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Abstract

Mycobacterial infections pose significant diagnostic challenges due to the genetic diversity
of species, limitations of current detection methods, and the need for rapid and accurate
identification tools. In this study, we developed and validated a novel molecular approach for the
specific detection of the Mycobacterium genus and the Mycobacterium marinum species based
on the identification of unique DNA sequences. Using comparative genomic alignments and
in silico screening of curated genomic databases, we identified a 391 bp region of the mmpl
gene specific to the Mycobacterium genus, and a 202 bp region of the espE 2 gene specific to
M. marinum. Primers were designed for both targets and validated for specificity using in silico
BLAST analysis and in vitro PCR and qPCR assays. Experimental validation involved DNA from
52 bacterial isolates, including 44 Mycobacterium species and 6 M. marinum strains. The mmpl
target showed a sensitivity of 95% and specificity of 100% for Mycobacterium, while the espE 2
target achieved 100% sensitivity and specificity for M. marinum. We further demonstrated the
applicability of our method using mock clinical samples spiked with bacteria and subjected
to standard diagnostic workflows. Although qPCR sensitivity was reduced in complex matrices
like sputum, likely due to DNA degradation and eukaryotic DNA interference, our method
showed strong performance in buccal swabs and saliva. The assay offers a rapid, cost-effective,
and adaptable alternative for the detection of mycobacteria, particularly in laboratories with
limited resources. Future work will expand validation across a broader panel of strains and
clinical specimens to enhance diagnostic confidence.
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Introduction

Mycobacteria are Gram-positive, acid-fast aerobic
bacilli that are diverse in terms of diseases, patho-
genesis, and species they infect. Phylogenetically the
genus contains over 190 species, divided into comp-
lexes and species (Meehan et al. 2021). The group
consists of obligatory pathogens, opportunistic patho-
gens, and saprophytic bacteria. Mycobacterial infec-
tions are marked by a severe disease course and long-last-
ing treatment (Kanabalan et al. 2021, Bagcchi 2023).
Myecobacterial infections in animals are usually not
treated, and all fish or other flocks of animals infected
by mycobacteria are euthanized (Biet and Boschiroli
2014, Francis-Floyd 2011).

The Mycobacterium marinum, belongs to M. marinum
complex (M. marinum, Mycobacterium shottsii, Myco-
bacterium pseudoshottsii, Mycobacterium ulcerans,
Mycobacterium liflandii) and is often detected in stag-
nant water fish tanks or non-chlorinated swimming
pools. At least 20 non-tuberculous mycobacteria species
are responsible for causing diseases in fish, however,
the most common are M. marinum, Mycobacterium
chelonae, and Mycobacterium fortuitum (Hashish et al.
2018). M. marinum can also cause human pulmonary,
skin, and soft tissue diseases. About half of M. marinum
infections in humans were reported to be aquarium-rela-
ted, of which less than 30% were related to injuries
caused by fish or shellfish and about 10% to injuries and
contact with contaminated saltwater or brackish water
(Strobel et al. 2022, Akram and Aboobacker 2023).

Molecular methods have revolutionized the identifi-
cation of non-tuberculous mycobacteria (NTM) by tar-
geting specific gene markers. These methods rely on the
amplification and analysis of nucleic acid sequences.
Molecular methods offer higher specificity and can dif-
ferentiate closely related species. The PCR technique is
widely used to amplify specific DNA region, such as 16S
rRNA gene, internal transcribed spacer, isp65 gene,
or rpoB gene. Following amplification, DNA sequencing
or hybridization techniques are used to compare the
obtained sequences with reference databases for species
identification. The GenoType Mycobacterium common
mycobacteria/additional species (CM/AS) assay (Hain
Lifescience, Nehren Germany) is a commercial kit
developed to differentiate and identify different species
of NTM from bacteria cultures. It involves DNA ampli-
fication targeting the 23S rRNA gene region, followed
by reverse hybridization to specific oligonucleotide
probes immobilized on membrane strips (Singh et al.
2013). However, the GenoType Mycobacterium CM/AS
assay makes rapid and accurate identification of NTM
species, it requires a specialized set up and trained labo-
ratory personnel (Chihota et al. 2010). Current methods

for identifying M. marinum and other Mycobacterium
species are predominantly time-consuming, labor-con-
suming, and expensive, and their results may be ambig-
uous. There are several molecular methods for iden-
tifying M. marinum species, but due to the genetic
diversity of strains, they are not 100% sensitive. One of
the methods is based on the amplification of the Asp65
fragment sequence. In published studies, this assay con-
firmed 88% of infections of laboratory zebrafish (Danio
rerio) caused by M. marinum (Peterson et al. 2013).
There are also commercial tests based on PCR and
hybridization of the 23S rRNA fragment or the ribo-
somal gene spacer (16S-23S), but they do not allow dif-
ferentiation between the M. marinum and M. ulcerans
species (Aubry et al. 2017). Published loop-mediated
isothermal amplification (LAMP) assay for the mrsA
fragment gene detection allows the identification of
species belonging to the M. marinum complex. Other
data indicate the identification of Mycobacterium genus
in 11/24 tested cases (46%) by 16S rRNA amplification.
The identification of the exact species in each probe
was impossible because of the amplified fragment
of gene, which was 100% identical for species from this
group (Sia et al. 2016). Therefore, improving the labora-
tory diagnosis of mycobacterial infections is still neces-
sary by using simple, quick, and sensitive methods.

In the current article, we present a new method
of identification of the Mycobacterium genus and
M. marinum species (Fig. 1). The method is based on
the identification of specific sequences and employs
infrastructure common in diagnostic laboratories
around the world, PCR and qPCR. We identify sequenc-
es specific for mycobacteria and M. marinum and test
the specificity of these sequences in silico and in vitro
in experiments by applying the PCR technique for cul-
tured bacteria and qPCR for mock samples.

Materials and Methods

Construction of virtual databases

Virtual databases of genomic sequences of isolates
belonging to M. marinum species (n=13), M. chelonae
(n=9), Mycobacterium genus (n=166), Actinobacteria
phylum (a higher phylogenetic level to Mycobacterium
genus) excluding mycobacterial species (n=340), and
bacteria (n=6263) were constructed (Supplemental
databases). To construct the databases, genomic se-
quences were downloaded from the The National
Center for Biotechnology Information (NCBI) Genome
Database via the Geneious Prime software (Biomatters,
Auckland, New Zealand). The species identification
was assigned a priori to the sequences deposited in the
database. The quality control of the sequences, except
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Fig. 1. Visual representation of the organization of work in this manuscript.

Table 1. Primers designed and used in this study.

Target Forward primer

Reverse primer

espE 2 gene fragment

5’ GAAAGTCCAACCG ATGACTGACCCC 3’

5" GGTCACCACACACA GAACAGAGCCA ¥’

mmpl gene fragment

5’ ACCTCACCGGCGGC GGGTTCGA 3’

5" AGCGCGCCCTGACC GATGACGTA 3’

16S rTRNA gene fragment 5’ CCTACGGGNGGCW GCAG 3’ 5 GACTACHVGGGTAT CTAATCC 3’
YWHAZ gene fragment 5 TGCTTGCATCCCACA GACTA 3¢ 5 AGGCAGACAATGA CAGACCA 3¢
B2M gene fragment 5 TGGGTTTCATCCATC CGACA 3¢ 5 TCAGTGGGGGTGAA TTCAGTG 3¢

for the bacteria database, was based on the N50 value,
which measures the number of contigs compared to ge-
nome size, and the sequences reached the 28 000 bp
value acceptable in the scientific literature (Jauhal and
Newcomb 2021). For the bacteria database, we used se-
quences marked as Reference Sequences.

Identification of Mycobacterium genus-specific
sequence and M. marinum-specific sequence

The Geneious Prime was the primary bioinformatic
software used in this study. For identification of
Mycobacterium-specific sequence, we performed the
Geneious in-built Mauve alignment of five species:
Mycobacterium tuberculosis (NC_000962), Mycobac-
terium smegmatis (NC_008596), Mycobacterium
abscessus (NC_010397), Corynebacterium glutamicum
(NC 003450), Rhodococcus  rhodochrous (NZ_
CP032675). The alignment was manually curated, and
we found a specific fragment for three Mycobacterium

species — the fragment of the mmp! gene (Supplemen-
tary _sequences).

We used the BLAST tool from Geneious Prime
(blastn, max e-value le-10) to search two databases
with the sequence of the mmpl gene: 1) the Actinobac-
teria database composed of 340 genome sequences to
confirm the lack of the sequence, and 2) the Mycobacte-
rium database comprised of 166 genome sequences to
confirm the presence of the sequence in Mycobacterium
species (Table 1).

For M. marinum specific sequence, we ran the
Mauve alignment of five closely phylogenetically relat-
ed mycobacterial species: M. marinum (AP018496,
CP000854), M. ulcerans (CP000325, CP092429), M.
liflandii (CP003899, CP023138), M. pseudoshotsii
(NZ_AP018410, NZ AP026367), M. shotsii (NZ_
AP022572, NZ CP014860) (Coimbra et al. 2020), two
strains of each species. We found the putative specific
region for two M. marinum strains in the espE 2 gene
(Supplementary sequences). The espE 2 gene encodes
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the secretion system ESX-1-associated protein EspE 2.
The M. marinum ESX-1 secretion system is required
for virulence and causes phagosomal lysis within mac-
rophages (Chirakos et al. 2020). The system mediates
sliding motility and is crucial for biofilm formation
(Lai et al. 2018).

For M. marinum specific sequence, we used the
BLAST tool from Geneious Prime (blastn, max e-value
le-2), to search the constructed database of 13 M. mari-
num genome sequences for the presence of the specific
region identified in Mauve alignment. Subsequently,
we searched the 166 Mycobacterium genome sequences
database to confirm the lack of indicated sequence
in other species.

Primer specificity testing

The alignment of the mmpl genes across mycobac-
teria was used to design primers amplifying 391 bp
Mycobacterium-specific sequence (Table 1) within the
2865 bp mmpl gene (Table 1, Supplementary sequences,
Supplementary figures). The primers for the espE 2
fragment were designed based on the alignment of
sequences identified in the M. marinum database
(Table 1) using the Geneious build-in feature. For mmp!
gene fragment, primer sequence selection was forced
by genetic variability within this gene (Supplementary
figures).

The specificity of primers was determined using the
Primer-BLAST tool (NCBI) (Supplementary primer
specificity testing results). We selected a non-redundant
database and 4000 bp as the maximum target amplicon
size. Primer specificity stringency was set to at least 2
total mismatches to unintended targets, including at
least 2 mismatches within the last 5 bps at the 3’ end.
We ignored targets that have six or more mismatches to
the primer.

Next, the specificity of primers was assessed on
DNA gels with amplification products for mycobacteria
and M. marinum. Exemplary specific and non-specific
products were sequenced by Sagner sequencing, using
same primers. The non-specific products yelled no
sequencing results, while the sequences of specific
products were confirmed. The intensity of bands on gels
was assessed with Image] software (National Institutes
of Health and the Laboratory for Optical and Computa-
tional Instrumentation, Wisconsin). The gels contained
0.4 pg/ml ethidium bromide.

Specificity was calculated as a percentage (Molina-
-Ruiz et al. 2024). We counted the pixels of proper PCR
products and calculated the mean value. Next, we coun-
ted the pixels of non-specific PCR products and calcu-
lated the mean value. The sum of both values was 100%.
Then the quantity of each fraction was calculated.

In vitro validation using DNA isolated
from bacterial culture

We used clinical bacterial strains sourced from
a collection of the Institute of Tuberculosis and Lung
Diseases in Warsaw (clinical strains genotyping by
GenoType Mycobacterium common mycobacteria/addi-
tional species (CM/AS) assay, Hain Lifescience, Nehren
Germany), the University of Lodz (typing by biochem-
ical assays), and the Institute of Medical Biology (pur-
chased from American Type Culture Collection), Polish
Academy of Sciences in Lodz (Supplementary_strains).
To isolate DNA, we used the thermal method (van
Embden et al. 1993, Doig et al. 2002). Firstly, solid
bacterial cultures were suspended in 300 pl sterile
water. The samples were incubated at 96°C for 30 min-
utes and then centrifuged (14,100 g; 4°C; 15 minutes).
In the final step, 200 pl of supernatants were carried
to new Eppendorf tubes. The quantity and purity of the
obtained chromosomal DNA were verified by spectro-
photometric measurement on NanoDrop ND 1000 V
3.5.2 (DeNovix).

First, we ran the polymerase chain reaction (PCR)
with Taq polymerase (Ready mix, Thermo Scientific)
and 50 ng of chromosomal DNA, in the Veriti thermal
cycler (Applied Biosystems). The reaction consisted
of initial denaturation (95°C, 2 minutes), amplification
(repeated 35 times), and final extension (72°C,
7 minutes). The amplification reaction included dena-
turation (95°C, 30 seconds), primer annealing (63 °C for
Mycobacterium and 61.5°C for M. marinum specific se-
quences, respectively 30 seconds; multiplexing was not
feasible), and extension (72°C, 30 seconds). The final
process was cooling (4 °C, ). After PCR, we performed
electrophoresis on 2% agarose gel with ethidium bro-
mide and TAE buffer in the presence of 100 bp DNA
Ladder (Fermentas). The products were separated by
applying 120 V and visualized with Image Detection
and Analysis System, Imager2 (VWR).

Next, we checked the possibility of using the de-
signed primers to detect a specific sequence using
gPCR. Three bacterial species were selected for analy-
sis: M. marinum, M. tuberculosis, and Escherichia coli,
and we used genomic DNA concentrations in the range
of 0.003-50 ng. qPCR was performed using SYBR
Green Master Mix (Applied Biosystems) and Quant
Studio 5 system (Applied Biosystems). Each reaction
(final volume 10 pl) contained 5 pl of SYBR Green
Master Mix, 300 nM of each primer (Table 1), the
appropriate amount of genomic DNA (geometric series
of dilutions of genomic DNA in the range of
0.003-50 ng for M. marinum and in the range of 0.39-50
ng for M. tuberculosis and E. coli) and DNase, RNase
free water. To detect the sequence specific for the
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M. marinum species and the Mycobacterium genus,
the following protocol was used: first heated 95°C for
2 min and then subjected to 40 cycles of 95°C for 15 s
(denaturation), 60°C for 30 s (annealing) and 72°C for
15 s (extension). Data were acquired during the exten-
sion step. A melting curve analysis was performed at
the end to verify the specificity and identity of the PCR
products (Supplementary figures). Each experiment
was performed in triplicate, and the results are present-
ed as means of cycle threshold (Ct) and standard errors.
We considered a Ct value of 30 or less as a positive re-
sult.

In vitro validation using bacteria-spiked samples

First, the method’s sensitivity was tested by check-
ing the number of bacteria we could detect in spiked
artificial sputum samples. Artificial sputum was pre-
pared as described previously, by dissolving 2 g of
methylcellulose (Sigma) in 200 ml of sterile water and
adding one-fifth of emulsified egg (Friedrich et al.
2019). Then, appropriate amounts of bacteria were
added from frozen bacterial stocks to 1 ml of artificial
sputum. The number of bacteria in the inoculum
was checked using the colony-forming unit assay
(CFU). 10'-107 Mycobacterium tuberculosis, 10'-10°
M. marinum, and 10'-10° Escherichia coli were added
in 5 repetitions for each number of bacteria. Following
the spiking of artificial sputum, the samples underwent
a standard procedure they would follow in the diagnos-
tic laboratory where mycobacteria are detected. 1 ml of
each of the samples was decontaminated with 1 ml of
2% NALC-NaOH (BBL Mycoprep, Becton Dickinson)
for 20 min at room temperature with shaking at 200 rpm
and neutralized with phosphate-buffered saline pH 6.8
added to a final volume of 50 ml. Next, the samples
were centrifuged for 20 min at 4°C and 3000 x g,
the supernatant was discarded. The remaining pellet
was resuspended in 0.5 ml phosphate buffer saline and
transferred to 1.5 ml tubes. Then, we isolated DNA
using the GenoLyse kit (Bruker, Hain Lifescience),
a kit already in use in the diagnostics of mycobacteria,
following the protocol developed by the manufacturer.
Following DNA isolation, the supernatant was trans-
ferred to new tubes and used to perform qPCR using the
same parameters as during validation using bacterial
culture.

Next, we wanted to check the performance of the
primers in the presence of the eukaryotic DNA.
The samples were prepared by adding 105 and 107
M. marinum cells (as assessed by CFU plating) to buc-
cal swabs and saliva samples. The volume of bacterial
suspension added to the swab and saliva samples did
not exceed 1/10 of the volume (Klaschik et al. 2004).

Buccal swabs were collected by placing the swab in the
mouth and rubbing with a twisting motion for 20
seconds on the inside of the cheek. Saliva samples were
diluted in a 1:4 ratio with PBS, and centrifuged for
5 minutes at 14,000 g. Following spiking, DNA was
isolated using the QIAamp UCP Pathogen Mini Kit
(Qiagen), designed for DNA purification from small
volumes of whole blood, swabs, cultures, and body flu-
ids. 40 ng of total isolated DNA was used for the qPCR,
performed as before. Apart for checking for the
presence of the espE 2 gene fragment, specific for
the M. marinum species, and the mmp! gene fragment,
specific for the Mycobacterium genus, we also checked
the presence of the YWHAZ and B2M genes (Table 1),
which are human reference genes (Bruce et al. 2012,
Jabtonska et al. 2020, Hu et al. 2023).

Sensitivity and specificity calculations

We used MedCalc software (MedCalc Sofware Ltd)
to calculate sensitivity, specificity and confidence inter-
vals. True positives were defined as the number of
instances where the test correctly identified the bacte-
rium; true negatives were defined as the number
of instances where the test correctly excluded the iden-
tification of the bacterium, false positives were defined
as the number of instances where the test incorrectly
identified the bacterium, false negatives were defined
as the number of instances where the test incorrectly
excluded the identification of the bacterium. Confi-
dence intervals for sensitivity and specificity are
“exact” Clopper-Pearson confidence intervals.

Supplementary material

The supplementary material referred in this manu-
script can be found at ResearchGate repository. We pro-
vided supplementary data that includes the databases
(DOI: 10.13140/RG.2.2.29142.56647), figures (DOI:
10.13140/RG.2.2.22805.23527), sequences (DOI:
10.13140/RG.2.2.11526.48964), and list of strains
(DOI: 10.13140/RG.2.2.24948.26245), and in silico
primer  specificity  testing results  (10.13140/
RG.2.2.30537.25443).

Results
Identification of Mycobacterium-specific sequence

For identification of Mycobacterium-specific se-
quence, we performed the Mauve alignment of five
bacterial species, including three mycobacteria
(M. tuberculosis, M. smegmatis, M. abscessus) and two
closely related species (Corynebacterium glutamicum,
Rhodococcus rhodochrous). The Mauve alignment
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divided the genomes into 451 Locally Collinear Blocks
(LCBs). We manually curated these blocks and identi-
fied the fragment of mmpl gene (Supplementary
sequences) as potentially specific to the Mycobacterium
genus. The 2865 bp mmpl gene encodes mycobacterial
membrane protein large (Mmpl) protein, which belongs
to topologically complex membrane proteins responsi-
ble for transmembrane transport (Melly and Purdy
2019).

Next, we investigated the presence the mmpl gene,
in silico, with BLAST-search, in a custom virtual data-
base of genomic sequences of 166 Mycobacterium bac-
teria (Supplemental figures). We identified the mmp!/
gene sequence in 100% (166 out of 166) of mycobacte-
ria in the Mycobacterium database. The sequences
varied from 1383 to 2949 bp, and the pairwise identity
was 76.6%. Next, we searched for the mmpl gene
sequence in the Actinobacteria phylum database.
We identified fragments of the sequence ranging from
72 bp to 547 bp localizing at the 3’ end of the reference
sequence.

Identification of M. marinum-specific sequence

For the M. marinum species-specific sequence,
the Mauve alignment of ten bacteria strains belonging
to the M. marinum complex, including two M. marinum
species strains, divided the genomes into 285 Locally
Collinear Blocks (LCBs). We manually curated the
LCBs, and selected the 1377 bp espE 2 gene sequence
as potentially specific to M. marinum species (Supple-
mentary sequences).

We found the presence of the whole gene sequence
in 13 genome sequences of M. marinum strains (Sup-
plementary figures). The total number of mutations be-
tween the strains in the gene sequence was 34 SNPs,
and the homology was from 99.1 to 100%. Next, we
used BLAST to search for espE 2 sequences (1,377 bp)
in a sequence database of 166 bacteria of the Mycobac-
terium genus. Apart from the sequence of M. marinum,
whose genome sequence was also present in the data-
base, we found the presence of partially homologous
sequences in ten species. The sequences were 45 to
1,112 bp in length.

Primer specificity testing

We used the alignments to design primers specific
to 391 bp fragment of the mmpl gene and 202 bp
of the espE 2 gene. First, the specificity of primers was
assessed using the Primer- BLAST tool (NCBI).
The analysis detected no unintended targets.

Next, primer specificity was assesed in in vitro
experiments. Exemplary PCR products were confirmed
by sequencing. To estimate the specificity of the mmpl

gene fragment primers in mycobacterial samples,
we measured the expected and non-specific products.
The specificity for mmpl gene in Mycobacterium sam-
ples was 94.4% for specific and 5.6% for non-specific
product, while for Mycobacterium samples vs samples
other than Mycobacterium, it was 97.1% and 2.9%,
respectively.

The specificity of the espE 2 gene fragment prim-
ers in M. marinum samples was 100%, and we did not
observe any non-specific PCR products.

In silico validation

We used the BLAST tool from Geneious Prime
(blastn, max e-value le-10) to search the bacteria data-
base (n=6263) with the fragment of the mmpl gene,
identifying Mycobacteria. We found the sequence in
359 out of 359 (100%) mycobacterial genome sequenc-
es included in the database. There were no false positive
identifications. In silico sensitivity and specificity for
our method of Mycobacterium identification was 100%
(95% CI 98.9%-100%) and 100% (99.94%-100%),
respectively.

Next, we validated the specificity of espE 2 gene
fragment for M. marinum species. We performed
BLAST-search using custom virtual bacteria database
(n=6263). We found three out of three M. marinum
genomes included in the database, setting both the sen-
sitivity and specificity of the method at 100%.

Sensitivity and specificity of methods using
bacterial culture DNA

The mmpl fragment, specific for the Mycobacterium
genus, was amplified by PCR in the collection of 52
bacterial isolates (Fig. 2). 44 strains belonged to the
Mycobacterium genus, while the rest represented close-
ly and distantly related bacterial species (Supplementa-
ry_strains). Three exemplary PCR products were sequen-
ced by Sanger sequencing to ensure the amplification
of the proper sequence. The sequence was detected in
42 strains of mycobacteria. We did not identify the
mmpl fragment (or false positive amplification) in
8 non-mycobacterial species and two strains of the
M. chelonae. Of note, M. chelonae isolates were posi-
tive for the mmpl fragment in our in silico studies,
yet these were different strains (Supplementary figures).
In this experiment, the sensitivity and specificity of the
mmpl fragment detection for Mycobacterium genus
identification were at 95% (85% - 99% CI) and 100%
(63%-100% CI), respectively (Table 2).

Next, PCR the espE 2 fragment was amplified
by PCR in 44 mycobacterial isolates- including six
M. marinum strains and 38 other mycobacteria (Fig. 3).
Three exemplary PCR products were sequenced
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Fig. 2. The mmpl fragment (Mycobacterium specific) sequence amplification products after electrophoresis in 1% agarose gel.
L — DNA ladder, 100 bp; numbers 1-6 M. marinum species, 7 — M. avium, 8-9 — M. kansasii, 10 — M. xenopi,
11-15 — M. gordonae, 16-17 — M. intracellulare, 18-21 — M. fortuitum, 22 — M. chimera, 23-24, 43 — M. abscessus,
25 — M. malmoense, 26-27 — M. chelonae, 28-29 — M. lentiflavum, 30-32 — M. szulgai, 33-34 — M. mucogenicum,
35-36 — M. mageritense, 37 — M. celatum, 38-39 — M. simiae, 40 — M. neoaurum, 41 — M. sarafulucum, 42 — M. tuberculosis,
44 — M. smegmatis, 45 — Streptomyces lavendulae, 46 — Streptomyces aeurofaciens, 47 — Streptomyces rimosus, 48 — Rhodococcus
erythropolis, 49 — Arthrobacter spp., 50 — Staphylococcus aureus, 51 — Salmonella enteritidis, 52 — Escherichia coli.

Table 2. The sensitivity and specificity values of Mycobacterium and M. marinum specific sequence detection. True positives (TP),
true negatives (TN), false positives (FP), false negatives (FN).

No.strains TP TN  FP  FN Sensitivity 95% CI Specificity 95% CI
In silico validation
Bacteria database
mmpl PCR product
(Misobacterium) 6263 359 5904 0 0 100.00% 98.98% to 100.00% 100.00%  99.94% to 100.00%
356;55;%’“"1““ 6263 362600 0 0 100.00% 29.24% to 100.00% 100.00%  99.94% to 100.00%
In vitro validation
Z’;;”yi’o ESE;?Z;‘)‘“ 52 42 8 0 2 9545%  84.53%1t099.44%  100.00% 89.72% to 100.00%
espE_2 PCR product 44 6 38 0 0  100.00% 54.07%to 100.00% 100.00% 90.75% to 100.00%

(M. marinum)
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Fig. 3. The M. marinum specific sequence amplification products after electrophoresis in 2% agarose gel. L — DNA ladder, 100 bp;
numbers 1-6 M. marinum species, 7— M. avium, 8-9 — M. kansasii, 10 — M. xenopi, 11-15— M. gordonae, 16-17— M. intracellulare,
18-21 — M. fortuitum, 22 — M. chimera, 23-24, 43 — M. abscessus, 25 — M. malmoense, 26-27 — M. chelonae,
28-29 — M. lentiflavum, 30-32 — M. szulgai, 33-34 — M. mucogenicum, 35-36 — M. mageritense, 37 — M. celatum,
38-39 — M. simiae, 40 — M. neoaurum, 41 — M. sarafulucum, 42 — M. tuberculosis, 44 — M. smegmatis.
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Fig. 4. Detection of specific sequences A: espE 2 gen fragment in M. marinum, B: mmpl gen fragment in M. marinum, C: mmpl gen
fragment in M. tuberculosis by qPCR. The graphs show the dependence of the cycle threshold value on the amount of DNA

present in qPCR reaction.

by Sanger sequencing to ensure the amplification
of the proper sequence. The method showed 100%
(54%-100% CI) sensitivity and 100% (90%-100 CI)
specificity (Table 2).

qPCR identification of Mycobacteria
and M. marinum

We checked the possibility of using our methods of
identification using the qPCR. We detected the mmp!

fragment gene in the presence of 0.003-50 ng of
M. marinum DNA, and 0.039-50 ng of M. tuberculosis
DNA (Fig. 4). The espE 2 fragment was detected in
samples containing 3 pg and up of M. marinum DNA
(Fig. 4).

Next, we checked the possibility of using our iden-
tification methods on artificial sputum samples spiked
with bacteria. We detected the presence of mmpl gene
fragment in samples containing 10° CFU/ml M. tuber-
culosis and 10* CFU/ml M. marinum. We detected an
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Fig. 5. Detection of: A and C: mmpl gene, B: espE 2 gene in spiked artificial sputum samples by gPCR. The graphs show the dependence
of the cycle threshold value in qPCR reaction on the number of M. marinum or M. tuberculosis cells.

espE 2 gene fragment in samples spiked with 10* CFU/
ml M. marinum (Fig. 5). We detected no amplification
in the samples into which we added 10° CFU/ml E. coli.

We checked the possibility of using qPCR to identi-
fy mycobacteria and M. marinum in samples containing
eukaryotic material. First, we tested sputum samples,
that routinely undergo decontamination before DNA
isolation in mycobacterial diagnostic laboratories. For
the identification of mycobacteria, we used TB-positive
sputum samples. We could confirm the presence of the

Mpycobacterium genus only in one out of five samples
(data not shown). Further, we also added 10°, 10%, and
10° M. marinum bacteria to TB-negative sputum sam-
ples before the decontamination step, in three repeti-
tions, and we were able to confirm the presence of
M. marinum in one sample with 10° bacteria (data not
shown).

Finally, we used buccal swabs and saliva samples
spiked with M. marinum that underwent DNA isolation
without the decontamination step. We detected the frag-
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Fig. 6. Detection of: A: YWHAZ gene, B: B2M gene, C: espE_2 gene, D: mmpl gene in mock clinical samples by qPCR. The graphs
show the dependence of the cycle threshold value in qPCR reaction on the number of M. marinum cells introduced into swab or

saliva sample.

ments of the espE 2 and mmpl genes in samples into
which we added at least 10° CFU/ml bacteria (Fig. 6).
We did not observe the presence of genes in samples
without introduced bacteria, so we concluded that there
was a lack of cross-reactivity with human genomic
DNA.

Discussion

We found a new way of identifying the Mycobacte-
rium genus and M. marinum species based on identify-
ing a specific sequence. Our identification methods
reached excellent diagnostic performance, with 100%
sensitivity and specificity in in silico validation, and
near-perfect sensitivity and specificity in in vitro expe-
riments using bacterial cultures. Although qPCR sensi-
tivity was reduced in complex matrices like sputum,
likely due to DNA degradation and eukaryotic DNA
interference, our method showed strong performance
in buccal swabs and saliva.

The biggest advantage of the presented test is that
it is based on identifying a specific DNA fragment
present only in the selected group of bacteria. There-
fore, the method is simple, fast, and cheap for species
identification and can be an alternative to other methods
that are more expensive, time-consuming, and require
specialized equipment. The detection limit, after decon-
tamination of samples, is comparable to commer-
cial GenoType Mycobacterium CM VER 2.0 kit,
commonly used for Mycobacterium identification

(1.65x 105 CFU/ml). Grant et al. established a mini-
mum detection limit of direct IS900 PCR at 105 CFU
of M. avium subsp. paratuberculosis per 50 ml of milk
(Grant et al. 2000). The advantage of our method,
in comparison for previously reported method
of Mycobacterium species identification using the inter-
nal transcribed spacer 1 (ITS-1) (Mohamed et al. 2005),
is that it can be adapted to various molecular biology
methods like PCR, real-time PCR, hybridization, and
sequencing, while the latter strictly requires utilization
of sequencing. In addition, unlike the currently deve-
loped tests based on identifying a DNA fragment, our
method seems to distinguish between the two species
M. marinum and M. ulcerans. However, this has only
been proven by in silico analysis and needs to be
checked in vitro using the genomic DNA of these spe-
cies.

The major drawback of our study is the low number
of analyzed strains in laboratory validation. For in silico
validation, we used all the sequences of M. marinum
available in the repositories. For laboratory validation,
we used six strains belonging to the Mycobacterium
marinum and 38 strains belonging to other Mycobacte-
ria that were available for this study. The second prob-
lem is the lack of a fragment of mmp/ gene sequence in
the genome of two strains of M. chelonae, as it indicates
certain limitations of bioinformatics analyses and the
need to validate the results in vitro. The absence of an
amplification product may be due to the occurrence
of point mutations, deletions or insertions within the
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primer sequences. Alternatively, there is a possibility
that the entire mmpl/ gene is absent in the genomes of
M. chelonae isolates in our collection. The mmpl gene
was shown to be non-essential for growth in M. tuber-
culosis, and hence it is likely dispensable in other spe-
cies of mycobacteria (Sassetti et al. 2003, Griffin et al.
2011). This is further supported by the observation that
some bacteria belonging to the Mycobacterium genus,
such as M. avium subsp. paratuberculosis K10 or
M. massiliense type 11 genotype have a deletion in mmpl
genes (Nessar et al. 2011, Kim et al. 2013). Despite
the lack of detection of the mmpl fragment in our iso-
lates of M. chelonae, it was detected in 42 other species
belonging to the Mycobacterium genus and in
M. chelonae genome sequences deposited in repository,
supporting the use of our method. The possibility
of using our Mycobacterium-specific sequence must be
tested using a broader collection of clinical bacterial
strains belonging to this genus. Method sensitivity
could possibly be increased by the use of degenerated
primers. Further, in cases where the mmpl gene detec-
tion fails, the diagnostic algorithm could be extended to
alternative sequencing-based techniques.

To sum up, our method of identification of Mycobac-
terium genus and M. marinum species, based on the
identification of specific sequence, can improve the de-
tection of mycobacteria in laboratories where specialized
equipment is not available or can serve as a cross-detec-
tion method.
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