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A B S T R A C T

Background: Phylogenetic studies of bacteria have been based so far either on a single gene (usually the 16S
rRNA) or on concatenated housekeeping genes. For what concerns the genus Mycobacterium these approaches
support the separation of rapidly and slowly growing species and the clustering of most species in well-defined
phylogenetic groups. The advent of high-throughput shotgun sequencing leads us to revise conventional tax-
onomy of mycobacteria on the light of genomic data. For this purpose we investigated 88 newly sequenced
species in addition to 60 retrieved from GenBank and used the Average Nucleotide Identity pairwise scores to
reconstruct phylogenetic relationships within this genus.
Results: Our analysis confirmed the separation of slow and rapid growers and the intermediate position occupied
by the M. terrae complex. Among the rapid growers, the species of theM. chelonae-abscessus complex belonged to
the most ancestral cluster. Other major clades of rapid growers included the species related to M. fortuitum and
M. smegmatis and a large grouping containing mostly environmental species rarely isolated from humans. The
members of the M. terrae complex appeared as the most ancestral slow growers. Among slow growers two deep
branches led to the clusters of species related to M. celatum and M. xenopi and to a large group harboring most of
the species more frequently responsible of disease in humans, including the major pathogenic mycobacteria (M.
tuberculosis, M. leprae, M. ulcerans). The species previously grouped in the M. simiae complex were allocated in a
number of sub-clades; of them, only the one including the species M. simiae identified the real members of this
complex. The other clades included also species previously not considered related toM. simiae. The ANI analysis,
in most cases supported by Genome to Genome Distance and by Genomic Signature-Delta Difference, showed
that a number of species with standing in literature were indeed synonymous.
Conclusions: Genomic data revealed to be much more informative in comparison with phenotype. We believe
that the genomic revolution enabled by high-throughput shotgun sequencing should now be considered in order
to revise the conservative approaches still informing taxonomic sciences.

1. Background

Distinct ages have characterized systematic sciences. Since the first
attempts of taxonomic classification (Linnaeus, 1735), comparative

analysis of phenotypic traits has, with minor innovations (e.g. numer-
ical taxonomy (Sneath and Sokal, 1973)), dominated for a long time. In
the last half century, the role of phenotype has been progressively
eroded by the unrestrainable progress of genetics. The availability of
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sequencing and bioinformatics tools suitable to produce reliable se-
quences of the whole genomes in short time is definitively changing the
scenario. Prokaryotes, better than others, can take advantage from this
revolution as it is relatively well established how to perform whole-
genome comparisons and phylogenies with a large number of strains.

With the aim of updating the taxonomic relationships between the
members of the genusMycobacterium, we sequenced the whole genomes
of 88 strains of Mycobacterium species (including 41 sequenced in a
recent study (Fedrizzi et al., 2017)) and, combined with 60 already
present in GenBank, undertook a genus-wide comparative genomic
study.

2. Methods

We sequenced the strains reported in Supplementary Table 1 on
Illumina platforms (HiSeq 2000 and MiniSeq); 41 of them were part of a
previous study (Fedrizzi et al., 2017). Reads were initially trimmed
using Trim Galore (–phred33 –nextera –stringency 2 –fastqc –paired
–retain_unpaired) and assembled with SPAdes ver. 3.9.1 software
(Bankevich et al., 2012) (–carefull –cov-cutoff auto). The assembled
genomes were quality controlled with QUAST ver. 4.2 (Gurevich et al.,
2013). The annotation of genomes was performed by either resorting to
the NCBI Prokaryotic Genome Annotation Pipeline (Angiuoli et al.,
2008) (47 strains) or with PROKKA (Seemann, 2014) (41 strains).
Quality estimates of the genomes sequenced in this study are given in
Table 1.

All strains selected for sequencing but one (Mycobacterium ele-
phantis), were type strains of different Mycobacterium species obtained
from various international culture collections.

Of the 60 genomes retrieved from GenBank (Supplementary
Table 2), 50 were from type strains. The identification at the species
level of strains other than type was carefully verified and the ones with
16S rRNA gene identity < 99.4% in comparison with the sequence of
respective type strain (including several genomes evidently mis-
labeled), were excluded from the study.

To determine the relatedness of the strains, the Average Nucleotide
Identity (ANI) was employed using the assembled genomes as the re-
presentative data for each species. The ANI among respective genomes
was calculated using the OrthoANI calculator (Lee et al., 2016a)
choosing the “both directions” option. A distance matrix of pairwise
ANI values converted to ANI-divergence (defined as complement to 100
of ANI data) (Chan et al., 2012) was used to reconstruct, with MEGA
ver. 6.06 software (Tamura et al., 2013), the phylogeny. Two different
phylogenetic trees were constructed using UPGMA (Sokal and
Michener, 1958) and Neighbor Joining (Saitou and Nei, 1987) algo-
rithms. In both analyses Hoyosella altamirensis, a member of Myco-
bacteriaceae family not belonging to the genus Mycobacterium (Hamada
et al., 2016), was included as outgroup.

The ANI threshold of 95–96% is universally accepted for species
demarcation (Goris et al., 2007; Kim et al., 2014; Richter and Rosselló-
Mora, 2009). Whenever the ANI between two or more strains classified
as belonging to different species scored ≥ 95%, the taxonomic attri-
bution was checked using two other computational approaches. The
Genome to Genome Distance (GGD) (Auch et al., 2010) was determined
from assembled genomes using the GGD calculator (http://ggdc.dsmz.
de/) according to formula 2, as recommended. The Genomic Signature-
Delta Difference (GS-DD) (Karlin et al., 1997) was measured on re-
spective annotated genomes using the software available at http://
www.cmbl.uga.edu/software/delta-differences.html.

The genome of Mycobacterium tuberculosisT was chosen as re-
presentative of the whole M. tuberculosis complex due to the ANI values
close to 100% among all its members.

One genome retrieved from GenBank, Mycobacterium hodleriT

(BBGO00000000) produced 39 out of 147 invalid ANI pairwise results
and was excluded from the analysis.

3. Results

The UPGMA tree built on 10,878 (148 × 147/2) ANI-divergence
scores presented two major branches clearly differentiating rapidly and
slowly growing Mycobacterium species (Fig. 1). Genetic diversity within
these two subtrees showed the presence of well-defined, monophyletic
sub-clades that included the large majority of the considered species.

A similar topology was obtained by the Neighbor Joining analysis.
Among the rapid growers, a deep branch separated the species of the
Mycobacterium abscessus-chelonae complex (Fig. 2), which appeared to
be the most ancestral, from all others. This complex comprised nine
taxa, including three for which the pairwise ANI scores, ranging from
97.2 to 97.4%, did not support the status of independent species and
suggested instead that they represent subspecies of Mycobacterium ab-
scessus (Tortoli et al., 2016). GGD and GS-DD lead to identical con-
clusions (Table 2), further supported by previously determined DDH
(Leao et al., 2009).

Another major cluster within rapid growers encompassed the
Mycobacterium fortuitum-smegmatis group (Fig. 2). In this cluster of 17

Table 1
WGS data of the strains sequenced in present study.

Species Contigs no. Genome
size (bp)

G + C% CDS Mean
coverage

M. algericumT 107 4,619,277 68.33 4380 70.5
M. agriT 385 7,002,017 66.48 6724 35.6
M. alsenseT 177 5,695,622 69.30 5277 77.1
M. angelicumT 543 6,674,259 66.25 5804 20.2
M. aquaticumT 111 7,927,623 66.48 7614 48.1
M. arosienseT 497 5,984,789 66.83 5637 18.7
M. arupenseT 157 4,442,590 67.38 4126 15.0
M. asiaticumT 137 5,978,015 66.39 5535 85.3
M. bacteremicumT 98 5,953,791 68.11 5669 39.9
M. boenickeiT 101 6,546,474 66.84 6262 45.9
M. abscessus subsp.

bolletiiT
30 5,061,466 64.06 4933 38.7

M. bouchedurhonnense 233 5,900,850 68.58 5630 18.1
M. branderiT 64 5,903,581 66.51 5748 44.4
M. brumaeT 124 3,882,015 69.26 3663 98.2
M. celeriflavumT 129 4,950,353 66.89 4786 166.9
M. chubuenseT 121 5,948,704 69.20 5637 48.7
M. diernhoferiT 125 5,978,092 67.90 5674 37.0
“M. decipiensT” 165 5,228,890 65.52 4676 44.9
M. duvaliiT 111 5,605,497 68.30 5330 51.6
M. elephantis 84 5,313,693 67.64 5094 58.2
M. frankliniiT 68 5,442,959 64.14 5402 27.6
M. heidelbergenseT 126 5,001,088 67.97 4615 53.4
M. insubricumT 159 4,553,954 68.85 4252 32.3
M. intermediumT 387 6,818,427 65.78 6076 27.3
M. koreenseT 153 4,088,537 69.33 3979 145.1
M. kumamotonenseT 148 4,818,368 68.12 4547 81.3
M. malmoenseT 134 5,301,070 66.99 4884 56.5
M. manteniiT 157 6,122,108 66.89 5680 40.8
M. marseillense 112 5,456,935 67.71 5059 12.5
M. abscessus subsp.

massilienseT
30 4,967,937 64.09 4893 60.3

M. minnesotenseT 73 4,189,414 67.12 3852 79.8
M. monacenseT 126 6,003,959 68.41 5751 33.2
M. moriokaenseT 232 6,217,973 66.02 6095 126.0
M. noviomagenseT 249 4,744,606 65.73 4556 9.4
M. parafortuitumT 88 6,136,108 68.53 5747 41.1
M. paraintracellulareT 136 5,477,232 68.08 5153 122.2
M. paraseoulenseT 282 6,080,533 67.88 5691 23.5
M. persicumT 389 6,172,652 66.20 5621 11.0
M. porcinumT 102 6,960,672 66.74 6651 43.6
M. rhodesiaeT 72 6,011,218 66.59 5758 43.8
M. saopaulenseT 103 5,200,319 64.58 5225 49.3
M. scrofulaceumT 224 6,175,554 68.42 5806 43.0
M. shinjukuenseT 181 4,409,975 67.76 3981 86.7
M. sphagniT 105 6,070,288 65.92 5842 39.7
M. timonenseT 1222 6,013,961 68.51 5654 10.5
M. tusciaeT 71 6,163,099 65.69 6035 65.6
M. vulnerisT 158 6,270,094 66.77 5868 45.9
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taxa, Mycobacterium conceptionense, Mycobacterium farcinogenes and
Mycobacterium senegalense were very closely related and their pairwise
ANI values (range 98.3–99.4) suggested they could represent variants of
a single species. This possibility was confirmed by GGD for the three
strains and by GS-DD for M. conceptionense and M. senegalense only
(Table 2).

The remaining rapidly growing mycobacteria were characterized by
deep branches which led to 46 species (Fig. 2) of mainly environmental
mycobacteria only rarely, if ever, isolated from humans or animals.
Among them most are known to possess aromatic hydrocarbon de-
gradation activities (Kweon et al., 2015). Two species presenting slow
growing phenotype, Mycobacterium doricum and Mycobacterium tusciae,
belonged to this subtree. Pairwise ANI values between Mycobacterium
austroafricanum and Mycobacterium vanbaalenii (98.7%) did not support
their status of independent species as confirmed also by GGD and GS-
DD (Table 2).

From an early ramification at the root of the branch leading to the
evolution of slow growers originated Mycobacterium triviale and
Mycobacterium koreense, the first of them has been assigned to the
Mycobacterium terrae complex in the past (Wayne and Kubica, 1986). A
parallel group included 11 taxa corresponding to the number of mem-
bers of M. terrae complex investigated in the present study (Fig. 3). A
clear-cut separation characterized the mycobacteria of this grouping
with the exception of Mycobacterium engbaekii and Mycobacterium

hiberniae presenting an ANI of 95.1%, that is inconclusive in de-
termining whether or not they belong to the same species. For the latter
two species, GS-DD and GGD supported however their fusion in a single
taxon (Table 4).

The slow growers other than M. terrae complex were distributed
among three major groups. The eight taxa present in the first one were
subdivided in two subgroups presenting, as more representative spe-
cies, Mycobacterium celatum and Mycobacterium xenopi (Fig. 3). In a
larger group were included, in adjunct to pathogens (M. tuberculosis
complex, Mycobacterium leprae, “Mycobacterium lepromatosis”, Myco-
bacterium ulcerans), most of the species frequently isolated from humans
and often associated to disease. Three strains, Mycobacterium marinum,
Mycobacterium pseudoshottsii and Mycobacterium ulcerans presented
pairwise ANI values supporting their possible inclusion in a single
species (range 98.0–99.1). Both GGD and GD-DD confirmed this con-
clusion (Table 2).

The 33 members of the most-derived, large cluster of slow growers
were organized in a series of sub-clusters. One of them included six
species (Fig. 3) closely related to Mycobacterium simiae, while 12 taxa
constituting the most marginal sub-clade (Fig. 3) belonged to the pre-
sently acknowledged Mycobacterium avium complex (Lee et al., 2016b).
Pairwise ANI percentages insufficient to warrant the status of in-
dependent species were obtained for two groups, including four and
three taxa, respectively. ANI values ranged from 97.6 to 97.8% for

Fig. 1. Phylogenetic tree of the genus Mycobacterium constructed using the UPGMA algorithm, from the distance matrix of 10,878 ANI-divergence scores. Bar, 2 units difference in ANI-
divergence value.
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Mycobacterium chimaera, Mycobacterium intracellulare, Mycobacterium
yongonense and Mycobacterium paraintracellulare, and were> 98.8 for
M. avium, Mycobacterium bouchedurhonense and Mycobacterium timo-
nense.

4. Discussion

The consistency of trees inferred using different algorithms is con-
sidered a reliable measure of robustness of phylogenetic reconstruc-
tions. In the present study the topologies obtained with UPGMA (Fig. 1)
and Neighbor Joining (Figs. 2 and 3) were characterized by very high
similarity. Furthermore the phylogeny of a smaller number of species
reconstructed in a recent study (Fedrizzi et al., 2017), either from the
genetic sequence of 243 concatenated conserved genes, or from gene
presence/absence clustering, was fully in agreement with ours. Rapid
growers were more ancestral than slow growers, the M. terrae complex
occupied an intermediate position, and the species composition of dif-
ferent groupings overlapped.

Defining the taxonomic groupings within a genus historically relies
upon phenotypic characteristics or portions of the genome such as 16S
rRNA or genes shared among all involved species. With the advent of
rapid whole genome sequencing approaches, integration of such data
into taxonomic definitions is becoming crucial. Here we utilized ANI, a
whole genome comparison approach, on the genus Mycobacterium, and
found strong support for many, but not all, existing taxonomic groups
and species.

The phylogeny of the genus Mycobacterium has been so far based
either on 16S rRNA sequences (Rogall et al., 1990; Stahl and Urbance,
1990; Tortoli, 2012) or on concatenated sequences of a number of
housekeeping genes (Devulder et al., 2005; Mignard and Flandrois,
2008; Tortoli, 2012). The one based on 16S rRNA has been frequently
an object of criticisms because of the unusually high intraspecies
identity (ranging from 94 to 100%) which makes impossible the dis-
tinction of a number of Mycobacterium species (Table 3). Beyond this
limitation, it is substantially in agreement with the reconstructions
emerging from the multilocus approaches and benefits from the pre-
sence, in the helix 18 of the 16S rRNA gene, of unique, phylogenetic
signatures (Kirschner et al., 1993). In this helix: the rapidly growing

Fig. 2. Neighbor-joining tree constructed on 10,878 ANI-divergence scores, rooted using H. altamirensis as outgroup. Bar, 2 units difference in ANI-divergence value.

Table 2
Comparison of Average Nucleotide Identity, Genome to Genome Distance and Genomic
Signature Delta Difference data of closely related Mycobacterium species. ANI values >
96 support the belonging to the same species. GGD values > 70% support the belonging
to the same species. δ < δ* values support the belonging to the same species.

Species ANI% GGD% GS-DD Scorea

M. conceptionense M. farcinogenes 98.3 86 δ > δ* 2/3
M. conceptionense M. senegalense 99.4 84 δ < δ* 3/3
M. farcinogenes M. senegalense 98.3 83 δ > δ* 2/3
M. aromaticivorans M. pallens 96.5 13 δ > δ* 1/3
M. pallens M. crocinum 98.3 13 δ > δ* 1/3
M. abscessus s. abscessus M. abscessus s.

bolletii
97.4 86 δ < δ* 3/3

M. abscessus s. abscessus M. abscessus s.
massiliense

97.2 85 δ < δ* 3/3

M. abscessus s.
massiliense

M. abscessus s.
bolletii

97.2 88 δ < δ* 3/3

M. chimaera M. intracellulare 97.6 77 δ < δ* 3/3
M. chimaera M. yongonense 97.8 79 δ < δ* 3/3
M. yongonense M. intracellulare 97.6 85 δ < δ* 3/3
M. engbaekii M. hiberniae 95.1 89 δ < δ* 2/3
M. austroafricanum M. vanbaalenii 98.7 80 δ < δ* 3/3
M. gilvum M. pyrenivorans 96.6 13 δ > δ* 1/3
M. novocastrense M. pyrenivorans 96.8 13 δ > δ* 1/3
M. pyrenivorans M. vanbaalenii 97.1 13 δ > δ* 1/3
M. marinum M. pseudoshottsii 98.2 82 δ < δ* 3/3
M. marinum M. ulcerans 98.0 80 δ < δ* 3/3
M. ulcerans M. pseudoshottsii 99.1 90 δ < δ* 3/3
M. monacense M. pyrenivorans 97.5 84 δ > δ* 2/3

a Proportion of tests supporting belonging to the same species.

E. Tortoli et al. Infection, Genetics and Evolution 56 (2017) 19–25

22



species do not present insertions; the majority of slow growers have a
12 nucleotide insertion; the members of theM. terrae complex have a 14
nucleotide insertion; a cluster of slow growers, known as M. simiae
complex, are devoid of insertion but are characterized by a specific
sequence not found in other mycobacteria. Exceptions to these features
are extremely rare.

In general, our survey covering more than 80% of the officially
recognized species (M. tuberculosis complex is regarded here as a single
species) was largely in agreement with conventional phylogeny but
allowed us to suggest additional aspects not highlighted by previous
phylogenetic approaches.

The rapid growers were confirmed to be the most ancestral myco-
bacteria with the M. chelonae-abscessus complex being the closest to the

root of the genus (Figs. 1 and 2). All the species expected to cluster in
one of the major groups of rapid growers fulfilled expectations, with the
only unpredicted finding being the position of Mycobacterium wolinskyi
closer to M. fortuitum than to M. smegmatis. Even the “anomalous” lo-
cation of the slowly growing species M. doricum and M. tusciae within
the evolutionary lineages of rapid growers (Devulder et al., 2005;
Mignard and Flandrois, 2008; Tortoli, 2012) was confirmed. In contrast
Mycobacterium holsaticum, placed within slow growers by conventional
phylogeny (Devulder et al., 2005), was repositioned, according to its
phenotype, among rapid growers in our study. Once more, we con-
firmed the groundlessness of the inclusion of M. triviale within the M.
terrae complex. This species, along with M. koreense, remained in our
analysis as the most likely evolutionary link between rapid and slow
growers.

The attribution of the M. terrae complex either to rapidly or slowly
growing species, controversial according to the multilocus phylogeny
(Mignard and Flandrois, 2008), was settled in agreement with 16S
based reconstructions locating this group at the root of slow growers.

The phylogeny of slowly growing species highlighted major incon-
sistencies in the conventional knowledge. The traditional M. simiae
complex, as defined by the specific signatures within the helix 18 of 16S
rRNA, was redefined by our analysis. Only seven species (including M.
simiae), clustered clearly together while the others were included
among sister clades which comprised also other mycobacteria
(Mycobacterium alsense, Mycobacterium malmoense, Mycobacterium bo-
hemicum) not presenting the specific helix 18 signature above (Fig. 3).
Mycobacterium europaeum and Mycobacterium parascrofulaceum in par-
ticular were very divergent from M. simiae and more closely related to
the M. avium complex. The signature in the helix 18, previously con-
sidered a reliable marker for belonging to the M. simiae complex, came
out deeply challenged by our findings and proved insufficiently specific,
suggesting it can be a consequence of convergent evolution.

Although the genome-based phylogeny has produced only minor
changes in comparison with the conventional reconstructions, it is now
evident that phylogenetic studies disregarding the whole genome are
outdated.

Fig. 3. Neighbor-joining tree constructed on 10,878 ANI-divergence values rooted using H. altamirensis as outgroup. Bar, 2 units difference in ANI-divergence value.

Table 3
Species presenting identical 16 rRNA sequences in the first 500 bp and the in the whole
gene.

Species 500 bp Total

M. abscessus all subsp. M. chelonae 100% 99,7%
M. alvei M. setense 100% 99,1%
M. angelicum M. szulgai 100% 100%
M. conceptionense M. houstonense 100% 99,7%
M. conceptionense M. senegalense 100% 100%
M. farcinogenes M. fortuitum 100% 100%
M. farcinogenes M. houstonense 100% 100%
M. farcinogenes M. senegalense 100% 100%
M. fortuitum M. houstonense 100% 100%
M. fortuitum M. senegalense 100% 100%
M. gastri M. kansasii 100% 100%
M. houstonense M. senegalense 100% 100%
M. intracellulare M. paraintracellulare 100% 100%
M. marinum M. ulcerans 100% 99,8%
M. marseillense M. yongonense 100% 100%
M. mucogenicum M. phocaicum 100% 100%
M. murale M. tokaiense 100% 100%
M. paraseoulense M. seoulense 100% 100%
M. peregrinum M. septicum 100% 99,7%
M. vaccae M. vanbaalenii 100% 99,3%
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For defining the boundaries of bacterial species the DNA-DNA hy-
bridization (DDH) method (Wayne et al., 1987) is still considered the
gold standard. Such approach necessarily uses hard cut-offs to define
whether two strains belong to the same species or not, and the
threshold of 70% DDH, although inevitably arbitrary, has proved ac-
ceptable. More recent approaches based on whole genome similarity
are also suitable to this purpose; in particular the ANI, the GGD (the in
silico equivalent of DDH) and the GS-DD are widely used scores. All of
them have been compared with DNA-DNA hybridization and ad hoc cut-
offs have been defined (Auch et al., 2010; Goris et al., 2007; Karlin
et al., 1997; Kim et al., 2014). Among the four tests mentioned above,
the genomic ones are by far more reproducible than the DDH, with
results of the latter presenting often inconsistent and dependent upon
the methodology adopted. With three alternative tests available, and
probably others coming in the future, DDH seems destined to remain
relevant at historical level only. It is however also important to point
out that the three genomic approaches do not produce fully overlapping
results. This implies that, in the case of borderline values, two genomes
of closely related strains can be regarded, according to the test used, as
belonging either to a single, or to different, species. In this study, out of
20 cases in which pairwise ANI values between closely related species
were supportive for belonging to a single taxon, the use of GGD and GS-
DD confirmed the finding in eleven. In four such cases ANI and GGD
were in agreement while in the remaining five cases the possibility of
representing synonymous species was supported by ANI alone. ANI
appeared therefore to be the most sensitive of the three measures in
avoiding inappropriate classification to independent taxa of strains re-
presenting with high probability simple variants. To avoid the dupli-
cation of already recognized species in the future, we thus recommend
the ANI score as the test of choice. For the past, a more conservative
approach (consisting in emending the species confirmed illegitimate by
agreeing results of ANI, GGD and GS-DD) could be adopted. Our pro-
posals for the species investigated in this study are reported in Table 4.
For the species M. marinum, M. pseudoshottsii and M. ulcerans an ex-
ception was made. Although their pairwise ANI scores are similar, we
suggest, because of the specificity of disease produced in humans and
the different host specificity, that M. marinum and M. pseudoshottsii are
combined while leaving M. ulcerans as independent species. This ap-
proach is not different from the one universally accepted for the species

of the M. tuberculosis complex and is furthermore supported by the
massive difference in their genomes size.

In this study, we also found seven mislabeled Mycobacterium gen-
omes deposited in GenBank (Table 5), which is alarming considering
that public genomes are likely to be extensively used for downstream
genomic and clinical investigations. A strict policy to prevent deposi-
tion of misleading sequences should be established and effort should be
put in identifying and correcting such inconsistencies in public re-
positories.

A special case was the discrepancy we detected with M. bouche-
durhonense and M. timonense. Their 16S rRNA genes were unexpectedly
most closely related to M. aviumT (100% identity and one mismatch
only, respectively) while differed of 8 and 13 bp from the sequences
deposited in GenBank for M. bouchedurhonenseT and M. timonenseT, re-
spectively. This implies that the two strains deposited in the culture
collections do not match the ones reported in the sp. nov. descriptions
(Ben Salah et al., 2009), probably due to a strain exchange. This finding
was confirmed, upon our information, by respective culture collections.

The easy and affordable availability of reliable whole-genome se-
quences raises doubts about the real added value of investigating
phenotypic traits when a new species is described. Actually, different
taxonomists use their own panels of tests, often not standardized, to
produce results of no use for colleagues and absolutely in-
comprehensible to the community of mycobacteriologists who have
dismissed such approach since the ‘90s. For the genus Mycobacterium
the major phenotypic traits that cannot be disregarded should include
growth rate and pigmentation of colonies, while the classical in-
vestigation of biochemical activities is clearly obsolete. In contrast,
because of the universality and completeness of their results, genotypic
investigations need to be expanded and the determination of the whole
genome sequence of every newly described species should be added to
the presently required analysis of a number of housekeeping genes
(Stackebrandt et al., 2002). If not already available in public domain
databases, the genome of the species showing, at level of the 16S rRNA
gene, the closest similarity should be sequenced as well; excluding the
cases in which the level of such similarity (< 98.7%) (Kim et al., 2014;
Stackebrandt and Ebers, 2006) indicate this analysis as not mandatory.
It is probably time to modernize the policies still at the basis of taxo-
nomic studies which are still too often regarded as “dogmas”.

Table 4
Emendation proposals for the species proven belonging to the same taxon.

Species Suggested action New name

M. austroafricanum M. vanbaalenii Fusion M. austroafricanum
M. conceptionense M. senegalense Fusion M. senegalense
M. chimaera M. intracellulare M. yongonense Subspeciation M. intracellulare subsp. intracellulare

subsp. chimaera
subsp. yongonense

M. hiberniae M. engbaekii Subspeciation M. hiberniae
subsp. hiberniae
subsp. engbaekii

M. intracellulare M. paraintracellulare Fusion M. intracellulare
M. marinum M. pseudoshottsii Fusion M. marinum

Table 5
Genomes proven mislabeled, present in GenBank.

Accession n. Label Corrected identification ANI vs the type strain of the same species Closest known species

CVTC00000000 M. nonchromogenicum M. fortuitum 75.2
CCBG00000000 M. vulneris M. porcinum 75.7
AGIQ00000000 M. rhodesiae undescribed species 83.7 M. rhodesiae
CP003169 M. rhodesiae undescribed species 76.7 M. aurum
LZLW00000000 M. szulgai M. kubicae 79.8
AGJJ00000000 M. tusciae undescribed species 84.7 M. austroafricanum
CP003078 M. smegmatis undescribed species 77.0 M. moriokaense
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