid names in LPSN, the List of Prokaryotic
names with Standing in Nomenclature (https://lpsn.dsmz.de/genus/nocardia). Of these
described species, many have been implicated to be the cause of human infections, especially
in immunocompromised patients [2,3]. These infections range from cutaneous and subcuta-
neous diseases, to necrotizing pneumonia and even brain abscess [4,5].

Pulmonary and central nervous system diseases have been reported particularly in patients
with debilitating underlying conditions, such as AIDS, organ transplants, or diabetes [6,7].
Cutaneous and subcutaneous diseases were caused by traumatic inoculation of the organism
in a normal host [8]. The classical infection is the mycetoma, and this is currently listed as a
neglected tropical disease by the World Health Organization (WHO). Although mycetoma is
usually found in the foot, this chronic infection can spread to the muscles, lungs, and spinal
cord, and may cause disability or even mortality [9-12].

Accurate taxonomy can improve any understanding of the evolution, epidemiology, and
pathogenicity of bacteria. However, the phylogenetic position and genetic diversity of Nocar-
dia are not yet fully understood [2,13]. Phylogenetic analysis based only on the 16S rRNA gene
as a molecular marker has led to misclassifications when comparing closely related species due
to their high sequence similarities [8,14]. To overcome the limitations of the 16S rRNA gene,
other single loci, such as secA1, sodA, gyrB, hsp65, or ropB, have been analyzed [15-20]. How-
ever, the discriminatory power of these loci is not sufficiently accurate in differentiating
between clinically relevant species. A multilocus sequence analysis (MLSA) that relies on mul-
tiple conserved molecular markers (secAl, rpoB, gyrB, and hsp65, along with 16S rRNA) was
shown to be more reliable for species discrimination compared with single-gene sequence-
based phylogeny [21,22]. However, the identification of uncommon species remains a chal-
lenge regardless of the method used.

Whole-genome sequencing (WGS) has been effectively used in the phylogenetic and taxo-
nomic analyses of several bacterial taxa [23-27]. However, information on what delineates
members of the genus Nocardia is rare. In this study, we established a phylogenomic approach
to provide insight into the diversity and evolution of the genus Nocardia and formed a frame-
work for taxonomic classification of this species, highlighting 28 potential novel species and
several cases of misidentification, as well as identifying a well-suited candidate gene for species
identification in this genus.
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Results and discussion

Genomic features of the genus Nocardia

Our genome-scale study used the most complete sampling of the diversity of Nocardia species
published to date. The strains investigated were originally isolated from a wide spectrum of
environmental conditions and human, animal, or plant hosts. Among these strains, approxi-
mately half were recognized as human and/or animal pathogens. Genomic features of these
strains, including the G+C content, genome size, and number of CDSs, are presented in S1
Table and S1 Fig. Briefly, the G+C content of the genomes of these strains ranged from 65.5%
to 72.0%, with an average of 68.42%. These genomes varied in size by approximately 7.61 Mb
(range from 5.04 to 10.52 Mb), with coding sequence (CDS) numbers ranging from 4626 to
9617, suggesting substantial genomic diversity of this genus.

Pangenome construction of type strains

To characterize the genomic composition of the genus Nocardia, genomes from 86 type strains
were used for pan-genome analysis. Based on the gene accumulation curve, Nocardia exhibited
an open-genome structure whose size increased continuously with the number of added
genomes and contained 265,836 gene families (Fig 1A). Of these gene families, only 700
(0.26%) were identified as core genes and 68,664 (25.8%) were identified as accessory genes.
The remaining 196,472 (73.9%) gene families were specific to a single strain that constituted
unique genomes, suggesting a high degree of genetic variation (Fig 1D). The number of unique
genes in Nocardia was diverse, ranging from 324 to 6387 (S2B Fig). Remarkably, N. stercoris
NEAU LL90" contained 5229 unique genes, accounting for 78% of its genome content. The
considerable number of unique genes further reflected the heterogeneity of this genus, imply-
ing it has very high genome plasticity.

Functional genome analyses

To gain insight into the functional features of the Nocardia pan-genome, we characterized the
functions of the core, accessory, and unique genes by mapping them to the eggNOG database.
A high proportion (34.9%) of the pan-genome was poorly characterized as “S: function
unknown” since the proteins encoded by these genes were either functionally unknown or did
not have homologs outside of this genus. The core genome was enriched in genes involved in
the maintenance of primary cellular process, including information storage and processing (“J:
translation, ribosomal structure, and biogenesis” [101 genes], “K: transcription” [77genes])
and metabolism (“E: amino acid transport and metabolism” [73 genes], and “H: coenzyme
transport and metabolism” [54 genes]) (Fig 1C). We also evaluated the functional categories of
all groups of core genomes. The relative distribution of these functional categories was similar
(S3A Fig).

Additionally, high proportions of accessory genes (24.5%) and unique genes (39.9%) were
poorly characterized. Genes assigned to “K: transcription” (9808 genes), “Q: secondary metab-
olite biosynthesis, transport, and catabolism” (5802 genes), “E: amino acid transport and
metabolism” (4966 genes), “I: lipid transport and metabolism” (4948 genes), and “P: inorganic
ion transport and metabolism” (4658 genes) were prominently represented in the accessory
component of this pan-genome. Unique genes were prominently enriched in “K: transcrip-
tion” (22,809 genes), “Q: secondary metabolite biosynthesis, transport, and catabolism”
(12,251 genes), “E: amino acid transport and metabolism” (10,006 genes), “I: lipid transport
and metabolism” (8984 genes), and “P: Inorganic ion transport and metabolism” (8729 genes).
Moreover, the proportion of the unique genome assigned to “V: defense mechanisms” (1.42%)
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Fig 1. Pan-genome structure and function of type strains of Nocardia. (A) Gene accumulation curves for the pan-genome. (B) Gene accumulation curves for the core
genome. The cumulative sizes of the pan-genome and core genome were calculated by type strains without replacement in random order 1000 times and then used to
calculate the mean size. Error bars indicate one standard deviation from the mean. Five synonymous species were removed as described in Fig 2 and Table 1. (C)
Distribution of functional categories in Nocardia core, accessory, and unique genomes and horizontal genes. (D) The number of gene families in each gene set. (E) The
20 potential donor bacterial genera providing donor genes for HGT. (F) Distribution of horizontal genes acquired in Nocardia spp.

https:/doi.org/10.1371/journal.pntd.0009665.g001
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was higher than that in the core genome (0.69%). Strains such as N. pseudobrasiliensis DSM
442907, N. stercoris NEAU LL90", and N. uniformis DSM 43136" possessed more unique
genes involved in “secondary metabolite biosynthesis, transport, and catabolism” (S2A Fig),
indicating their high metabolic capacities. Indeed, Nocardia species are known to have the
ability to produce a wide variety of secondary metabolites with biological activity. Many mem-
bers of this genus exhibit unique capacities, producing biological activities, such as antimicro-
bial, antitumor, antioxidative, and immunosuppressive activities, and metabolizing aliphatic
and aromatic toxic hydrocarbons, natural or synthetic polymers, and other widespread envi-
ronmental pollutants [28,29]. The tremendous metabolic diversity of Nocardia spp. highlights
their potential and would need to be investigated in future work.

Potential HGT in Nocardia

HGT is the main driver of bacterial evolution and diversity and is crucial for rapid adaptation
to changing environmental conditions [30]. Thus, we examined all horizontally acquired
genes and tracked their potential donor taxa. Gene transfer occurred in 2692 gene families,
980 of which were unique genes, which indicated that HGT contributed to the open pan-
genome of Nocardia (Fig 1D). These horizontal genes were mainly involved in “K: transcrip-
tion” (431 genes, 16.0%), “C: energy production and conversion” (273, 10.1%), “I: lipid trans-
port and metabolism” (269, 10.0%), “E: amino acid transport and metabolism” (235, 11.7%),
and “Q: Secondary metabolite biosynthesis, transport, and catabolism” (223, 8.3%) (Fig 1C).
In addition, a total of 154 potential donor taxa were identified. Rhodococcus, Skermania, Alder-
sonia, and Mycobacterium appeared to be the leading donor taxa, indicating that Nocardia
shares some properties with these genera (Fig 1E).

HGT also contributed to the core genome of Nocardia. A total of 107 core gene families
appeared to potentially have been acquired via HGT (S2 Table), mainly from the genera Rho-
dococcus, Skermania, Aldersonia, and Mycobacterium, suggesting similarity in the evolution of
these genera. This may have been a cause of the confusion concerning Nocardia taxonomy,
historically speaking [31,32].

Phylogenomic analysis of type strains

To elucidate the taxonomic relationship between members of the genus Nocardia, we con-
structed a high-quality maximum-likelihood phylogenomic tree based on the concatenation of
384 conserved single-copy genes (Fig 2A and S3 Table). The phylogenomic tree revealed five
main phylogroups, composed of 11 to 30 species, with robust bootstrap support. The recon-
structed genome phylogeny showed independent branches between species, except for six sets
of type strains, including N. gamkensis-N. exalbida; N. vulneris-N. brasiliensis; N. ignorata-N.
coubleae; N. thailandica-N. novocastrense; N. violaceofusca-N. aobensis-N. kruczakiae, and N.
nova-N. elegans, indicating their close relationship with one another.

Synonymous species of Nocardia

The average nucleotide identity (ANI) and in silico DNA-DNA hybridization (isDDH) values
of the 86 type strains of the genus Nocardia were used to assess the overall genome similarity
(Fig 3 and S4 and S5 Tables). The current standards for a strain to be considered as belonging
to the same species are: > 95%-96% of ANI or > 70% of isDDH [33,34]. If we choose a thresh-
old of 95% ANI, the producing results could not meet the isDDH boundary of 70%. Given the
consistency of ANI and isDDH, we chose 96% as our ANI cutoff. This value was conservative,
but it avoided the divergence increases or inappropriate changes.
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https://doi.org/10.1371/journal.pntd.0009665.9g002

The examined members of the Nocardia genus were found to have ANI values higher than
72.33% or isDDH values higher than 13.9%. Five sets of synonymous species were identified
based on the cut-off values for species delineation using ANI (96%) and isDDH (70%) (Fig 2
and Table 1).

Notably, two minor inconsistencies were observed when the phylogenomic tree and whole-
genome comparisons were compared. N. vulneris DSM 45737 possessed a high genome
sequence identity with N. brasiliensis DSM 43758", with an ANT of 95.64% and isDDH of
65.6%, but had not reached the species boundary. Similarly, although N. kruczakiae DSM
44877 T was highly similar to the genome sequences of N. aobensis DSM 44805 ", the observed
ANI (95.49%) and isDDH values (65.3%) between them would not support their classification
as the same species. This could be explained by the fact that our phylogenomic tree is based on
single-copy core genes, and these genes can be expected to evolve slowly. In contrast, ANI and
isDDH are based on pairwise whole-genome comparisons and thus also encompass recently
gained, potentially fast-evolving genes. Additionally, it is worth mentioning that our analyses
used draft genomes with a varying number of scaffolds (ranging from 2 to 492), making spe-
cies designation by ANI less accurate. Considering the high diversity and high degree of HGT
in Nocardia, our phylogenomic tree might be a better reflection of evolutionary distance. To

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009665 August 26, 2021 6/17


https://doi.org/10.1371/journal.pntd.0009665.g002
https://doi.org/10.1371/journal.pntd.0009665

PLOS NEGLECTED TROPICAL DISEASES Diversity, evolution, and taxonomy of Nocardia spp.

100

80

60

40

20

Fig 3. Heatmap of pairwise ANI and isDDH values for 86 type strains. (A) Species delineation at an ANI threshold of 96% and (B) isDDH threshold of 70%. The
isolate names on the left are the same as those in Fig 2A with the outgroup removed. The values underlying this heatmap were provided in the S4 and S5 Tables.

https://doi.org/10.1371/journal.pntd.0009665.9003

provide a more precise answer, it will require sequencing the complete genome of strains that
are taxonomically controversial for future analyses.

Genomic diversity of Nocardia spp

Phylogenomic inferences coupled with whole-genome comparisons were performed to further
evaluate intraspecies relationships and the genomic diversity of an additional 122 strains,
including 27 reference strains and 42 clinical isolates obtained in this work. Species clusters
were binned as follows: (i) genomic clusters with one type strain genome with an ANI
value > 96%; (ii) genomic cluster without a type strain, and/or an ANI value < 96% to the type
strain; or (iii) individual strains that area type strain or formed independent branch. In total,
99 distinct species clusters were identified, of which 17 contained a single type strain from
exactly one species, with an ANI value higher than 96.03%, thus allowing the taxonomic
assignment of these strains (54 Fig).

Despite some genomes being clustered with their expected type strain, many formed several
independent branches inside, which were subgroups. For example, the genomes belonging to

Table 1. Inconsistent species assignment of strains in the genus Nocardia.

Phylogroup Strain Closest related type strain ANI (%) isDDH (%) Species
N. farcinica group N. gamkensis DSM 44956" N. exalbida DSM 44883" 96.65 73.7 N. exalbida
N. asteroides group N. coubleae DSM 44960 N. ignorata DSM 44496" 96.8 74.8 N. ignorata
N. asteroides group N. novocastrense DSM 44692" N. thailandica DSM 44808" 98.68 89 N. thailandica
N. transvalensis group N. violaceofusca NBRC 14427" N. aobensis DSM 44805" 98.95 93.8 N. aobensis
N. transvalensis group N. elegans DSM 44890" N. nova DSM 44481 96.72 75.1 N. nova
N. farcinica group N. brasiliensis DSM 46032 N. vulneris DSM 45737" 98.58 87.9 N. vulneris
N. transvalensis group N. nova DSM 40806 N. aobensis DSM44805" 96.63 74.5 N. aobensis

https://doi.org/10.1371/journal.pntd.0009665.t001
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the species N. abscessus, N. brasiliensis, N. cyriacigeorgica, N. carnea, N. nova, N. transvalensis,
N. pseudobrasiliensis, and N. otitidiscaviarum had a type strain in different subgroups. Further
ANT analyses revealed that these species clusters contained at least one member with inconsis-
tent species classification except for N. otitidiscaviarum.

Our intraspecies analysis highlighted two species clusters (N. transvalensis and N. pseudo-
brasiliensis) with two members representing different species. For example, although N. trans-
valensis DSM 46068 was closely related to N. transvalensis DSM 434057, comparisons between
the two strains resulted in an ANI value of 90.99%.

Moreover, five species clusters contained two or more subgroups. The N. abscessus cluster
had two subgroups. The genome sequences of one reference strain (DSM 44557) and one clini-
cal strain (CDC 167) generated ANI values lower than 95.34% compared to N. abscessus DSM
444327, suggesting that they were distinct species. The N. nova cluster had two strains
(MDA3139 and MDA0897) displaying an ANT of < 93.6% compared to N. nova DSM44481"
and thus were considered to be separate species. Moreover, one genome sequence was misla-
beled as an N. nova species (strain DSM 40806) in the N. aobensis cluster (Table 1).

The members of the species N. cyriacigeorgica were observed to have high genomic diver-
sity. The genomes belonging to subgroup 2 (clinical strain CDC 327, CDC 182), subgroup 3
(EML446, EML1456), and subgroup 4 (DSM 43005, DSM 43004, DSM 46058, DSM40350,
CDC 332, and GUH-2) produced ANI values that were below 92% compared to N. cyriacigeor-
gica DSM44484" and should be considered separate species rather than subspecies, indicating
that 50% of the currently named N. cyriacigeorgica genomes should be taxonomically revised.

A similar situation occurred for the N. brasiliensis cluster, which included five subgroups,
representing five putative distinct species. Notably, N. brasiliensis DSM 46032 was shown to be
more similar to N. vulneris DSM 45737" than the representative species N. brasiliensis
DSM43758", implying this species had a high probability of being misclassified (Table 1).

The remaining seven clusters had no type strains, potentially representing novel species of
Nocardia (Table 2). These species include five new clinical isolates from patients in China
(CDC 188, CDC 186, CDC 159/CDC 141, CDC 160, and CDC 153) and two new species that
were wrongly assigned to N. asteroids (strain DSM 43258) and N. nova (strain SH22a).

Opverall, the phylogenomic taxonomy of the 203 available genomes of Nocardia revealed the
putative existence of 18 novel species and several inconsistencies with the traditional classifica-
tion of strains into species. To obtain more insight into the species classification of Nocardia,
the physiological and biochemical characteristics, as well as the antimicrobial profiles of these
potentially new species should be investigated further in the future.

Genome reclassifications

Next, the taxonomic statuses of 21 unclassified genomes at the species level in the NCBI data-
base were also re-evaluated. Based on our phylogenomic pipelines, nine previously unclassified
genomes were assigned to an existing species, two were reclassified to other species, and ten
were considered as new species (S6 Table). Finally, a phylogenomic tree was reconstructed
with 109 strains of Nocardia (81 type strains and 28 novel taxa), allowing updating of the phy-
logeny of the genus Nocardia (Fig 4).

Phylogenetic reconstruction using usual markers and novel loci

Although whole-genome sequencing can effectively differentiate Nocardia species and facili-
tate identifying unknown isolates, this approach is not yet feasible for routine use in a clinical
laboratory, especially in developing countries. Therefore, we attempted to identify a single
locus that allowed reliable species identification of Nocardia, as this is more affordable and

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009665 August 26, 2021 8/17


https://doi.org/10.1371/journal.pntd.0009665

PLOS NEGLECTED TROPICAL DISEASES

Diversity, evolution, and taxonomy of Nocardia spp.

Table 2. General features of novel species.

Phylogroup Strain Closest related type ANI isDDH
strain (%) (%)
1 | N. farcinica group N. brasiliensis IFM 10847, CDC 144, CDC 163, CDC 196 N. brasiliensis DSM 95.15 61.7
43758"
2 | N. farcinica group N. brasiliensis DSM 46059 N. brasiliensis DSM 94.95 61.9
43758"
3 | N.farcinica group N. brasiliensis HUJEG 1 N. brasiliensis DSM 94.84 60.3
43758"
4 | N. farcinica group N. abscessus DSM 44557, CDC 167 N. abscessus DSM 44432 | 95.37 66
5 | N.farcinica group CDC 188 N. abscessus DSM 44432 | 89.42 38.3
6 | N. farcinica group CDC 186 N. beijingensis DSM 94.36 56.8
44636"
7 | N.farcinica group Nocardia sp. SYSU K10002 N. takedensis DSM 80.25 233
44801"
8 | N.farcinica group Nocardia sp. CNY 236 N. amamiensis DSM 80.48 24.2
45066"
9 | N. farcinica group Nocardia sp. CICC 11023 N. tenerifensis DSM 86.45 31.8
44704"
10 N. carnea group CDC 182, CDC 327 N. cyriacigeorgica DSM | 91.02 43.5
44484"
11 N. carneagroup EML1456, EML446 N. cyriacigeorgica DSM | 91.99 47.1
44484"
12 N. carnea group N. cyriacigeorgica GUH-2, CDC 332, N. cyriacigeorgica DSM40350, N. cyriacigeorgica N. cyriacigeorgica DSM | 90.34 47.1
DSM46058, N. cyriacigeorgica DSM43004, N. cyriacigeorgica DSM43005 44484"
13 N. carnea group N. carnea DSM 46071, N. carnea DSM 44558, N. carnea DSM 44582 N. carnea DSM 43397" 94.87 64.5
14 | N. asteroides group N. asteroides DSM 43258 N. asteroids DSM 43757" | 87.73 33.7
15 N. transvalensis N. nova MDA0897, N. nova MDA 3139 N. nova DSM 44481" 93.55 55.9
group
16 N. transvalensis N. nova SH22a N. vermiculata DSM 81.3 24.5
group 44807"
17 N. transvalensis N. pseudobrasiliensis IFM 0761 N. pseudobrasiliensis DSM | 94.08 57.9
group 442917
18 N. transvalensis CDC 141, CDC 159 N. pseudobrasiliensis DSM | 84.71 28.9
group 44290"
19 N. transvalensis N. transvalensis DSM 46068 N. transvalensis DSM 90.99 43.2
group 43405"
20 N. transvalensis Nocardia sp. BMG111209 N. stercoris NEAU LL90" | 77.02 21.3
group
21 N. transvalensis Nocardia sp. RB56 N. stercoris NEAU LL90" | 77.11 21.5
group
22 N. transvalensis Nocardia sp. BMG51109 N. blacklockiae DSM 83.56 27.7
group 451357
23 N. transvalensis Nocardia sp. RB20 N. vaccinii DSM 43285" | 86.53 324
group
24 | N. otitidiscaviarum CDC 160 N. concava DSM 44804" | 86.36 315
group
25| N. otitidiscaviarum CDC 153 N. concava DSM 448047 | 86.43 31.7
group
26 | N. otitidiscaviarum Nocardia sp. SYP-A9097 N. acidivorans DSM 87.76 34.7
group 45049"
27 | N. otitidiscaviarum Nocardia sp. CT2-14 N. niigatensis DSM 87.98 352
group 446707
28 | N. otitidiscaviarum Nocardia sp. ET3-3 N. concava DSM 44804" | 86.55 32.3
group
https://doi.org/10.1371/journal.pntd.0009665.t002
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Fig 4. Phylogenomic tree of members of the genus Nocardia. A maximum-likelihood phylogeny tree was built based on the concatenation of 298 single-copy
genes from 81 type strains and 28 putative new species with 1000 bootstrap replicates. The genome of Rhodococcus globerulus NBRC 14531 was included as an
outgroup. Phylogenetic groups are highlighted in different colors.

https://doi.org/10.1371/journal.pntd.0009665.9g004

easier to use than whole-genome sequencing. This gene needed to meet the following criteria:
(i) single-copy gene; and (ii) good discriminatory power in comparison with traditional meth-
ods. We first reanalyzed the MLSA tree based on five commonly used markers (gyrB, 168,
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secAl, hsp65, and rpoB) from earlier studies [21]. Except for secAl, the remaining genes had
multiple copies in some species, and rpoB was acquired via HGT events, leading to misidentifi-
cation. The concatenated sequences of these five genes with a low nucleotide diversity value
(below 0.075) reduced the discriminatory power and resulted in unstable subtrees with low
bootstrap values (S5 Fig).

Thus, we searched among the genes of the core genome, built individual gene trees for
all 384 single-copy genes, and compared their topologies with the phylogenomic tree topol-
ogy as a reference. We observed that apart from the dapbI locus, a tree topology built from
a single locus was not likely to agree with that of the phylogenomic tree. The dapbI gene,
which encodes a 721 amino acid dipeptidyl aminopeptidase BI in N. abscessus NBRC
100374", and is an enzyme for removing dipeptides from the amino-termini of peptides
and proteins, was less susceptible to HGT and capable of reproducing a tree with similar
topology (48 RFD and 85% of similarity) as our genome-based phylogeny [35]. The
sequences of the dapblI gene had a high nucleotide diversity value (0.261) and yielded a tree
that effectively separated the strains into the phylogenetic groups defined by genome-based
phylogeny (Fig 2B).

This gene showed greater discriminatory power and yielded robust evolutionary relation-
ships among species. It also provides a good target for developing sequence-based analysis or
real-time PCR assays to detect Nocardia species. The discriminatory power of the dapb1 locus
made it possible to improve the accuracy of species identification within the genus Nocardia.
To our knowledge, this is the first time that the dapbI gene has been used as a phylogenetic
marker within a bacterial genus.

Methods
Strains and culture conditions

The three type strains and 27 reference strains of Nocardia used in this study were obtained
from the DSMZ (Leibniz-Institut DSMZ-Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH, Brunswick, Germany). Additionally, 42 clinical strains were isolated
from patients in China (S7 Table). Strains used in this study are available at the National
Center for Human Pathogen Collection, Beijing, China. These isolates were stored at -80°C
in brain heart infusion broth with 25% glycerol. Strains were grown on brain heart infusion
agar with 10% sheep’s blood and incubated at 37°C with agitation for 48-72 h. Stains used
in this study are available at the National Center for Human Pathogen Collection, Beijing,
China.

Genome sequencing, assembly, and annotation

The genomes of 72 Nocardia strains were sequenced. Genomic DNA was extracted using the
Wizard Genomic DNA Purification Kit (Promega, Madison, W1, USA) following the manu-
facturer’s instructions. Whole-genome sequencing was performed using the Illumina NovaSeq
platform in the PE150 mode to generate 350 bp paired-end read libraries using NEBNext
DNA Library Prep Kit (New England Biolabs, USA). All sequencing depth exceeded 100-fold.
Low-quality reads were filtered using the software readfq v10 if they met the following criteria:
(i) reads containing more than 40 bp of low-quality bases (mass value < 38); (ii) reads contain-
ing more than 10 bp of N bases; and (iii) reads with overlaps and adapter sequence exceeding
15 bp. All good-quality paired-end reads were the de novo assembled into 11 to 101 contigs
using SPAdes v3.8.0 [36]. The annotation of sequenced genomes was performed using Prokka
v1.13 [37].
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Downloading of publicly available assemblies and quality control

All genome sequences annotated as Nocardia were downloaded from the National Center for
Biotechnology Information (NCBI) public database on 3 January 2020 using in house-scripts.
All publicly available assemblies were subjected to quality control by Quast v5.0.2 [38].
Genomes with N75 values of < 10,000 bp and > 500 undetermined bases per 100,000 bases
were discarded [39]. One N. terpenica genome (GCA_000320925.1) with an extremely large
number of contigs was also discarded. Finally, 83 type strains, 53 validly published strains, and
21 unclassified Nocardia sp. passed these quality control checks. This resulted in a pool of 229
genomes of Nocardia.

Pangenome analysis and functional annotation

The annotation GFF formatted files derived from Prokka were analyzed using Roary v3.13.0
[40]. Homologous genes are clustered into gene families with a minimum identity of 85%.
Core genes were defined as those belonging to a gene family that was present in > 90% of the
genomes analyzed. All gene families were scanned against a hidden Markov model (HMM)
database of eggNOG (v5.0) profile HMMs using HMMER v3.3 [41].

Identification of potential horizontal genes

The software HGTector v2.0 was used to determine the presence of horizontal genes using the
cutoffs of 90% identity and an E value of 1e™ [42]. The distribution of horizontal genes
between Nocardia genomes and potential donors were identified and extracted from the
HGTector output files.

Phylogenetic tree construction of type stains

The coding sequences from all type strains were collected together, and a non-redundant
homologous gene set was computed for them using CD-HIT v4.6.6 [43]. We then used BLAST
2.9.0+ to identify the homologous genes in the non-redundant homologous gene set. Here, if
the homologous gene was present in 90% of the type strains and had just one copy in these
strains, the gene was defined as a single-copy gene. The DNA sequences of all single-copy
genes were aligned using clustalw2 and then merged. A final alignment was used to construct
a maximum likelihood (ML) tree in iqtree v1.6.11 using the GTR+I+G model with 1000 boot-
strap replicates [44]. The genome of Rhodococcus globerulus NBRC 145317
(GCA_001894805.1) served as an outgroup. Bootstrap values were indicated on each node.
The resulting phylogenetic tree was visualized using the R package ggtree v2.2.4 [45].

Genome similarity assessment

Pairwise average nucleotide identity (ANI) values were estimated using a Perl script based on
the methodology described by Li et al [46]. The in silico DNA-DNA hybridization (isDDH)
values were calculated via the Genome-to-Genome Distance Calculator 2.1 (GGDC) (http://
ggdc.dsmz.de/ggdc.php) using “Formula 2” [47]. The results were visualized and plotted with
the R package pheatmap.

Screening for phylogenetic markers

The nucleotide sequences of the 16S rRNA, gyrB, secAl, hsp65, and rpoB genes were extracted
from the genomes of type strains. An MLSA tree was also constructed using individual align-
ments in the following order: gyrB (600 nt)- 168 (462 nt)-secA1 (426 nt)-hsp65 (441 nt)-rpoB
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(438 nt). The phylogenetic trees of every single-copy gene were constructed using the maxi-
mum likelihood method with 1000 bootstrap repeats in iqtree v1.6.11.

The topological distances and similarities between our phylogenomic tree and 384 phyloge-
netic trees were computed using ete-compare v3.1.2 [48]. The nucleotide diversity () values
of these genes were calculated using pegas in R [49]. The single-copy genes were ranked
according to the Robinson-Foulds distance (RFD) and percentage of edge similarity and then
according to their nt values [50]. The functional annotation of each gene was obtained from the
UniProt database.

Conclusion

The present study evaluated the genetic diversity, the taxonomic position, and the evolutionary
relationships of Nocardia based on pan-genome and comparative genomic analyses. The open
pan-genome of Nocardia possesses extensive genetic diversity and a large and flexible gene
repertoire. HGTs were drivers of genetic diversity that shaped the Nocardia pan-genome and
core genome, which has made it difficult to distinguish this genus from other related taxa
(especially Rhodococcus, Skermania, Aldersonia, and Mycobacterium). Furthermore, the phy-
logeny based on single-copy genes revealed five major phylogenetic groups, leading to the
identification of five sets of type strains that could be merged. In addition, we discovered 28
potentially novel species and 16 reclassified species. Finally, we identified a novel locus for
inferring the phylogeny of Nocardia that was more discriminatory and robust than other
widely used markers, allowing it to be used for future molecular identification of these species.

Supporting information

S1 Table. Genome sequences of strains used in this study.
(PDF)

S2 Table. List of predicted horizontally transferred genes in core genome.
(PDF)

$3 Table. Complete list of 384 single copy genes. Robinson-Foulds distance and branch con-
gruence measure were used to provide the differences and coincidences between single gene
trees and phylogenomic tree. The single copy genes were ranked according to their topology
similarity with the phylogenomic tree, and the nucleotide diversity was also taken into
account.

(PDF)

$4 Table. Average nucleotide identity values between type strains.
(PDF)

S5 Table. In silico DNA-DNA hybridization values between type strains.
(PDF)

S6 Table. Reclassification of genomes that are currently unclassified Nocardia species.
(PDF)

S7 Table. General features of sequenced Nocardia species.
(PDF)

S1 Fig. Genome size and GC content for the genus Nocardia. Different colors indicated taxo-
nomic grouping as described in Fig 2.
(PDF)

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009665 August 26, 2021 13/17


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009665.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009665.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009665.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009665.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009665.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009665.s006
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009665.s007
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009665.s008
https://doi.org/10.1371/journal.pntd.0009665

PLOS NEGLECTED TROPICAL DISEASES Diversity, evolution, and taxonomy of Nocardia spp.

S2 Fig. Distribution of functional categories in the Nocardia unique genome. Genes with
“Function unknown” were not included.
(PDF)

$3 Fig. Distribution of functional categories for all group core genomes. (A) Functional cat-
egories for core gene families in each phylogroup. (B) The number of core gene families in
each phylogroup.

(PDF)

$4 Fig. Phylogenomic tree across 203 Nocardia strains. A maximum likelihood phylogenetic
tree was constructed based on the concatenation of 241 single-copy genes of 81 type strains
and 122 additional genomes of Nocardia spp. with 1000 bootstrap replicates using Rhodococcus
globerulus NBRC 14531 as an outgroup. Bootstrap values are indicated on the nodes. Phyloge-
netic groups are highlighted in different colors. Red boxes indicate the same species has a type
strain in different subgroup. The asterisk represents clusters lacking a type strain.

(PDF)

S5 Fig. Phylogenetic tree of type strains of Nocardia based on the sequences of five com-
monly used markers. Phylogenetic tree was constructed by the maximum likelihood method
based on the five concatenated gene sequences (gyrB, 168, secAl, hsp65, and rpoB) of 81 Nocar-
dia type strains using Rhodococcus globerulus NBRC 14531 as an outgroup. Bootstrapping was
carried out using 1000 replicates and values are shown at the nodes.

(PDF)

Author Contributions

Conceptualization: Shuai Xu, Zhenjun Li.

Formal analysis: Shuai Xu, Zhenpeng Li, Yuanming Huang.
Funding acquisition: Zhenjun Li.

Investigation: Lichao Han, Yanlin Che, Xuexin Hou, Shihong Fan.
Methodology: Shuai Xu, Zhenpeng Li, Yuanming Huang.

Project administration: Dan Li, Zhenjun Li.

Validation: Shuai Xu, Lichao Han.

Visualization: Shuai Xu, Zhenpeng Li.

Writing - original draft: Shuai Xu.

Writing - review & editing: Zhenjun Li.

References

1. Barka EA, Vatsa P, Sanchez L, Gaveau-Vaillant N, Jacquard C, Klenk H-P, et al. Taxonomy, Physiol-
ogy, and Natural Products of Actinobacteria. Microbiol Mol Biol Rev. 2016; 80: 1—43. https://doi.org/10.
1128/MMBR.00019-15 PMID: 26609051

2. Saubolle MA, Sussland D. Nocardiosis: Review of Clinical and Laboratory Experience. J Clin Microbiol.
2003; 41: 4497-4501. https://doi.org/10.1128/JCM.41.10.4497-4501.2003 PMID: 14532173

3. CoussementJ, Lebeaux D, van Delden C, Guillot H, Freund R, Marbus S, et al. Nocardia Infection in
Solid Organ Transplant Recipients: A Multicenter European Case-control Study. Clin Infect Dis. 2016;
63: 338—345. https://doi.org/10.1093/cid/ciw241 PMID: 27090987

4. TanC-K, Lai C-C, Lin S-H, Liao C-H, Chou C-H, Hsu H-L, et al. Clinical and microbiological characteris-
tics of Nocardiosis including those caused by emerging Nocardia species in Taiwan, 1998-2008. Clin

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009665 August 26, 2021 14/17


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009665.s009
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009665.s010
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009665.s011
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009665.s012
https://doi.org/10.1128/MMBR.00019-15
https://doi.org/10.1128/MMBR.00019-15
http://www.ncbi.nlm.nih.gov/pubmed/26609051
https://doi.org/10.1128/JCM.41.10.4497-4501.2003
http://www.ncbi.nlm.nih.gov/pubmed/14532173
https://doi.org/10.1093/cid/ciw241
http://www.ncbi.nlm.nih.gov/pubmed/27090987
https://doi.org/10.1371/journal.pntd.0009665

PLOS NEGLECTED TROPICAL DISEASES Diversity, evolution, and taxonomy of Nocardia spp.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Microbiol Infect. 2010; 16: 966—972. https://doi.org/10.1111/j.1469-0691.2009.02950.x PMID:
19860823

Rosman Y, Grossman E, Keller N, Thaler M, Eviatar T, Hoffman C, et al. Nocardiosis: A 15-year experi-
ence in a tertiary medical center in Israel. Eur J Intern Med. 2013; 24: 552—-557. https://doi.org/10.1016/
j.ejim.2013.05.004 PMID: 23725690

Mehta HH, Shamoo Y. Pathogenic Nocardia: A diverse genus of emerging pathogens or just poorly rec-
ognized? PLoS Pathog. 2020; 16: e1008280. https://doi.org/10.1371/journal.ppat.1008280 PMID:
32134995

Fatahi-Bafghi M. Nocardiosis from 1888 to 2017. Microb Pathog. 2018; 114: 369-384. https://doi.org/
10.1016/j.micpath.2017.11.012 PMID: 29146497

Brown-Elliott BA, Brown JM, Conville PS, Wallace RJ. Clinical and Laboratory Features of the Nocardia
spp. Based on Current Molecular Taxonomy. Clin Microbiol Rev. 2006; 19: 259-282. https://doi.org/10.
1128/CMR.19.2.259-282.2006 PMID: 16614249

Bonifaz A, Tirado-Sanchez A, Calderdn L, Saul A, Araiza J, Hernandez M, et al. Mycetoma: experience
of 482 cases in a single center in Mexico. PLoS Negl Trop Dis. 2014; 8: e3102. https://doi.org/10.1371/
journal.pntd.0003102 PMID: 25144462

Verma P, Jha A. Mycetoma: reviewing a neglected disease. Clin Exp Dermatol. 2019; 44: 123-129.
https://doi.org/10.1111/ced.13642 PMID: 29808607

Kwizera R, Bongomin F, Meya DB, Denning DW, Fahal AH, Lukande R. Mycetoma in Uganda: A
neglected tropical disease. PLoS Negl Trop Dis. 2020; 14: €0008240. https://doi.org/10.1371/journal.
pntd.0008240 PMID: 32348300

Van de Sande WWJ. Global Burden of Human Mycetoma: A Systematic Review and Meta-analysis.
PLoS Negl Trop Dis. 2013; 7: €2550. https://doi.org/10.1371/journal.pntd.0002550 PMID: 24244780

Conville PS, Brown-Elliott BA, Smith T, Zelazny AM. The Complexities of Nocardia Taxonomy and Iden-
tification. J Clin Microbiol. 2017; 56: e01419-17. https://doi.org/10.1128/JCM.01419-17 PMID:
29118169

Cloud JL, Conville PS, Croft A, Harmsen D, Witebsky FG, Carroll KC. Evaluation of Partial 16S Ribo-
somal DNA Sequencing for Identification of Nocardia Species by Using the MicroSeq 500 System with
an Expanded Database. J Clin Microbiol. 2004; 42: 578-584. https://doi.org/10.1128/JCM.42.2.578-
584.2004 PMID: 14766819

Kong F, Chen SCA, Chen X, Sintchenko V, Halliday C, Cai L, et al. Assignment of Reference 5'-end
16S rDNA Sequences and Species-Specific Sequence Polymorphisms Improves Species Identification
of Nocardia. Open Microbiol J. 2009; 3: 97—105. https://doi.org/10.2174/1874285800903010097 PMID:
19639036

Kong F, Wang H, Zhang E, Sintchenko V, Xiao M, Sorrell TC, et al. secA1 Gene Sequence Polymor-
phisms for Species Identification of Nocardia Species and Recognition of Intraspecies Genetic Diver-
sity. J Clin Microbiol. 2010; 48: 3928-3934. https://doi.org/10.1128/JCM.01113-10 PMID: 20810768

Sanchez-Herrera K, Sandoval H, Mouniee D, Ramirez-Duran N, Bergeron E, Boiron P, et al. Molecular
identification of Nocardia species using the sod A gene. New Microbes New Infect. 2017; 19: 96-116.
https://doi.org/10.1016/j.nmni.2017.03.008 PMID: 28794885

Carrasco G, Valdezate S, Garrido N, Villalon P, Medina-Pascual MJ, Saez-Nieto JA. Identification, Typ-
ing, and Phylogenetic Relationships of the Main Clinical Nocardia Species in Spain According to Their
gyrBand rpoB Genes. J Clin Microbiol. 2013; 51: 3602—-3608. https://doi.org/10.1128/JCM.00515-13
PMID: 23966490

Conville PS, Zelazny AM, Witebsky FG. Analysis of secA1 Gene Sequences for Identification of Nocar-
dia Species. J Clin Microbiol. 2006; 44: 2760-2766. https://doi.org/10.1128/JCM.00155-06 PMID:
16891489

Rodriguez-Nava V, Couble A, Devulder G, Flandrois J-P, Boiron P, Laurent F. Use of PCR-Restriction
Enzyme Pattern Analysis and Sequencing Database for hsp65 Gene-Based Identification of Nocardia
Species. J Clin Microbiol. 2006; 44: 536-546. https://doi.org/10.1128/JCM.44.2.536-546.2006 PMID:
16455910

McTaggart LR, Richardson SE, Witkowska M, Zhang SX. Phylogeny and Identification of Nocardia Spe-
cies on the Basis of Multilocus Sequence Analysis. J Clin Microbiol. 2010; 48: 4525—4533. https://doi.
org/10.1128/JCM.00883-10 PMID: 20844218

Baio PVP, Ramos JN, dos Santos LS, Soriano MF, Ladeira EM, Souza MC, et al. Molecular identifica-
tion of nocardia isolates from clinical samples and an overview of human nocardiosis in Brazil. PLoS
Negl Trop Dis. 2013; 7: €2573. https://doi.org/10.1371/journal.pntd.0002573 PMID: 24340116

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009665 August 26, 2021 15/17


https://doi.org/10.1111/j.1469-0691.2009.02950.x
http://www.ncbi.nlm.nih.gov/pubmed/19860823
https://doi.org/10.1016/j.ejim.2013.05.004
https://doi.org/10.1016/j.ejim.2013.05.004
http://www.ncbi.nlm.nih.gov/pubmed/23725690
https://doi.org/10.1371/journal.ppat.1008280
http://www.ncbi.nlm.nih.gov/pubmed/32134995
https://doi.org/10.1016/j.micpath.2017.11.012
https://doi.org/10.1016/j.micpath.2017.11.012
http://www.ncbi.nlm.nih.gov/pubmed/29146497
https://doi.org/10.1128/CMR.19.2.259-282.2006
https://doi.org/10.1128/CMR.19.2.259-282.2006
http://www.ncbi.nlm.nih.gov/pubmed/16614249
https://doi.org/10.1371/journal.pntd.0003102
https://doi.org/10.1371/journal.pntd.0003102
http://www.ncbi.nlm.nih.gov/pubmed/25144462
https://doi.org/10.1111/ced.13642
http://www.ncbi.nlm.nih.gov/pubmed/29808607
https://doi.org/10.1371/journal.pntd.0008240
https://doi.org/10.1371/journal.pntd.0008240
http://www.ncbi.nlm.nih.gov/pubmed/32348300
https://doi.org/10.1371/journal.pntd.0002550
http://www.ncbi.nlm.nih.gov/pubmed/24244780
https://doi.org/10.1128/JCM.01419-17
http://www.ncbi.nlm.nih.gov/pubmed/29118169
https://doi.org/10.1128/JCM.42.2.578-584.2004
https://doi.org/10.1128/JCM.42.2.578-584.2004
http://www.ncbi.nlm.nih.gov/pubmed/14766819
https://doi.org/10.2174/1874285800903010097
http://www.ncbi.nlm.nih.gov/pubmed/19639036
https://doi.org/10.1128/JCM.01113-10
http://www.ncbi.nlm.nih.gov/pubmed/20810768
https://doi.org/10.1016/j.nmni.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28794885
https://doi.org/10.1128/JCM.00515-13
http://www.ncbi.nlm.nih.gov/pubmed/23966490
https://doi.org/10.1128/JCM.00155-06
http://www.ncbi.nlm.nih.gov/pubmed/16891489
https://doi.org/10.1128/JCM.44.2.536-546.2006
http://www.ncbi.nlm.nih.gov/pubmed/16455910
https://doi.org/10.1128/JCM.00883-10
https://doi.org/10.1128/JCM.00883-10
http://www.ncbi.nlm.nih.gov/pubmed/20844218
https://doi.org/10.1371/journal.pntd.0002573
http://www.ncbi.nlm.nih.gov/pubmed/24340116
https://doi.org/10.1371/journal.pntd.0009665

PLOS NEGLECTED TROPICAL DISEASES Diversity, evolution, and taxonomy of Nocardia spp.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Hesse C, Schulz F, Bull CT, Shaffer BT, Yan Q, Shapiro N, et al. Genome-based evolutionary history of
Pseudomonas spp. Environ Microbiol. 2018; 20: 2142-2159. https://doi.org/10.1111/1462-2920.14130
PMID: 29633519

Wittouck S, Wuyts S, Meehan CJ, van Noort V, Lebeer S. A Genome-Based Species Taxonomy of the
Lactobacillus Genus Complex. mSystems. 2019; 4. https://doi.org/10.1128/mSystems.00264-19 PMID:
31481601

Lugli GA, Milani C, Duranti S, Mancabelli L, Mangifesta M, Turroni F, et al. Tracking the Taxonomy of
the Genus Bifidobacterium Based on a Phylogenomic Approach. Appl Environ Microbiol. 2018; 84.
https://doi.org/10.1128/AEM.02249-17 PMID: 29222102

Mateo-Estrada V, Grafia-Miraglia L, Lépez-Leal G, Castillo-Ramirez S. Phylogenomics Reveals Clear
Cases of Misclassification and Genus-Wide Phylogenetic Markers for Acinetobacter. Genome Biol
Evol. 2019; 11: 2531-2541. https://doi.org/10.1093/gbe/evz178 PMID: 31406982

Thorell K, Meier-Kolthoff JP, Sjéling A, Martin-Rodriguez AJ. Whole-Genome Sequencing Redefines
Shewanella Taxonomy. Front Microbiol. 2019; 10: 1861. https://doi.org/10.3389/fmicb.2019.01861
PMID: 31555221

Luo Q, Hiessl S, Steinblchel A. Functional diversity of Nocardia in metabolism: Metabolism of Nocardia.
Environ Microbiol. 2014; 16: 29-48. https://doi.org/10.1111/1462-2920.12221 PMID: 23981049

Dhakal D, Rayamajhi V, Mishra R, Sohng JK. Bioactive molecules from Nocardia: diversity, bioactivities
and biosynthesis. J Ind Microbiol Biotechnol. 2019; 46: 385—-407. https://doi.org/10.1007/s10295-018-
02120-y PMID: 30659436

Ochman H, Lawrence JG, Groisman EA. Lateral gene transfer and the nature of bacterial innovation.
Nature. 2000; 405: 299-304. https://doi.org/10.1038/35012500 PMID: 10830951

Grtler V, Mayall BC, Seviour R. Can whole genome analysis refine the taxonomy of the genus Rhodo-
coccus? FEMS Microbiol Rev. 2004; 28: 377—403. https://doi.org/10.1016/j.femsre.2004.01.001 PMID:
15449609

Mcneil MM, Brown JM. The Medically Important Aerobic Actinomycetes: Epidemiology and Microbiol-
ogy. Clin Microbiol Rev. 1994; 7: 61. https://doi.org/10.1128/CMR.7.3.357 PMID: 7923055

Richter M, Rosselld-Moéra R. Shifting the genomic gold standard for the prokaryotic species definition.
Proc Natl Acad Sci. 2009; 106: 19126—19131. https://doi.org/10.1073/pnas.0906412106 PMID:
19855009

Konstantinidis KT, Tiedje JM. Genomic insights that advance the species definition for prokaryotes.
Proc Natl Acad Sci. 2005; 102: 2567—-2572. https://doi.org/10.1073/pnas.0409727102 PMID: 15701695

Ogasawara W, Kobayashi G, Ishimaru S, Okada H, Morikawa Y. The gene encoding dipeptidyl amino-
peptidase Bl from Pseudomonas sp. WO24: cloning, sequencing and expression in Escherichia coli.
Gene. 1998; 206: 229-236. https://doi.org/10.1016/s0378-1119(97)00590-8 PMID: 9469937

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al. SPAdes: a new genome
assembly algorithm and its applications to single-cell sequencing. J Comput Biol. 2012; 19: 455—477.
https://doi.org/10.1089/cmb.2012.0021 PMID: 22506599

Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics. 2014; 30: 2068—-2069.
https://doi.org/10.1093/bioinformatics/btu153 PMID: 24642063

Gurevich A, Saveliev V, Vyahhi N, Tesler G. QUAST: quality assessment tool for genome assemblies.
Bioinformatics. 2013; 29: 1072—1075. https://doi.org/10.1093/bicinformatics/btt086 PMID: 23422339

Wauyts S, Wittouck S, De Boeck |, Allonsius CN, Pasolli E, Segata N, et al. Large-Scale Phylogenomics
of the Lactobacillus casei Group Highlights Taxonomic Inconsistencies and Reveals Novel Clade-Asso-
ciated Features. mSystems. 2017; 2. https://doi.org/10.1128/mSystems.00061-17 PMID: 28845461

Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, Holden MTG, et al. Roary: rapid large-scale pro-
karyote pan genome analysis. Bioinformatics. 2015; 31: 3691-3693. https://doi.org/10.1093/
bioinformatics/btv421 PMID: 26198102

Huerta-Cepas J, Szklarczyk D, Heller D, Hernandez-Plaza A, Forslund SK, Cook H, et al. eggNOG 5.0:
a hierarchical, functionally and phylogenetically annotated orthology resource based on 5090 organ-
isms and 2502 viruses. Nucleic Acids Res. 2019; 47: D309-D314. https://doi.org/10.1093/nar/gky1085
PMID: 30418610

Zhu Q, Kosoy M, Dittmar K. HGTector: an automated method facilitating genome-wide discovery of
putative horizontal gene transfers. BMC Genomics. 2014; 15: 717. https://doi.org/10.1186/1471-2164-
15-717 PMID: 25159222

FuL, NiuB, Zhu Z, Wu S, Li W. CD-HIT: accelerated for clustering the next-generation sequencing
data. Bioinformatics. 2012; 28: 3150-3152. https://doi.org/10.1093/bioinformatics/bts565 PMID:
23060610

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009665 August 26, 2021 16/17


https://doi.org/10.1111/1462-2920.14130
http://www.ncbi.nlm.nih.gov/pubmed/29633519
https://doi.org/10.1128/mSystems.00264-19
http://www.ncbi.nlm.nih.gov/pubmed/31481601
https://doi.org/10.1128/AEM.02249-17
http://www.ncbi.nlm.nih.gov/pubmed/29222102
https://doi.org/10.1093/gbe/evz178
http://www.ncbi.nlm.nih.gov/pubmed/31406982
https://doi.org/10.3389/fmicb.2019.01861
http://www.ncbi.nlm.nih.gov/pubmed/31555221
https://doi.org/10.1111/1462-2920.12221
http://www.ncbi.nlm.nih.gov/pubmed/23981049
https://doi.org/10.1007/s10295-018-02120-y
https://doi.org/10.1007/s10295-018-02120-y
http://www.ncbi.nlm.nih.gov/pubmed/30659436
https://doi.org/10.1038/35012500
http://www.ncbi.nlm.nih.gov/pubmed/10830951
https://doi.org/10.1016/j.femsre.2004.01.001
http://www.ncbi.nlm.nih.gov/pubmed/15449609
https://doi.org/10.1128/CMR.7.3.357
http://www.ncbi.nlm.nih.gov/pubmed/7923055
https://doi.org/10.1073/pnas.0906412106
http://www.ncbi.nlm.nih.gov/pubmed/19855009
https://doi.org/10.1073/pnas.0409727102
http://www.ncbi.nlm.nih.gov/pubmed/15701695
https://doi.org/10.1016/s0378-1119%2897%2900590-8
http://www.ncbi.nlm.nih.gov/pubmed/9469937
https://doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
https://doi.org/10.1093/bioinformatics/btu153
http://www.ncbi.nlm.nih.gov/pubmed/24642063
https://doi.org/10.1093/bioinformatics/btt086
http://www.ncbi.nlm.nih.gov/pubmed/23422339
https://doi.org/10.1128/mSystems.00061-17
http://www.ncbi.nlm.nih.gov/pubmed/28845461
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1093/bioinformatics/btv421
http://www.ncbi.nlm.nih.gov/pubmed/26198102
https://doi.org/10.1093/nar/gky1085
http://www.ncbi.nlm.nih.gov/pubmed/30418610
https://doi.org/10.1186/1471-2164-15-717
https://doi.org/10.1186/1471-2164-15-717
http://www.ncbi.nlm.nih.gov/pubmed/25159222
https://doi.org/10.1093/bioinformatics/bts565
http://www.ncbi.nlm.nih.gov/pubmed/23060610
https://doi.org/10.1371/journal.pntd.0009665

PLOS NEGLECTED TROPICAL DISEASES Diversity, evolution, and taxonomy of Nocardia spp.

44,

45.

46.

47.

48.

49.

50.

Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and effective stochastic algorithm
for estimating maximume-likelihood phylogenies. Mol Biol Evol. 2015; 32: 268-274. https://doi.org/10.
1093/molbev/msu300 PMID: 25371430

Yu G, Smith DK, Zhu H, Guan 'Y, Lam TT-Y. ggtree: an R package for visualization and annotation of
phylogenetic trees with their covariates and other associated data. Methods Ecol Evol. 2017; 8: 28-36.

Li Z, Lu X, Wang D, Liang WL, Zhang J, Li J, et al. Genomic comparison of serogroups O159 and 0170
with other Vibrio cholerae serogroups. BMC Genomics. 2019; 20: 241. https://doi.org/10.1186/s12864-
019-5603-7 PMID: 30909880

Auch AF, von Jan M, Klenk H-P, Goker M. Digital DNA-DNA hybridization for microbial species delinea-
tion by means of genome-to-genome sequence comparison. Stand Genomic Sci. 2010; 2: 117-134.
https://doi.org/10.4056/sigs.531120 PMID: 21304684

Huerta-Cepas J, Serra F, Bork P. ETE 3: Reconstruction, Analysis, and Visualization of Phylogenomic
Data. Mol Biol Evol. 2016; 33: 1635-1638. https://doi.org/10.1093/molbev/msw046 PMID: 26921390

Paradis E. Pegas: an R package for population genetics with an integrated-modular approach. Bioinfor-
matics. 2010; 26: 419—-420. https://doi.org/10.1093/bioinformatics/btp696 PMID: 20080509

Robinson DF, Foulds LR. Comparison of phylogenetic trees. Math Biosci. 1981; 53: 131-147.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009665 August 26, 2021 17/17


https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
http://www.ncbi.nlm.nih.gov/pubmed/25371430
https://doi.org/10.1186/s12864-019-5603-7
https://doi.org/10.1186/s12864-019-5603-7
http://www.ncbi.nlm.nih.gov/pubmed/30909880
https://doi.org/10.4056/sigs.531120
http://www.ncbi.nlm.nih.gov/pubmed/21304684
https://doi.org/10.1093/molbev/msw046
http://www.ncbi.nlm.nih.gov/pubmed/26921390
https://doi.org/10.1093/bioinformatics/btp696
http://www.ncbi.nlm.nih.gov/pubmed/20080509
https://doi.org/10.1371/journal.pntd.0009665

