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ABSTRACT Mycobacterium shottsii is a dysgonic, nonpigmented mycobacterium origi-
nally isolated from diseased striped bass (Morone saxatilis) in the Chesapeake Bay, USA.
Genomic analysis reveals that M. shottsii is a Mycobacterium ulcerans/Mycobacterium
marinum clade (MuMC) member, but unlike the superficially similar M. pseudoshottsii,
also isolated from striped bass, it is not an M. ulcerans ecovar, instead belonging to a
transitional group of strains basal to proposed “Aronson” and “M” lineages. Although
phylogenetically distinct from the human pathogen M. ulcerans, the M. shottsii genome
shows parallel but nonhomologous genomic degeneration, including massive accumu-
lation of pseudogenes accompanied by proliferation of unique insertion sequences
(ISMysh01, ISMysh03), large-scale deletions, and genomic reorganization relative to typi-
cal M. marinum strains. Coupled with its observed ecological characteristics and loss of
chromogenicity, the genomic structure of M. shottsii is suggestive of evolution toward
a state of obligate pathogenicity, as observed for other Mycobacterium spp., including
M. ulcerans, M. tuberculosis, and M. leprae.

IMPORTANCE Morone saxatilis (striped bass) is an ecologically and economically im-
portant finfish species on the United States east coast. Mycobacterium shottsii and
Mycobacterium pseudoshottsii were originally described in the early 2000s as novel spe-
cies from outbreaks of visceral and dermal mycobacteriosis in this species. Biochemical
and genetic characterization place these species within the Mycobacterium ulcerans/
M. marinum clade (MuMC), and M. pseudoshottsii has been proposed as an ecovar
of M. ulcerans. Here, we describe the complete genome of M. shottsii, demonstrat-
ing that it is clearly not an M. ulcerans ecovar; however, it has undergone parallel
genomic modification suggestive of a transition to obligate pathogenicity. As in M.
ulcerans, the M. shottsii genome demonstrates widespread pseudogene formation
driven by proliferation of insertion sequences, as well as genomic reorganization. This
work clarifies the phylogenetic position of M. shottsii relative to other MuMC members
and provides insight into processes shaping its genomic structure.
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The first reports of striped bass (Morone saxatilis) with ulcerative dermal granuloma-
tous inflammation and visceral granulomatous disease emerged in 1997 and were

of concern because of the high economic and ecological value of this finfish (1). Acid-
fast bacteria consistent with Mycobacterium spp. were observed in lesions, and initial
bacteriological surveys of striped bass revealed a considerable variety of mycobacterial
isolates. Two dominant isolates from these surveys were described and officially
named Mycobacterium shottsii (2) and Mycobacterium pseudoshottsii (3). M. shottsii is a
slow-growing (.1 month on solid agar) mycobacterium with rough, nonpigmented
colonies and little to no growth above 30°C. Biochemically, M. shottsii is negative for
arylsulfatase, variable for catalase, negative for pyrazinamidase and Tween hydrolysis,
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and positive for urease. Both M. shottsii and the related M. pseudoshottsii can be differ-
entiated from Mycobacterium marinum by positive niacin production (2, 4). Sequencing
of a 458-bp (bp) fragment of the 16S rRNA gene (5) demonstrates$99% similarity with
M. marinum and Mycobacterium ulcerans and $98% similarity with other members of
the Mycobacterium tuberculosis clade (6). M. pseudoshottsii shares a pMUM megaplas-
mid, multicopy IS2404 insertion sequence, and close nucleotide similarity to M. ulcer-
ans-related organisms, and indeed, it has been proposed that this species should be
reclassified as an M. ulcerans ecovar (7).

Experimental infection studies in striped bass demonstrate long-term M. shottsii
persistence (45 weeks) but reduced virulence relative to that of M. marinum (8). In wild
fishes, M. shottsii is associated with skin lesions and visceral lesions (4, 9; Gauthier,
unpublished data), whereas M. pseudoshottsii has not been detected in skin lesions.
While M. pseudoshottsii can be detected in prey items of striped bass, as well as water
and sediment in Chesapeake Bay (10), M. shottsii has to date been detected only in
striped bass and the congeneric white perch (Morone americana) (6, 9).

The inability of M. shottsii to grow above 30°C combined with its relatedness to the
etiological agent of tuberculosis has piqued interest in its possible use as a mammalian
intranasal vaccine vector (11). Further, various aspects of its biology, namely, its non-
pigmented phenotype, absence from environmental reservoirs, and dysgonic nature
on artificial medium, are suggestive that this bacterium is undergoing adaptation to an
obligate lifestyle similar to that seen in other related mycobacteria such as M. tubercu-
losis, M. ulcerans, and M. leprae. For these reasons, analysis of the complete genome
sequence for M. shottsii is of interest. Genomic analysis of M. shottsii provides insight
into the evolution of this bacterium from an M. marinum-like ancestor.

RESULTS AND DISCUSSION
General characteristics. The genome of M. shottsii M175 comprises a single

5,956,421-bp chromosome with a G1C% content of 65.5% (Fig. 1). No plasmids were
detected during assembly. A total of 4,837 coding sequences and 590 pseudogenes
were predicted. One rRNA operon, 48 tRNAs, and one tmRNA were detected. An addi-
tional complete genome of M. shottsii strain JCM12657 has recently been made avail-
able on GenBank (AP022572) but was not discussed in the pertinent article (12).
Comparison of AP022572 with the genome presented in this work (CP014860) indi-
cates syntenic assemblies of similar size (5,973,149 and 5,956,421 bp, respectively).

Insertion sequences. Insertion sequences (IS) were prevalent in the chromosome
(Table 1), including 360 complete copies of 7 individual IS elements, as well as 30
“composite” insertion sequences containing a copy of one of the IS elements con-
tained within another. ISMysh01 was by a large margin the most common insertion
sequence in M. shottsii and appears unique to this bacterium among the M. ulcerans/
M. marinum complex (MuMC). The closest BLAST match for the single transposase cod-
ing sequence (CDS) in this IS was to a Mycobacterium thermoresistibile transposase, at
79.9%. Inverted repeats for ISMysh01and the M. thermoresistibile transposase were
identical, and both showed structure typical for IS5/IS5 family/group IS elements,
including a single open reading frame (ORF), inverted terminal repeats, and 4-base
direct repeats (CTAG) (13). ISMysh01 has lower similarity (68.3%) to single-copy trans-
posases from M. marinum strains CCUG 20998 and ATCC 927 and M. tuberculosis group
bacteria (ISMt1-family). These IS are annotated with two transposase CDS, consistent
with the IS427 group of the IS5 family. An additional marginally similar IS5/IS427 trans-
posase is low-multicopy in Rhodococcus opacus (CP009111) and single-copy in
Arthrobacter sp. (CP040018), suggesting widespread distribution of this IS type among
the Actinomycetales. The second-highest copy-number insertion sequence ISMysh03
was also unique to M. shottsii among the MuMC group, with the closest BLAST matches
being to an integrase pseudogene in M. chimaera (86.5%. identity) and to an Rv3128c-
like protein in Mycobacterium celatum plasmid pCLP (AF312688) (84.4% identity).
Family classification of ISMysh03 was not possible. ISMysh04 and 05 were highly similar
($99%) to insertion sequences ISMyma01 and 05, respectively, from M. marinum M.
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Both of these elements are widespread in MuMC genomes (14). ISMysh02 is highly sim-
ilar to an IS element present in M. marinum strains CCUG 20998 and ATCC 927, where
it is present as a single-copy two-CDS element. In M. shottsii, one complete (two-CDS)
element is present, but additional copies of the first (15 copies) and second (17 copies)
CDS are present at multiple sites in the genome. ISMysh06 and ISMysh07, both present
in 4 copies in the M. shottsii genome, are present in other Aronson lineage (14) strains,
including 1218R, E11, ATCC 927, and CCUG 20998.

Phylogenetic relationship. Consistent with recent work by Das et al. (14), whole-
genome phylogeny of MuMC members demonstrated two clearly separated lineages:
cluster I or “M lineage” containing M. marinum M and M. ulcerans group organisms and
the clearly distinct cluster II “Aronson lineage” containing M. marinum ATCC 927 and
the laboratory strain 1218R (Fig. 2). M. shottsii groups with cluster II but occupies a ba-
sal divergent branch with the fish isolate KST214 (Fig. 2). This grouping is supported by
an average nucleotide identity (ANI) score; M. shottsii shares $99% ANI with all cluster
II strains and $98% ANI with all cluster I strains. M. shottsii isolates from Chesapeake
Bay fishes (Morone spp.) were highly similar, with 93 single-nucleotide polymorphisms
(SNPs) separating the most distantly related strains. M. shottsii M175 belonged to a

FIG 1 Circular plot of M. shottsii M175 genome compared with additional available MuMC genomes via CGView comparison tool (CCT) (49). CDS in forward
and reverse directions with COG annotations for M. shottsii are indicated in the outer rings, and BLAST-based comparisons to additional genomes are
presented as inner rings (default CCT order of highest to lowest similarity to M. shottsii reference. The outermost comparison ring begins with M. marinum
VIMS9 as indicated in the left legend. Mps, M. pseudoshottsii; Mlif, M. ulcerans ecovar Liflandii; Mul, M. ulcerans. Positions of prophages phiMS01-03 and
additional putative prophage (pp) elements are annotated on outer ring.
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cluster of nearly clonal strains differing among each other by no more than 19 SNPs
(Fig. 3).

Pseudogenes. A total of 590 pseudogenes were predicted based on comparisons
with published M. marinum and M. ulcerans genomes and neighboring BLASTP searches
(https://www.ncbi.nlm.nih.gov/genomes/frameshifts/frameshifts.cgi). This number is inter-
mediate between 771 pseudogenes predicted for M. ulcerans Agy99 and 436 for M. ulcer-

TABLE 1Multicopy insertion sequences (IS) inM. shottsiiM175a

Name Length (bp) Family No. of copies BLAST match BLAST similarity (%)
ISMysh01 930 IS5 236 Mycobacterium thermoresistible strain NCTC10409 LT906483 79.9
ISMysh02 2,330 IS21 15 (CDS1), 17 (CDS2),

1 (full)
(CDS1)Mycobacterium marinum strain CCUG 20998, (CDS2)
Mycobacterium marinum strain CCUG 20998

98.7, 99.1

ISMysh03 1,437 Unc. 97 M. celatum plasmid pCLP, Rv3128c-like protein AF312688 84.4
ISMysh04 1,240 IS3 15 M. marinumM ISMyma01 CP000854 99.1
ISMysh05 1,836 IS481 3 M. marinumM ISMyma05 CP000854 99.5
ISMysh06 972 IS481 4 M. marinum E11, transposase HG917972 99.7
ISMysh07 1,298 IS3 4 M. marinum strain 1218R CP025779 99.3
aLength of entire insertion sequence including inverted repeats (when present) is given in bp. IS families were determined by BLAST searches on ISFinder (https://www-is
.biotoul.fr/). Only complete copies of IS elements are tabulated, with the exception of ISMysh02, where only one apparently complete copy was present and all other
occurrences were either the first or second CDS of the element. Top BLAST matches were determined by bit-score. Unc, unclassified (ISNCY) (13).

FIG 2 Core SNP-based maximum likelihood phylogeny of M. shottsii M175 (Msh; orange) in relation
to other complete and draft M. marinum-group genomes in GenBank. Clusters consistent with that
of Das et al. (14) are presented as I and II. Msp_012931 (GenBank AOPX01000000) is described in
Kurokawa et al. (50). Sources and GenBank numbers for other nodes are Mm_M, M. marinum M,
CP000854 (22); Mm_MB2, M. marinum MB2, NZ_ANPM00000000 (51); Mm_Europe, M. marinum
“Europe” ANPL00000000 (51); ATCC 927, M. marinum ATCC 927, NZ_AP018496 (41); E11, M. marinum
E11, NZ_HG917972; Mps, M. pseudoshottsii, NZ_BCND01000000; Mul, M. ulcerans Agy99, CP000325
(16); Mlif, M. ulcerans ecovar Liflandii 128FXT, CP003899 (15). Other strains are as described in
reference 14. Strains containing complete copies of ESX-2 are shown in blue.
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ans ecovar Liflandii (15, 16). A minority of pseudogenes for M. shottsii (199/590) are also
annotated as pseudogenes in M. ulcerans. A substantial number of pseudogenes were
created by disruption with insertion sequences (38.8%). Large internal deletions
accounted for less than 1% of pseudogenes. Chi-square analysis of the frequency of
pseudogenes belonging to different functional categories versus functional (complete)
CDS in the M. shottsii genome demonstrated a significant difference (Chi-square analysis,
df = 20, P , 0.001). Examination of residuals from the analysis indicated that secondary
metabolite biosynthesis, transport, and catabolism genes (Q) were disproportionately
well represented in the pseudogene set, as were ESX-type loci (Fig. 4). Categories repre-
senting nucleotide and coenzyme transport and metabolism (F, H), translation (J), and
replication, recombination, and repair (L) were negatively correlated with pseudogene
formation. Loss of some functions may underlie the extremely low growth rate of this
bacterium relative to that of M. marinum and the inability to isolate M. shottsii mutants
able to grow above 30°C. A more detailed examination of genetic and physiological dif-
ferences between M. shottsii isolates may help define mycobacterial genes responsible
for growth rate and temperature restriction.

Ortholog analysis and regions unique to M. shottsii. Ortholog analysis among
M. shottsii M175 and M. marinum strains excluding M. ulcerans ecovars (Fig. 5A) indi-
cated a core protein set of 3319 CDS, with an additional 275 and 643 CDS unique to
M. shottsii and M. marinum, respectively. Adding M. ulcerans ecovars (i.e., M. ulcerans

FIG 3 SNP-based core genome phylogeny of M. shottsii type strain M175 and additional M. shottsii
strains isolated from Chesapeake Bay striped bass. Tips include the strain designation followed by
underscore and the number of SNPs differentiating that strain. The number of SNPs shared among
members of a node are indicated at branches. Scale bar is substitutions per number of SNPs.
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ecovar Liflandii, M. marinum DL240490, M. marinum BB170200, and M. pseudoshottsii)
to the analysis reduced the core protein set to 2,885, and M. shottsii retained 261
unique proteins (Fig. 5B). M. ulcerans Agy99 was omitted from this analysis in order
to better examine orthology between M. shottsii and the more ecologically similar
and less-derived members of the M. ulcerans clade. Of 261 CDS determined unique
to M. shottsii by protein orthology, 8 belonged to two unique partial prophages
identified with high confidence via PHASTER analysis: phiMS_2 (TM48_04614 to
04629) and phiMS_3 (TM48_03961 to 03972). An additional 8 unique CDS in a region
(TM48_04661 to TM48_04680) immediately downstream of phiMS_2 also had various
degrees of significant BLAST similarity to prophages in other organisms. Additional
regions resembling prophage sequences (TM48_1160-TM48_1162 and TM48_1426-
TM48_1449) contained 16 CDS unique to M. shottsii. Of M. shottsii-specific proteins,
121 were annotated as hypothetical proteins, 82 as transposases, and 37 as proline-
glutamate (PE)/proline-proline-glutamate (PPE) proteins. A list of proteins representa-
tive of each Venn region presented in Fig. 5B is provided in the supplemental material
(Table S1). Aside from prophage elements and insertion sequences, M. shottsii does not
appear to have acquired significant amounts of genetic material from outside sources,
and its phenotypic differences from other M. marinum-group organisms appear to stem
largely from genomic degeneration and pseudogene accumulation.

FIG 4 Functional annotation comparison of intact CDS and predicted pseudogenes from M. shottsii
M175. Clusters of Orthologous Genes (COG) categories are as delineated in the eggNOG database
(46) and selectively discussed in the text, with PE/PPE/PE-PGRS-family proteins and ESX loci manually
reclassified. Frequencies of functional categories in CDS and pseudogene groups were significantly
different (Chi-square analysis, df = 20, P , 0.001). Residuals of the Chi-square analysis are plotted as
colored circles with the area of circles and density of color representing relative size and direction of
residual, as indicated by color scale to right of correlation chart.
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Regions of difference. A total of 185 deletion region of difference (RD) loci relative
to M. marinum M were determined among M. ulcerans, M. shottsii, and M. marinum ATCC
927. Thirty-one RDs (16.8%) were present in all three species, including all 10 annotated
prophages in M. marinum M and all 4 copies of the ISMyma04 insertion sequence. Also
included were 2 metabolic loci (M. ulcerans regions of deletion [MURDs] 2 and 73), 4 PPE/
PGRS loci (MURDs 7, 25, 32, 50), and 2 regions containing nonribosomal peptide synthase
loci (MURDs 2 and 105). Other shared RDs were of unknown function. The majority (83;
44.9%) of RDs were unique to M. ulcerans, and few RDs were conserved between M. ulcer-
ans andM. marinum ATCC 927, including both copies of ISMyma05 and a large intermedi-
ary metabolism locus that was partially deleted inM. marinum ATCC 972. A larger number
of RDs (28; 15.1%) were present in both M. ulcerans and M. shottsii; however, these RDs
included 7 repeat regions and two copies of ISMyma06. Further, few of these RDs demon-
strated high reciprocal coverage, with most being small partial deletions contained within
a larger deleted region in the opposite species. Twenty-six (14.1%) RDs were unique to M.
shottsii (Table S2), and 4 (2.1%) were unique toM. marinum ATCC 927. An additional eight
RDs (4.3%) were shared between M. shottsii and M. marinum ATCC 927 (Table S2).
Regions of deletion unique to M. shottsii (MSRD) comprised 163 CDS, and the majority
(20/26) were flanked by insertion sequences, especially ISMysh03, which was present at
half (10/20) of the RD boundaries, despite representing only 27% of insertion sequence
copies in the genome. A variety of secondary metabolism loci were represented in M.
shottsii-specific RDs, including glycosyltransferases and acyl-coenzyme A (coA) dehydro-
genase. Three of four copies of acetolactate synthase ilvB present in M. marinum M are ei-
ther pseudogenes or deleted in M. shottsii. Acetolactate synthase generates acetolactate
from pyruvate and is the first step in the synthesis of the branched-chain amino acids
(BCAA) (17). While presence of one intact copy of ilvB suggests that M. shottsii is not a
BCAA autotroph, it does illustrate loss of redundancy in metabolic pathways. Similarly,
the gene for DNA ligase B is deleted (MSRD35), as is one copy encoding PpiC peptidyl-
prolyl cis-trans isomerase (MSRD27). Peptidyl-prolyl isomerases (cyclophilins) are protein
chaperones secreted by M. tuberculosis during intracellular infection and may contribute
to virulence by mimicking host cyclophilins (18). Mammalian cell entry (mce) operons are
virulence factors in M. tuberculosis (19) but may have additional transport roles in sapro-
phytic mycobacteria (20). M. marinum M has seven mce operons, while in M. shottsii, two
are deleted as MSRD8 and MSRD99/MURD132 and a third (MSRD82) is deleted for the
associated YrbE transporter permeases (21).

Respiratory potential.Mycobacterium shottsii possesses requisite pathways for aer-
obic respiration, including intact glycolysis and pentose phosphate pathways.
Glyoxylate shunt enzymes isocitrate lyase and malate synthase are intact, and there-
fore M. shottsii, like other members of the MuMC, should be able to utilize 2-carbon
compounds for synthesis of carbohydrates. A complete tricarboxylic acid (TCA) cycle is
present. Beta-oxidation pathways are predicted to be present and functional, and like
M. marinum M, a high level of gene duplication is observed at most levels of the path-
way. Forty FadD (acyl-CoA synthase) paralogs are predicted, as are 25 EchA (enoyl-coA
oxidase) and 12 FadA (3-ketoacyl-CoA thiolase) paralogs. The alternate anaerobic respi-
ratory pathway genes annotated as nitrate reductase and formate dehydrogenase in

FIG 5 Venn diagram of orthologous and unique proteins between M. marinum strains and M. shottsii
(A) and among M. marinum strains, M. shottsii, and M. ulcerans ecovars (M. ulcerans ecovar Liflandii,
M. marinum DL240490, M. marinum BB170200, M. pseudoshottsii) (B). Repeat units are collapsed
during clustering and are, therefore, reported as a single ortholog.

Genome ofMycobacterium shottsii Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.01158-21 7

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01158-21


M. marinum M (22) are intact, whereas they are pseudogenes in M. ulcerans. Unlike M.
marinum M or M. ulcerans, the hyc operon encoding a formate hydrogenlyase system
is disrupted by an hycC pseudogene in M. shottsii, potentially suggesting reduced flexi-
bility in mixed-acid fermentative respiration (23).

Cell wall lipids. All requisite CDS for type I and type II fatty acid synthase pathways
are intact in M. shottsii; therefore, production of general cell wall mycolic acids is pre-
dicted to be as in other Mycobacterium spp. The modular type I polyketide synthase
operon, ppsA-E, is intact in M. shottsii M175 and other sequenced strains. This operon
in mycobacteria is involved in production of phenolphthiocerol, which is further esteri-
fied with mycocerosic acids to form phthiocerol dimycocerosates (PDIM) and phenolic
glycolipids (PGL) (24, 25). These cell wall lipids are important virulence factors in tuber-
culous mycobacteria and are reported to be necessary for virulence in M. marinum
(26). Other polyketide synthase loci are consistent with M. marinum M, including pks12,
the phenolphthiocerol-producing pks15/1 locus, and pks13. The pks10,7,8,9,11 locus,
present in M. marinum M and essential for virulence in M. tuberculosis (27), is poten-
tially disrupted in M. shottsii (TM48_02746 to TM48_02752), as it is in M. ulcerans Agy99.
The gene disruptions to this locus in M. shottsii and M. ulcerans differ in location, and
an IS5-family transposase is present in M. shottsii. Other PKS loci described in M. mari-
num M (i.e., MMAR_RS05840 and MMAR_RS18930 to MMAR_RS18950) are not present in
either M. shottsii or M. ulcerans. The phytoene dehydrogenase crtI, one of five genes
involved in biosynthesis of the carotenoid pigment isorenieratene, responsible for or-
ange pigmentation in chromogenic mycobacteria (28), is a pseudogene (premature
stop) in M. shottsii as it is in M. ulcerans and is likely responsible at least in part for the
nonpigmented phenotype of M. shottsii.

PE/PPE repertoire. Ninety-one and 79 CDS, respectively, are identified as PE and
PPE family proteins in M. shottsii, representing a total of 7.3% of coding capacity. The
number of PE/PPE proteins in M. shottsii is intermediate to that in M. marinum M (175
PE/106 PPE, 9.1% coding capacity) and M. ulcerans Agy99 (70 PE/46 PPE, 3.8%). PE/PPE
proteins are hypothesized to have proliferated among M. tuberculosis and related spe-
cies, including the MuMC (29). An additional 28 PE/PPE sequences are identified as
pseudogenes in M. shottsii, which still falls well short of the total in M. marinum M.
Given the relatively basal phylogenetic position of M. shottsii among the MuMC, it
appears that PE/PPE proliferation may still be under way in M. marinum, while contract-
ing significantly in specializing clades such as M. ulcerans and its ecovars.

ESX loci. ESX loci encode type VII secretory systems necessary for secretion of the
M. tuberculosis early secretory antigenic target (ESAT-6/EsxA) family proteins and other
proteins from mycobacteria. Pathogenic mycobacteria encode as many as five type VII
secretion systems, ESX-1 to ESX-5; ESX-1, ESX-3, and ESX-5 are essential for bacterial vi-
ability or virulence (30–32). ESX-1 is required for escape of M. tuberculosis and M. mari-
num from phagosomes in macrophages (33). Deletion of the ESX-1 locus (RD1) in M.
bovis bacillus Calmette-Guérin (BCG) is the primary attenuator of the strain (34). The
genome of M. marinum M contains 29 esx genes in at least 5 loci (ESX 1 to 5) (22). ESX-
1 is partially duplicated in M. marinum (ESX-6), resulting in nearly identical copies of
esxA and esxB secretion system genes. M. shottsii has one copy of esxA and esxB loci
(TM48_00416 to TM48_00417). Relative to M. marinum M, the ESX-1 locus of M. shottsii
(TM48_00412 to TM48_00427) is disrupted downstream of eccD1 (MMAR_RS27385) by
several insertions of ISMysh01 and ISMysh02 and appears to have undergone genomic
reorganization with the remainder of the locus (espK-mycP1) found at TM48_05472 to
TM48_05476. At least one hypothetical protein (MMAR_RS27390) has been disrupted by
frameshift in this region. This reorganization is not present in M. marinum ATCC 927 or
M. ulcerans, and its effect on ESX-1 function in M. shottsii remains to be resolved.

M. shottsii ESX-2 has a complete eccA2 locus, unlike M. marinum M; however, esxC
and esxD loci are absent as they are in M. marinum M, M. ulcerans, and M. ulcerans eco-
var Liflandii. Examination of other available M. marinum genomes, however, reveals
that complete ESX-2 operons such as those found in M. tuberculosis are present in sev-
eral strains (MSS2, MSS4, Davis1, KST214, HL1506, MB2), and a partial operon flanked
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by ISMysh01 repeats is present in M. shottsii (Fig. 6). The presence of the ESX-2 locus in
M. shottsii and additional sequenced M. marinum strains somewhat clarifies the phylo-
genetic relationships within the MuMC, which can have variable topology depending
on which genomic-level data are used to generate trees (14). A complete ESX-2 locus is
present in complete genomes of all strains with intermediate placement to Aronson
and M lineages (i.e., MSS4, KST214, Davis1, MSS2, HL1506). This character is not mono-
phyletic, however, and is also present in strain MB2, which is interior to the M lineage.
Possible explanations for this pattern include horizontal transfer, independent deletion
events, or incomplete lineage sorting; however, all other MuMC members have an
identical deletion of 11 CDS in this region with a partial deletion of the eccA2 locus
(Fig. 6), strongly suggesting incomplete lineage sorting as an explanation. The pres-
ence of ESX-2 appears to be an ancestral character for the MuMC, and those strains
possessing it, with exceptions, appear to form a basal transitional group intermediate
to the M and Aronson lineages. The role of ESX-2 in survival and virulence of mycobac-
teria is less well understood than that of other ESX systems (35), but its absence in
most members of the MuMC indicates that any attenuation of virulence is compen-
sated by the other ESX loci.

The M. shottsii ESX-3 locus appears intact, as does that of ESX-5. ESX-3 functions in
mycobactin-mediated iron acquisition in slow- (typified by M. tuberculosis) and fast-
growing (such as Mycobacterium smegmatis) mycobacteria (36, 37). ESX-5 is present
only in slow-growing mycobacteria and functions in secretion of a large number of PE
and PPE multigene family proteins and outer membrane permeability (31, 38). Despite
the fact that ESX-4 is considered to be the most ancestral ESX-system based on its
presence in other actinobacteria (29), the eccB gene in ESX-4 is a pseudogene in M.
shottsii (TM48_02015), disrupted by ISMysh01.

Conclusions. The Mycobacterium marinum-related pathogens Mycobacterium shott-
sii and Mycobacterium pseudoshottsii were described around the same time (early
2000s) from the same fish species (striped bass, Morone saxatilis) and are closely similar
at major gene loci used for multilocus sequence typing (MLST), as expected for mem-
bers of the MuMC. Further genomic-level work was performed on M. pseudoshottsii,
demonstrating it to be part of the M. ulcerans clade, and it underwent genomic modifi-
cations similar to those of M. ulcerans, including acquisition of the pMUM megaplasmid
and highly multicopy insertion sequence IS2404 (7). The present work, while confirm-
ing the membership of M. shottsii in the MuMC, demonstrates that this bacterium does
not possess the genomic hallmarks of the M. ulcerans clade. Previous work has sug-
gested that M. shottsii, like M. ulcerans, is undergoing niche restriction compared to
more generalist environmental M. marinum strains (10), and the complete genome

FIG 6 Synteny of ESX-2 locus (orange) of M. tuberculosis H37Rv (Rv3884c to Rv3895c) relative to M.
shottsii M175 and several M. marinum strains where ESX-2 is present. M. marinum strains ATCC 927
and M with missing ESX-2 locus are shown for comparison. Flanking CDS of M. marinum ATCC 927
(MMRN_RS28480 to MMRN_RS28490) and M (MMAR_RS27415 to MMAR_RS27425) are shown in red.
Partial deletion of eccA2 ortholog (22) is shown in brown (MMRN_RS28481 and MMAR_RS27420,
respectively). Direction of arrows represents strand of gene; genes are drawn to scale. M. shottsii
M175 partial ESX-2 locus is flanked by ISMysh01 elements (green).
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demonstrates modifications that parallel, but are distinct from, those of M. ulcerans,
such as accumulation of insertion sequences, deleted regions, and pseudogenes.

MATERIALS ANDMETHODS
Bacterial culture.Mycobacterium shottsii strain M175 was cultured in Middlebrook 7H9 broth (Difco)

supplemented with 10% albumin-dextrose-sodium chloride (ADS) (39), 0.5% glycerol, and 0.25% Tween
80 at 25°C, 5% CO2, with gentle shaking (60 rpm). Mycobacterium marinum ATCC 927 was obtained from
the American Type Culture Collection and grown in Middlebrook 7H9 broth supplemented with oleic
acid/albumin/dextrose/catalase (OADC) and 0.05% Tween 80 at 25°C with gentle shaking.

Genome optical mapping. M. shottsii cells were grown in 7H9 ADS plus 0.5% glycerol plus 0.25%
Tween 80 at 25°C to an optical density at 600 nm (OD600) of 0.8 to 1.0, treated with cycloserine (1 mg/
mL) and carbenicillin (0.1 mg/mL), and then incubated 3 additional days. Cells were harvested by centrif-
ugation (2,800 � g, 5 min) at room temperature, washed with spheroplasting buffer (8.4 mM citric acid,
29 mM sodium hydrogen phosphate, 50 mM EDTA, and 0.1% wt/vol Tween 80), and suspended in 1 mL
of the same buffer. Bacteria were counted using a Petroff-Hausser chamber, and suspensions of 2 � 109 and
4 � 109 cells/mL were prepared by dilution with spheroplasting buffer. Aliquots of 0.5 mL were then mixed
with an equal volume of molten (55°C) 1.5% SeaPlaque GTG agarose (Lonza, Inc.), dissolved in 50 mM EDTA,
and then pipetted into 50-well disposable plug molds (Bio-Rad, Inc.) and incubated 90 min at 4°C.

Plugs of agarose-embedded bacterial cells were incubated in lysis buffer 1 (lysozyme [1 mg/mL] and
DNase-free RNase A [0.02 mg/mL] dissolved in 6 mM Tris-HCl [pH 7.6], 1 M NaCl, 100 mM EDTA [pH 8.0],
0.5% Brij 35, 0.2% deoxycholic acid, and 0.5% N-lauroyl sarcosine) at 37°C for 24 h and then incubated in
lysis buffer 2 (proteinase K [1 mg/mL] dissolved in 0.5 M EDTA [pH 9.0 to 9.5] and 1% N-lauroyl sarcosine)
at 50°C for 48 h. The plugs were washed five times with TE buffer by gentle inversion to remove detergent
residue and shipped in Tris-EDTA (TE) buffer to Opgen (Gaithersburg, MD). Genome mapping of restriction
endonuclease NheI sites was performed at Opgen using previously described methodology (40).

Illumina and PacBio sequencing. M. shottsii M175 was cultured as described above in 50 mL of me-
dium and harvested by centrifugation (2,800 � g, 15 min). Cells were washed with TE buffer and extracted
with chloroform methanol (2:1), and phases were separated by centrifugation (2,800 � g, 15 min). The cells
were recovered and suspended in 1 mL disruption buffer (4 M guanidine thiocyanate, 0.025 M sodium ci-
trate, 0.5% Sarkosyl, and 100 mM 2-mercaptoethanol) with medium vortexing for 1 min, and cell debris was
sedimented by centrifugation (4,000� g, 15 min). Supernatant was wadded to a 2 mL heavy phase-lock gel
tube (5 Prime, Inc.) and extracted with an equal volume of phenol-chloroform/isoamyl alcohol (25:24:1) by
inversion. Phases were separated by centrifugation (16,000 � g, 5 min). The aqueous phase was extracted a
second time with phenol-chloroform/isoamyl alcohol (25:24:1), and particulates were removed by centrifu-
gation (4,000 � g, 5 min). The DNA was precipitated with 0.3 M sodium acetate (pH 5.2) and an equal vol-
ume isopropanol, pelleted by centrifugation (16,000 � g, 15 min, 4°C), washed with cold 70% ethanol, dried
by evaporation, dissolved in nuclease-free water over several days, and treated with DNase-free RNase
A. Mycobacterium shottsii M175 DNA was sequenced using MiSeq PE250 platform at the University of
Georgia Genomics Center. Other M. shottsii strains and M. marinum ATCC 927 were extracted using
the DNeasy extraction kit (Qiagen, Valencia, CA) preceded by beadmilling with 0.1-mm Si-Zi beads for
40 s at 5,000 rpm. DNA quantity and quality were determined using NanoDrop. M. shottsii strains were
sequenced with Illumina PE250 chemistry at the UT Austin Genomic Sequencing and Analysis Facility
to a depth of at least 50�. Sequencing using the PacBio Sequel system was performed at the Centers
for Disease Control and Prevention (M. shottsii M175) and Washington State University (M. marinum
ATCC 927). PacBio sequencing of M. shottsii M175 using 3 single-molecule real-time (SMRT) cells
(10 kb prep) resulted in 499,283 reads, total read length of 1,058,725,898 bases, mean read length of
2,120 bases, and 153� genome coverage. After assembly with HGAP3, 14 contigs resulted, and 13
were spurious (,20� coverage). After sequences were trimmed and requivered, a genome of
5,956,408 bp was obtained. The genome was polished with Pilon (v1.23) under defaults using Illumina
reads, and a final genome size of 5,956,421 bp was obtained. PacBio sequencing of M. marinum ATCC
927 resulted in 137,098 reads, total read length of 1,210,762,761 bp, and ;144� coverage of two con-
tigs of the chromosome (6,496,954 bp) and a plasmid (141,717 bp). This assembly of M. marinum ATCC
927 was used for analyses described in this work that occurred before the completed ATCC 927 ge-
nome was made available by a separate group (NZ_AP018496) (41). Comparison of these assemblies
indicated that they were syntenic and consistent in size, although the plasmid sequenced in the pres-
ent work was longer than that reported in reference 41 (127,402 bp).

Celera whole-genome sequencing (WGS) (42) was used to assemble Illumina data from non-M175 M.
shottsii strains. Mapsolver software was used to compare the PacBio M. shottsii genome to the optical
map (Fig. S1). M. shottsii M175 and M. marinum ATCC 927 genomes were annotated using Prokka (43)
with manual curation. Insertion sequences and repeat elements were detected with ISQuest (44).
Pseudogenes were manually curated using guidance from Prokka annotations and comparison with
published M. marinum and M. ulcerans ecovar genomes as well as neighboring BLASTP searches (https://
www.ncbi.nlm.nih.gov/genomes/frameshifts/frameshifts.cgi). For purposes of comparative analyses,
genomes were reannotated with Prokka from original .fasta files.

Bioinformatic analysis. Core and total genomic single-nucleotide polymorphism (SNP) alignments were
generated using kSNP v.3.021 (45). Phylogenetic trees under maximum likelihood were generated with
kSNP. Functional ortholog analysis was performed using eggnog 4.5 (46). For pseudogene functional catego-
rization, the predicted function of the orthologous coding sequences (CDS) from either M. marinum M or M.
marinum ATCC 927 is reported. Ortholog analysis was performed with ProteinOrtho (v. 6.0.30) using default
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settings, -singles option to identify unique proteins and the -blastself option to collapse multicopy CDS (47).
Publicly available draft and complete genomes of MuMC members were included in the analysis as for the
phylogenetic tree (Fig. 1), with the exception of M. ulcerans Agy99. Venn diagrams were produced in Rstudio
(R version 4.1.1) with the VennDiagram package. Prophages were identified using PHASTER (PHAge Search
Tool—Enhanced Release) (48). The list of putative prophage sequences was curated manually. To be consid-
ered a likely prophage, a region was required to fulfill at least two of the following three criteria: (i) identified
as a prophage by PHASTER, (ii) at least one match to a known phage gene of one of the classes integrase,
tapemeasure, capsid, tail, lysin, portal protein, excisionase, or terminase (e value less than 1e24), and (iii)
shares an insertion site with a known M. marinum prophage. Deletion regions of difference (RDs) were
detected in M. shottsii or M. marinum ATCC 927 relative to reference genome M. marinum M (Table S2). A
custom Perl script (https://github.com/DGauthierLab/misc_scripts) was used to detect RDs of $750 bp in
length with,5� coverage. RDs from M. shottsii and M. marinum were compared for sequence conservation
with M. ulcerans regions of difference (MURDs) and to the M. marinumM genome. Regions with,50% over-
lap were considered unique to a particular organism. In some cases, multiple RDs from an organism were
contained within a larger RD from another; in these cases, the larger locus was characterized, and the smaller
RD was subsumed within.

Data availability. The complete M. shottsii M175 genome sequence is available from NCBI GenBank,
accession number CP014860. The complete M. marinum ATCC 927 genome was recently made available
(41) (GenBank NZ_AP018496) and is syntenic and consistent with the ATCC 927 sequence produced in
this work. Sequence reads for M. shottsii strains other than M175 are available from the NCBI Sequence
Read Archive (PRJNA816683).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.2 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.2 MB.

ACKNOWLEDGMENTS
This work was supported by internal startup funds (ODU Office of Research), and a

Jeffress Trust Awards Program in Interdisciplinary Research award to D. Gauthier, NIH
grant R41AI100457 to F. Quinn, and Georgia Research Alliance Ventures funding to F.
Quinn. The funders had no role in study design, data collection and interpretation, or
the decision to submit the work for publication. We thank James Posey and colleagues
for efforts to obtain the complete genomic sequence of M. shottsii strain M175. We
thank Abhishek Biswas, Desh Ranjan, and Mohammad Zubair for discussions and
bioinformatic assistance. We dedicate this work to Emmett Shotts, for whom M. shottsii
was named and who passed away in 2021.

REFERENCES
1. Vogelbein WK, Zwerner DE, Kator H, Rhodes MW, Cardinal J. 1999. Myco-

bacteriosis of striped bass from Chesapeake Bay. Virginia Institute of Ma-
rine Science, Gloucester Point, VA.

2. Rhodes MW, Kator H, Kotob S, van Berkum P, Kaattari I, Vogelbein WK,
Quinn F, Floyd MM, Butler WR, Ottinger CA. 2003. Mycobacterium shott-
sii sp. nov., a slowly growing species isolated from Chesapeake Bay
striped bass. Int J Syst Evol Microbiol 53:421–424. https://doi.org/10
.1099/ijs.0.02299-0.

3. Rhodes MW, Kator H, McNabb A, Deshayes C, Reyrat J-M, Brown-Elliott
BA, Wallace R, Trott KA, Parker JM, Lifland BD, Osterhout G, Kaattari I,
Reece K, Vogelbein WK, Ottinger CA. 2005. Mycobacterium pseudoshottsii
sp. nov., a slowly growing chromogenic species isolated from Chesapeake
Bay striped bass (Morone saxatilis). Int J Syst Evol Microbiol 55:1139–1147.
https://doi.org/10.1099/ijs.0.63343-0.

4. Rhodes MW, Kator H, Kaattari I, Gauthier D, Vogelbein WK, Ottinger CA.
2004. Isolation and characterization of mycobacteria from striped bass
Morone saxatilis from the Chesapeake Bay. Dis Aquat Organ 61:41–51.
https://doi.org/10.3354/dao061041.

5. Tortoli E. 2003. Impact of genotypic studies on mycobacterial taxonomy:
the new mycobacteria of the 1990s. Clin Microbiol Rev 16:319–354.
https://doi.org/10.1128/CMR.16.2.319-354.2003.

6. Gauthier DT, Helenthal AM, Rhodes MW, Vogelbein WK, Kator HI. 2011.
Characterization of photochromogenic Mycobacterium spp. from Chesa-
peake Bay striped bass (Morone saxatilis). Dis Aquat Organ 95:113–124.
https://doi.org/10.3354/dao02350.

7. Doig KD, Holt KE, Fyfe JAM, Lavender CJ, Eddyani M, Portaels F, Yeboah-
Manu D, Pluschke G, Seemann T, Stinear T. 2012. On the origin ofMycobac-
terium ulcerans, the causative agent of Buruli ulcer. BMC Genomics 13:258.
https://doi.org/10.1186/1471-2164-13-258.

8. Gauthier DT, Rhodes MW, Vogelbein WK, Kator H, Ottinger CA. 2003. Ex-
perimental mycobacteriosis in striped bass (Morone saxatilis). Dis Aquat
Organ 54:105–117. https://doi.org/10.3354/dao054105.

9. Stine CB, Jacobs JM, Rhodes MR, Overton A, Fast M, Baya AM. 2009.
Expanded range and new host species of Mycobacterium shottsii and M.
pseudoshottsii. J Aquat Anim Health 21:179–183. https://doi.org/10
.1577/H09-005.1.

10. Gauthier DT, Reece KS, Xiao J, Rhodes MW, Kator HI, Latour RJ, Bonzek CF,
Hoenig JM, Vogelbein WK. 2010. Quantitative PCR assay for Mycobacte-
rium pseudoshottsii and Mycobacterium shottsii and application to envi-
ronmental samples and fishes from the Chespeake Bay. Appl Environ
Microbiol 76:6171–6179. https://doi.org/10.1128/AEM.01091-10.

11. Gupta T, LaGatta M, Helms S, Pavlicek RL, Owino SO, Sakamoto K, Nagy T,
Harvey SB, Papania M, Ledden S, Schultz KT, McCombs C, Quinn FD, Karls
RK. 2018. Evaluation of a temperature-restricted, mucosal tuberculosis
vaccine in guinea pigs. Tuberculosis (Edinb) 113:179–188. https://doi.org/
10.1016/j.tube.2018.10.006.

12. Matsumoto Y, Kinjo T, Motooka D, Nabeya D, Jung N, Uechi K, Horii T, Iida T,
Fujita J, Nakamura S. 2019. Comprehensive subspecies identification of 175
nontuberculous mycobacteria species based on 7547 genomic profiles.
Emerg Microbes Infect 8:1043–1053. https://doi.org/10.1080/22221751.2019
.1637702.

Genome ofMycobacterium shottsii Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.01158-21 11

https://github.com/DGauthierLab/misc_scripts
https://www.ncbi.nlm.nih.gov/nuccore/CP014860
https://www.ncbi.nlm.nih.gov/nuccore/NZ_AP018496
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA816683
https://doi.org/10.1099/ijs.0.02299-0
https://doi.org/10.1099/ijs.0.02299-0
https://doi.org/10.1099/ijs.0.63343-0
https://doi.org/10.3354/dao061041
https://doi.org/10.1128/CMR.16.2.319-354.2003
https://doi.org/10.3354/dao02350
https://doi.org/10.1186/1471-2164-13-258
https://doi.org/10.3354/dao054105
https://doi.org/10.1577/H09-005.1
https://doi.org/10.1577/H09-005.1
https://doi.org/10.1128/AEM.01091-10
https://doi.org/10.1016/j.tube.2018.10.006
https://doi.org/10.1016/j.tube.2018.10.006
https://doi.org/10.1080/22221751.2019.1637702
https://doi.org/10.1080/22221751.2019.1637702
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01158-21


13. Mahillon J, Chandler M. 1998. Insertion sequences. Microbiol Mol Biol Rev
62:725–774. https://doi.org/10.1128/MMBR.62.3.725-774.1998.

14. Das S, Pettersson BMF, Behra PRK, Mallick A, Cheramie M, Ramesh M,
Shirreff L, DuCote T, Dasgupta S, Ennis DG, Kirsebom LA. 2018. Extensive
genomic diversity among Mycobacterium marinum strains revealed by
whole genome sequencing. Sci Rep 8:12040. https://doi.org/10.1038/
s41598-018-30152-y.

15. Tobias NJ, Doig KD, Medema MH, Chen H, Haring V, Moore R, Seemann T,
Stinear TP. 2013. Complete genome sequence of the frog pathogen
Mycobacterium ulcerans ecovar Liflandii. J Bacteriol 195:556–562. https://
doi.org/10.1128/JB.02132-12.

16. Stinear TP, Seemann T, Pidot S, Frigui W, Reysset G, Garnier T, Meurice G,
Simon D, Bouchier C, Ma L, Tichit M, Porter JL, Ryan J, Johnson PDR, Davies
JK, Jenkin GA, Small PLC, Jones LM, Tekaia F, Laval F, Daffé M, Parkhill J, Cole
ST. 2007. Reductive evolution and niche adaptation inferred from the ge-
nome of Mycobacterium ulcerans, the causative agent of Buruli ulcer. Ge-
nome Res 17:192–200. https://doi.org/10.1101/gr.5942807.

17. Gokhale K, Tilak B. 2015. Mechanisms of bacterial acetohydroxyacid syn-
thase (AHAS) and specific inhibitors of Mycobacterium tuberculosis AHAS
as potential drug candidates against tuberculosis. Curr Drug Targets 16:
689–699. https://doi.org/10.2174/1389450116666150416115547.

18. Bhaduri A, Misra R, Maji A, Bhetaria PJ, Mishra S, Arora G, Singh LK,
Dhasmana N, Dubey N, Virdi JS, Singh Y. 2014.Mycobacterium tuberculosis
cyclophilin A uses novel signal sequence for secretion and mimics eukary-
otic cyclophilins for interaction with host protein repertoire. PLoS One 9:
e88090. https://doi.org/10.1371/journal.pone.0088090.

19. Gioffré A, Infante E, Aguilar D, Santangelo MDlP, Klepp L, Amadio A,
Meikle V, Etchechoury I, Romano MI, Cataldi A, Hernández RP, Bigi F.
2005. Mutation in mce operons attenuates Mycobacterium tuberculosis
virulence. Microbes Infect 7:325–334. https://doi.org/10.1016/j.micinf
.2004.11.007.

20. Kumar A, Chandolia A, Chaudhry U, Brahmachari V, Bose M. 2005. Com-
parison of mammalian cell entry operons of mycobacteria: in silico analy-
sis and expression profiling. FEMS Immunol Med Microbiol 43:185–195.
https://doi.org/10.1016/j.femsim.2004.08.013.

21. Casali N, Riley L. 2007. A phylogenomic analysis of the Actinomycetales mce
operons. BMC Genomics 8:60. https://doi.org/10.1186/1471-2164-8-60.

22. Stinear TP, Seemann T, Harrison PF, Jenkin GA, Davies JK, Johnson PDR,
Abdellah Z, Arrowsmith C, Chillingworth T, Churcher C, Clarke K, Cronin A,
Davis P, Goodhead I, Holroyd N, Jagels K, Lord A, Moule S, Mungall K,
Norbertczak H, Quail MA, Rabbinowitsch E, Walker D, White B, Whitehead
S, Small PLC, Brosch R, Ramakrishnan L, Fischbach MA, Parkhill J, Cole ST.
2008. Insights from the complete genome sequence of Mycobacterium
marinum on the evolution ofMycobacterium tuberculosis. Genome Res 18:
729–741. https://doi.org/10.1101/gr.075069.107.

23. McDowall JS, Murphy BJ, Haumann M, Palmer T, Armstrong FA, Sargent F.
2014. Bacterial formate hydrogenlyase complex. Proc Natl Acad Sci U S A
111:E3948–E3956. https://doi.org/10.1073/pnas.1407927111.

24. Onwueme KC, Vos CJ, Zurita J, Ferreras JA, Quadri LEN. 2005. The dimyco-
cerosate ester polyketide virulence factors of mycobacteria. Prog Lipid
Res 44:259–302. https://doi.org/10.1016/j.plipres.2005.07.001.

25. Daffe M, Draper P. 1997. The envelope layers of mycobacteria with refer-
ence to their pathogenicity. Adv Microb Physiol 39:131–203. https://doi
.org/10.1016/S0065-2911(08)60016-8.

26. Yu J, Tran V, Li M, Huang X, Niu C, Wang D, Zhu J, Wang J, Gao Q, Liu J,
Flynn JL. 2012. Both phthiocerol dimycocerosates and phenolic glyco-
lipids are required for virulence ofMycobacterium marinum. Infect Immun
80:1381–1389. https://doi.org/10.1128/IAI.06370-11.

27. Sirakova TD, Dubey VS, Cynamon MH, Kolattukudy PE. 2003. Attenuation
of Mycobacterium tuberculosis by disruption of a mas-like gene or a chal-
cone synthase-like gene, which causes deficiency in dimycocerosyl
phthiocerol synthesis. J Bacteriol 185:2999–3008. https://doi.org/10.1128/
JB.185.10.2999-3008.2003.

28. Provvedi R, Kocíncová D, Donà V, Euphrasie D, Daffé M, Etienne G,
Manganelli R, Reyrat J-M. 2008. SigF controls carotenoid pigment produc-
tion and affects transformation efficiency and hydrogen peroxide sensi-
tivity in Mycobacterium smegmatis. J Bacteriol 190:7859–7863. https://doi
.org/10.1128/JB.00714-08.

29. Gey van-Pittius N, Sampson S, Lee H, Kim Y, van Helden P, Warren R. 2006.
Evolution and expansion of the Mycobacterium tuberculosis PE and PPE
multigene families and their association with the duplication of the ESAT-
6 (esx) gene cluster regions. BMC Evol Biol 6:95. https://doi.org/10.1186/
1471-2148-6-95.

30. Stanley SA, Raghavan S, Hwang WW, Cox JS. 2003. Acute infection and
macrophage subversion by Mycobacterium tuberculosis require a special-
ized secretion system. Proc Natl Acad Sci U S A 100:13001–13006. https://
doi.org/10.1073/pnas.2235593100.

31. Abdallah AM, Gey van Pittius NC, Champion PA, Cox J, Luirink J,
Vandenbroucke-Grauls CM, Appelmelk BJ, Bitter W. 2007. Type VII secre-
tion–mycobacteria show the way. Nat Rev Microbiol 5:883–891. https://
doi.org/10.1038/nrmicro1773.

32. Stoop EJ, Bitter W, van der Sar AM. 2012. Tubercle bacilli rely on a type VII
army for pathogenicity. Trends Microbiol 20:477–484. https://doi.org/10
.1016/j.tim.2012.07.001.

33. Gao L-Y, Guo S, McLaughlin B, Morisaki H, Engel JN, Brown EJ. 2004. A
mycobacterial virulence gene cluster extending RD1 is required for cytol-
ysis, bacterial spreading and ESAT-6 secretion. Mol Microbiol 53:
1677–1693. https://doi.org/10.1111/j.1365-2958.2004.04261.x.

34. Hsu T, Hingley-Wilson SM, Chen B, Chen M, Dai AZ, Morin PM, Marks CB,
Padiyar J, Goulding C, Gingery M, Eisenberg D, Russell RG, Derrick SC, Collins
FM, Morris SL, King CH, Jacobs WR, Jr. 2003. The primary mechanism of
attenuation of bacillus Calmette-Guerin is a loss of secreted lytic function
required for invasion of lung interstitial tissue. Proc Natl Acad Sci U S A 100:
12420–12425. https://doi.org/10.1073/pnas.1635213100.

35. Bosserman RE, Champion PA. 2017. Esx systems and the mycobacterial
cell envelope: what's the connection? J Bacteriol 199:e00131-17. https://
doi.org/10.1128/JB.00131-17.

36. Siegrist MS, Steigedal M, Ahmad R, Mehra A, Dragset MS, Schuster BM,
Philips JA, Carr SA, Rubin EJ. 2014. Mycobacterial Esx-3 requires multiple
components for iron acquisition. mBio 5:e01073-14. https://doi.org/10
.1128/mBio.01073-14.

37. Tufariello JM, Chapman JR, Kerantzas CA, Wong KW, Vilcheze C, Jones CM,
Cole LE, Tinaztepe E, Thompson V, Fenyo D, Niederweis M, Ueberheide B,
Philips JA, Jacobs WR, Jr. 2016. Separable roles forMycobacterium tuberculo-
sis ESX-3 effectors in iron acquisition and virulence. Proc Natl Acad Sci U S A
113:E348–E357. https://doi.org/10.1073/pnas.1523321113.

38. Ates LS, Ummels R, Commandeur S, van de Weerd R, van der Weerd R,
Sparrius M, Weerdenburg E, Alber M, Kalscheuer R, Piersma SR, Abdallah
AM, Abd El Ghany M, Abdel-Haleem AM, Pain A, Jiménez CR, Bitter W,
Houben ENG. 2015. Essential role of the ESX-5 secretion system in outer
membrane permeability of pathogenic mycobacteria. PLoS Genet 11:
e1005190. https://doi.org/10.1371/journal.pgen.1005190.

39. Braunstein M, Bardarov SS, Jacobs WR, Jr. 2002. Genetic methods for deci-
phering virulence determinants of Mycobacterium tuberculosis. Methods
Enzymol 358:67–99. https://doi.org/10.1016/s0076-6879(02)58081-2.

40. Latreille P, Norton S, Goldman BS, Henkhaus J, Miller N, Barbazuk B,
Bode HB, Darby C, Du Z, Forst S, Gaudriault S, Goodner B, Goodrich-Blair
H, Slater S. 2007. Optical mapping as a routine tool for bacterial genome
sequence finishing. BMC Genomics 8:321. https://doi.org/10.1186/1471
-2164-8-321.

41. Yoshida M, Fukano H, Miyamoto Y, Shibayama K, Suzuki M, Hoshino Y.
2018. Complete genome sequence of Mycobacterium marinum ATCC
927(T), obtained using Nanopore and Illumina sequencing technolo-
gies. Genome Announc 6:e00397-18. https://doi.org/10.1128/genomeA
.00397-18.

42. Myers EW, Sutton GG, Delcher AL, Dew IM, Fasulo DP, Flanigan MJ,
Kravitz SA, Mobarry CM, Reinert KH, Remington KA, Anson EL, Bolanos
RA, Chou HH, Jordan CM, Halpern AL, Lonardi S, Beasley EM, Brandon
RC, Chen L, Dunn PJ, Lai Z, Liang Y, Nusskern DR, Zhan M, Zhang Q,
Zheng X, Rubin GM, Adams MD, Venter JC. 2000. A whole-genome as-
sembly of Drosophila. Science 287:2196–2204. https://doi.org/10.1126/
science.287.5461.2196.

43. Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. Bioinfor-
matics 30:2068–2069. https://doi.org/10.1093/bioinformatics/btu153.

44. Biswas A, Gauthier DT, Ranjan D, Zubair M. 2015. ISQuest: finding inser-
tion sequences in prokaryotic sequence fragment data. Bioinformatics
31:3406–3412. https://doi.org/10.1093/bioinformatics/btv388.

45. Gardner SN, Slezak T, Hall BG. 2015. kSNP3.0: SNP detection and phy-
logenetic analysis of genomes without genome alignment or refer-
ence genome. Bioinformatics 31:2877–2878. https://doi.org/10.1093/
bioinformatics/btv271.

46. Huerta-Cepas J, Szklarczyk D, Forslund K, Cook H, Heller D, Walter MC,
Rattei T, Mende DR, Sunagawa S, Kuhn M, Jensen LJ, von Mering C,
Bork P. 2016. eggNOG 4.5: a hierarchical orthology framework with
improved functional annotations for eukaryotic, prokaryotic and viral
sequences. Nucleic Acids Res 44:D286–D293. https://doi.org/10.1093/
nar/gkv1248.

Genome ofMycobacterium shottsii Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.01158-21 12

https://doi.org/10.1128/MMBR.62.3.725-774.1998
https://doi.org/10.1038/s41598-018-30152-y
https://doi.org/10.1038/s41598-018-30152-y
https://doi.org/10.1128/JB.02132-12
https://doi.org/10.1128/JB.02132-12
https://doi.org/10.1101/gr.5942807
https://doi.org/10.2174/1389450116666150416115547
https://doi.org/10.1371/journal.pone.0088090
https://doi.org/10.1016/j.micinf.2004.11.007
https://doi.org/10.1016/j.micinf.2004.11.007
https://doi.org/10.1016/j.femsim.2004.08.013
https://doi.org/10.1186/1471-2164-8-60
https://doi.org/10.1101/gr.075069.107
https://doi.org/10.1073/pnas.1407927111
https://doi.org/10.1016/j.plipres.2005.07.001
https://doi.org/10.1016/S0065-2911(08)60016-8
https://doi.org/10.1016/S0065-2911(08)60016-8
https://doi.org/10.1128/IAI.06370-11
https://doi.org/10.1128/JB.185.10.2999-3008.2003
https://doi.org/10.1128/JB.185.10.2999-3008.2003
https://doi.org/10.1128/JB.00714-08
https://doi.org/10.1128/JB.00714-08
https://doi.org/10.1186/1471-2148-6-95
https://doi.org/10.1186/1471-2148-6-95
https://doi.org/10.1073/pnas.2235593100
https://doi.org/10.1073/pnas.2235593100
https://doi.org/10.1038/nrmicro1773
https://doi.org/10.1038/nrmicro1773
https://doi.org/10.1016/j.tim.2012.07.001
https://doi.org/10.1016/j.tim.2012.07.001
https://doi.org/10.1111/j.1365-2958.2004.04261.x
https://doi.org/10.1073/pnas.1635213100
https://doi.org/10.1128/JB.00131-17
https://doi.org/10.1128/JB.00131-17
https://doi.org/10.1128/mBio.01073-14
https://doi.org/10.1128/mBio.01073-14
https://doi.org/10.1073/pnas.1523321113
https://doi.org/10.1371/journal.pgen.1005190
https://doi.org/10.1016/s0076-6879(02)58081-2
https://doi.org/10.1186/1471-2164-8-321
https://doi.org/10.1186/1471-2164-8-321
https://doi.org/10.1128/genomeA.00397-18
https://doi.org/10.1128/genomeA.00397-18
https://doi.org/10.1126/science.287.5461.2196
https://doi.org/10.1126/science.287.5461.2196
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btv388
https://doi.org/10.1093/bioinformatics/btv271
https://doi.org/10.1093/bioinformatics/btv271
https://doi.org/10.1093/nar/gkv1248
https://doi.org/10.1093/nar/gkv1248
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01158-21


47. Lechner M, Findeiß S, Steiner L, Marz M, Stadler PF, Prohaska SJ. 2011. Pro-
teinortho: detection of (co-) orthologs in large-scale analysis. BMC Bioin-
formatics 12:124. https://doi.org/10.1186/1471-2105-12-124.

48. Arndt D, Grant JR, Marcu A, Sajed T, Pon A, Liang Y, Wishart DS. 2016.
PHASTER: a better, faster version of the PHAST phage search tool. Nucleic
Acids Res 44:W16–W21. https://doi.org/10.1093/nar/gkw387.

49. Grant JR, Arantes AS, Stothard P. 2012. Comparing thousands of circular
genomes using the CGView comparison tool. BMC Genomics 13:202.
https://doi.org/10.1186/1471-2164-13-202.

50. Kurokawa S, Kabayama J, Hwang S, Nho S, Hikima J-i, Jung T, Kondo
H, Hirono I, Takeyama H, Mori T, Aoki T. 2014. Whole genome analy-
ses of marine fish pathogenic isolate, Mycobacterium sp. 012931.
Mar Biotechnol (NY) 16:572–579. https://doi.org/10.1007/s10126-014
-9576-x.

51. Kurokawa S, Kabayama J, Hwang S, Nho S-W, Hikima J-i, Jung T-S, Sakai
M, Kondo H, Hirono I, Aoki T. 2013. Comparative genome analysis of fish
and human isolates of Mycobacterium marinum. Mar Biotechnol (NY) 15:
596–605. https://doi.org/10.1007/s10126-013-9511-6.

Genome ofMycobacterium shottsii Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.01158-21 13

https://doi.org/10.1186/1471-2105-12-124
https://doi.org/10.1093/nar/gkw387
https://doi.org/10.1186/1471-2164-13-202
https://doi.org/10.1007/s10126-014-9576-x
https://doi.org/10.1007/s10126-014-9576-x
https://doi.org/10.1007/s10126-013-9511-6
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01158-21

	RESULTS AND DISCUSSION
	General characteristics.
	Insertion sequences.
	Phylogenetic relationship.
	Pseudogenes.
	Ortholog analysis and regions unique to M. shottsii.
	Regions of difference.
	Respiratory potential.
	Cell wall lipids.
	PE/PPE repertoire.
	ESX loci.
	Conclusions.

	MATERIALS AND METHODS
	Bacterial culture.
	Genome optical mapping.
	Illumina and PacBio sequencing.
	Bioinformatic analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

