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Abstract 
Over the past few decades, there has been a significant increase in the number of mycobacterial 
species described. Currently, the genus Mycobacterium consists of 170 species. Most species are 
called nontuberculous mycobacteria (NTM) and are potentially or rarely pathogenic and ubiquit-
ous. One of the main challenges in mycobacteriology is the rapid and precise identification of these 
microorganisms. In this work, we compared two protein extraction protocols for the identification 
of 38 reference strains and clinical isolates, representing 27 species, by mass spectrometry 
(MALDI-TOF MS) to subsequently use the best method for identifying environmental mycobacteria. 
The results obtained with reference strains and clinical isolates showed that protocol A was effec-
tive in identifying 92.1% of mycobacterial specimens at the species level and protocol B, 50%. 
Therefore, protocol A was evaluated for the rapid identification of 27 environmental mycobacteri-
al isolates. These isolates were subjected to PCR-restriction enzyme analysis (PRA-hsp65). Two 
isolates were misidentified by PRA-hsp65, whereas MALDI-TOF MS was able to identify them cor-
rectly. The results were confirmed by hsp65 and 16S rRNA gene sequencing. Mass spectrometry has 
the advantage of being a simpler and faster technique than PRA-hsp65, and our results showed that 
MALDI-TOF MS is a valuable tool for the identification of environmental mycobacterial isolates. 
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1. Introduction 
Currently, the genus Mycobacterium consists of 170 species and 13 subspecies  
(www.bacterio.net/mycobacterium.html). Most species are considered potentially or rarely pathogenic and are 
called nontuberculous mycobacteria (NTM). This group is widely found in environments shared by humans and 
animals [1]-[4]. NTM has demonstrated a potential for the degradation of xenobiotic substances [5]-[8]. In the 
medical field, they have gained interest due to the increased number of infections associated with invasive pro-
cedures, such as anesthetic treatments and surgeries, as well as numerous reports of infections associated with 
pulmonary diseases such as cystic fibrosis [9]-[13]. NTM infections are also characterized by scarce treatment 
options related to multidrug resistance. 

Precise identification at the species level may be useful for the characterization of isolates with biotechnolog-
ical potential and for directing empiric antimicrobial therapy and choosing relevant drugs for susceptibility tests, 
according to the American Thoracic Society. Classical identification of mycobacteria is based on phenotypic 
characteristics and biochemical tests. Besides being time-consuming and laborious, this approach is also limited 
in identifying all species, and often it has been associated with molecular techniques. PCR-restriction enzyme 
analysis (PRA) using the hsp65 gene as the target, which encodes the 65-kDa heat shock protein, has been 
widely used for the identification of mycobacteria [14]-[17]. One limitation of this technique is that different 
species can share the same restriction profile and that a species may have more than one corresponding profile. 
The gene encoding 16S rRNA is used for bacterial taxonomy studies, and the high interspecific similarity of the 
genus Mycobacterium does not allow identification of all mycobacterial species by this method [18]. The joint 
analysis of different fragments of essential genes (16S rRNA, hsp65, rpoB, sodA) increases the discriminatory 
power for species identification [18]. These techniques require intensive work, and therefore, the rapid identifi-
cation of mycobacteria is still a challenge. Alternatively, some studies have proposed the use of matrix-assisted 
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) for the rapid identification of 
mycobacteria [19]-[23]. Although several protocols for protein extraction have been proposed, there is no con-
sensus on the best protocol to be used for the identification of mycobacteria. Furthermore, the effect of micro-
organism inactivation by heat has been evaluated, and it has been shown that the quality of the spectrum de-
creases with increasing temperature [24]. It was also recently reported that the conditions of microorganism cul-
tivation also influence the spectrum [25] [26]. However, in another study, the effect of culture age, chilling or 
freezing the lysates and freeze-thaw cycles did not have any impact on spectrum quality [27]. Furthermore, its 
use of MALDI-TOF MS for environmental isolates remains to be further explored, since only one reported study 
included two environmental isolates in their analysis [28].  

In this paper, we compared two protein extraction protocols for preparing samples for MALDI-TOF MS 
analysis (protocols A and B) using reference strains and clinical isolates. Furthermore, we evaluated the applica-
tion of MALDI-TOF MS for the identification of environmental mycobacteria and compared it with the results 
obtained with PRA-hsp65. 

2. Material and Methods 
2.1. Bacterial Strains 
Twenty reference strains from Instituto Adolfo Lutz (IAL Collection) and Universidade Federal do Rio de Ja-
neiro (UFRJ Collection) and also 18 clinical isolates previously identified by PRA-hsp65 at IAL were used in 
the present study (Table 1). These strains were chosen because the species are represented in the Bruker Dal-
tonics database and also because of their availability in our laboratory. Additionally, 27 environmental myco-
bacterial isolates obtained in the period of November 2011 to May 2012 from four aquatic environments of São 
Paulo Zoo Park Foundation (FPZSP) were included in this study: sewage treatment plant, Lake 70 and two 
springs, called 1 and 2 (Figure 2, unpublished data). These isolates were deposited in the microbial collection of 
FPZSP. Mycobacteria were grown on Middlebrook7H10-OADC (oleic acid-albumin-dextrose-catalase) at 30˚C 
or 37˚C, depending on the optimum growth temperature of each species. 

2.2. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry  
(MALDI-TOF-MS) and Analysis 

All 65 mycobacterial isolates were analyzed by MALDI-TOF MS. The reference strains and clinical isolates  
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Table 1. Reference strains and clinical isolates used in this study for compara-
tive analysis between two protein extraction protocols for MALDI-TOF-MS. 

Mycobacterium species Strain 

M. abscessus 1 aIAL 1554 

M. abscessus 1 aIAL 1616 

M. abscessus 1 aIAL 1669 

M. abscessus bATCC 19,977 

M. asiaticum 1 aIAL 184 

M. asiaticum bATCC 25,272 

M. aurum bATCC 23,366 

M. austroafricanum bATCC 33,464 

M. avium 1 aIAL 1550 

M. brisbanense 1 aIAL 935 

M. chelonae 1 aIAL 1717 

M. chelonae bATCC 35,752 

M. cosmeticum 1 aIAL 954 

M. diernhoferi bATCC 19,340 

M. fortuitum 1 aIAL 727 

M. fortuitum 1 aIAL 970 

M. fortuitum bATCC 6841 

M. gordonae 3 aIAL 1523 

M. gordonae 3 aIAL 1732 

M. gordonae 3 aIAL 862 

M. intracellulare bATCC 13,950 

M. kansasii bINCQS 07002 

M. mucogenicum 1 aIAL 1648 

M. nonchromogenicum bATCC 19,530 

M. parafortuitum bATCC 19,686 

M. peregrinum 1 aIAL 1319 

M. peregrinum 1 aIAL 196 

M. phlei bATCC 11,758 

M. porcinum bATCC 33776 

M. pulveris bATCC 35154 

M. rhodesiae bATCC 27024 

M. scrofulaceum 1 aIAL 1750 

M. scrofulaceum bATCC 19,981 

M. smegmatis bATCC 14,468 

M. szulgai bATCC 35,799 

M. terrae 2 aIAL 1684 

M. thermoresistibile bATCC 19,527 

M. vaccae bATCC 15,483 
aClinical isolates previously identified by PRA-hsp65; bReference collection isolate. 
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were used for comparative analysis between the two protein extraction protocols, one described by El Khéchine 
et al. (2011) and the other by Balázová et al. (2014), recommended by Bruker Daltonics (inactivated mycobac-
teria bead preparation method inMbpm) and designated A and B, respectively. After protein extraction, 1μL of 
the supernatant was placed on a Micro Scout Plate (MSP) 96 polished steel target plate (Bruker Daltonics GmbH, 
Germany) in triplicate for each sample. The samples were allowed to dry at room temperature. Each sample was 
overlaid with 1 μL of a saturated solution of a-cyano-4-hydroxy-cinnamic acid (Sigma, USA) in 50% acetoni-
trile—2.5% trifluoroacetic (Sigma, USA) and the samples were air-dried before being processed in the mass 
spectrometer. Bacterial Test Standard (Escherichia coli protein extract; Bruker Daltonics) was used for equip-
ment calibration according to Bruker Daltonics. The analysis was performed using a Microflex LT mass spec-
trometer (Bruker Daltonics) at 337 nm with the FlexControl software (version 3.0, Bruker Daltonics). Positive 
linear mode was used to record spectra (laser frequency, 40 HzA; ion source 1 voltage, 20 kV; ion source 2 vol-
tage, 18.6 kV; lens voltage, 7.5 kV; mass range, 2000 to 20,000 Da). For each spectrum, 240 shots in 50-shot 
steps from different positions of the target spot (automatic mode) were collected. Each spectrum was compared 
with the Bruker Daltonics database (Mycobacteria Library 1.0) using the BioTyper software (version 3.0, Bruker 
Daltonics). Outcomes of the pattern-matching process were expressed with identification score value from 0 to 3. 
According to the software manufacturer (Bruker Daltonics), scores were interpreted as follows: <1.700, unreli-
able identification; 1.7 to 1.999, probable genus identification; 2.000 to 2.299, probable species identification; 
and equal to or greater than 2.300, reliable species identification. The spectra obtained for each sample were 
transformed to “main spectra” (MSPs) for further analysis of similarity by BioNumerics 7.5 (Applied Maths, 
Sint Martens Latem, Belgium). The similarity matrix between spectra was inferred on the basis of the MSPs 
using Pearson’s method, with a positional tolerance of 2%, and a dendrogram was then constructed using 
UPGMA. 

2.3. PCR Restriction Enzyme Analysis (PRA-hsp65) 
Nucleic acids were extracted by lysing bacterial cells. Briefly, colonies were transferred to a 1.5 mL microcen-
trifuge tube and incubated in 10 mMTris - 1 mM EDTA for 20 min at 80˚C to inactivate the mycobacteria. The 
sample was centrifuged at 10,000 xg and 5 µL of the thermolysate was used for PCR. Twenty-seven environ-
mental mycobacterial isolates were analyzed by PRA-hsp65 [29]. Briefly, the 441-bp fragment of the hsp65 
gene was amplified with primers TB11 (5’ ACCAACGATGGTGTGTCCAT) and TB12 (5’ CTTGTCGAACCGC 
ATACCCT). Amplicons were digested separately with BstEII (Promega) and HaeIII (Invitrogen). Digestion 
products were visualized after electrophoresis in agarose gels, and digestion fragment size was estimated by 
visual analysis and using the BioNumerics v. 7.5 program (Applied Maths). The digestion patterns obtained 
were compared to the PRASITE internet database (http://app.chuv.ch/prasite/index.html).  

2.4. Sequencing of hsp65 and 16S rRNA 
Isolates with discordant results between PRA-hsp65 and MALDI-TOF-MS and isolates grouped by PRA-hsp65 
and MALDI-TOF-MS profiles but not identified were analyzed by sequencing of hsp65 and 16S rRNA genes. 
Five microliters of the thermolysate were used for amplification of hsp65 and 16S rRNA genes by PCR. A 
667-bp fragment of hsp65 gene was amplified with primers hsp667-forward (5’ GGCCAAGACAATTGCGTACG) 
and hsp667-reverse (5’ GGAGCTGACCAGCAGGATG) [30], it was regarded as the internal fragment of 401 
bp corresponding to the region analyzed by PRA-hsp65 without the sequences of the primers. Complete se-
quences of the 16S rRNA gene (1483 - 1489 bp) were amplified using primer pair fD1-rP2 [31]. The sequencing 
reactions were performed with the same primers used for amplification of the hsp65 and 16S RNA genes. As for 
the latter, six internal primers were used as described by Adekambi and Drancourt (2004). Products of sequenc-
ing reactions were recorded with an ABI Prism 3100 DNA sequence following the manufacturer’s standard 
protocol (Perkin Elmer Applied Biosystems). The consensus sequences generated by BioNumerics v7.5 
(trimmed from at both ends) and were identified by similarity analysis with the sequences in the GenBank data-
base by use of the BLAST program (Basic Local Alignment Search Tool; http://www.ncbi.nlm.nih.gov/BLAST). 
The cutoff used for analysis of 16S rRNA and hsp65 genes for identification was equal to or greater than 99 and 
97% identity, respectively [31] [32]. The consensus sequences obtained in this study were deposited in GenBank 
under accession numbers KP76838 and, KR779818 (hsp65) and KP768388 and KR779819 (16S rRNA). 

http://app.chuv.ch/prasite/index.html
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3. Results 
The first goal of this study was to compare two protocols of protein extraction for the identification of myco-
bacteria by mass spectrometry (MALDI-TOF) to subsequently use the best method for identifying environmen-
tal isolates. To achieve these aims, 38 clinical and reference samples of mycobacteria representing 27 species 
were chosen. Protocol A identified 35 (92.1%) isolates at the species level and three (7.9%) at the genus level, 
while protocol B identified 19 (50%) isolates at the species level, 18 (47.3%) at the genus level and one isolate 
(2.6%) could not be identified because it showed a score below 1.700, when compared to the database (Figure 
1(a)). Protocol A generated the highest number of detectable peaks when compared to protocol B for all samples.  
A comparative analysis of the spectra obtained by protocols A and B and the spectra deposited in the database 
revealed greater similarity between the spectra obtained with protocol A and spectra in the database (Figure 
1(b)). After comparing the protein extraction protocols, the collection of 27 environmental isolates was analyzed 
by protocol A. Of the 27 environmental isolates tested, 12 (44.4%) were identified at the species level; although 
the other 15 showed good-quality spectra, they could not be reliably identified using the Bruker Daltonics data-
base (no score values, Figure 2). 

All environmental isolates were also analyzed by PRA-hsp65. Seventeen isolates (62.9%) were identified at 
the species level by PRA-hsp65: M. alvei 1, M. aubagnense 1, M. chelonae 1, M. nebraskense 1, M. neoaurum 1, 
M. parafortuitum 1 and M. peregrinum2/porcinum1/septicum1. Ten isolates were separated into four groups ac-
cording to the restriction profile generated by BstEII and HaeIII restriction enzymes. However their profiles were 
not found in the PRASITE database, and therefore, we designated them as “new” (Figure 2). When comparing 
the two methods, we noted that the isolates identified by PRA-hsp65 as M. nebraskense 1 and M. aubagnense 1, 
were not identified by MALDI-TOF MS because matching spectrum was not represented within the Bruker 
Daltonics Database. Three other isolates (MYC 78, 79 and 101) not identified by PRA-hsp65 or Maldi-TOF MS 
were subjected to sequencing of hsp65 and 16S rRNA. Sequences from these isolates showed the same se-
quences for these genes, and only the sequences from isolate MYC78 were deposited in the GenBank database. 
The hsp65 gene sequence was 96.7% identical to that of M. longobardum DSM45394 (access number 
JN571199.1), and the 16S rRNA sequence showed 98.7% identity with M. senuense strain 05-832 (access num-
ber NR043905.1), it was not possible to complete the identification.  

The identification of two isolates (MYC100 and 106) were in disagreement when considering PRA-hsp65 and 
MALDI-TOF MS techniques. The identification by PRA-hsp65 generated a profile shared by three species, M. 
peregrinum2/porcinum1/septicum1, and MALDI-TOF MS identified both isolates as M. brisbanense. The se-
quencing analysisof the hsp65 gene fragment from these two isolates showed sequences identical to each other, 
with 99.5% identity with M. brisbanense DSM 44,680 sequence (access number JF491333.1), thus confirming 
the identification obtained with MALDI-TOF MSand suggesting a new PRA-hsp65 profile for M. brisbanense. 
The divergence between PRA-hsp65 and hsp65 gene sequence results was due to a mismatch of two nucleotides 
at positions 307 (CT) and 310 (TC) of the 401 bp fragment from the hsp65 gene. The changes in these nucleo-
tides resulted in loss of the recognition site for the restriction enzyme BstEII, which is used in PRA-hsp65, and 
generated a restriction profile compatible with that of other species (M. peregrinum2/septicum1/porcinum1) 
when analyzed by PRASITE (http://app.chuv.ch/prasite/index.html), erroneously identifying these isolates. The 
16S rRNA gene sequences also revealed that the MYC100 and 106 isolates were identical to each other and 
showed 99.2% identity with the sequence of M. brisbanense, strain W6743 and access number NR029037.1, 
thus confirming the identification obtained with MALDI-TOF MS. The sequences of isolate MYC100 were de-
posited in the GenBank database. 

4. Discussion  
The present study compared two protein extraction protocols for MALDI-TOF MS biotyping using reference 
strains and clinical isolates, representing 27 mycobacteria species. We chose to test the protocols described by 
El Khéchine (protocol A) and Bruker Daltonics (protocol B). The choice of protocol A was based on the as-
sumption that the mechanical disruption of the mycobacterial wall step, when carried out in a controlled manner 
by equipment, it could be a determining factor in obtaining quality spectra for analysis. The reason for protocol 
B was library availability for data comparison and inclusion of new spectra, expanding the database.  

The results showed that protocol A was more successful than protocol B in identifying mycobacterial species 
by MALDI-TOF MS. The comparative analysis between spectra obtained with the two protocols and the spectra  

http://app.chuv.ch/prasite/index.html
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(a) 

 
(b) 

Figure 1. Identification of reference strains and clinical isolates by MALDI-TOF-MS. (a) Dendrogram of protein mass pro-
files grouped by Pearson coefficient with 2% tolerance, using the BioNumerics program v. 7.5, and score obtained with pro-
tocols A and B. (b) Comparative spectral fingerprint of M. abscessus IAL1669 (left) and M. smegmatis ATCC14468 (right) 
obtained with Microflex LT mass spectrometer (Bruker Daltonics). m/z, mass-to-charge ratio. 

 
deposited in the Brucker Daltonics database revealed that the spectra obtained with protocol A were more simi-
lar to those deposited in the database. Both protocols A and B used heat to inactivate the microorganisms at 
95˚C for 1 h and 30 min, respectively. They also used beads for mechanical disruption of the mycobacterial wall. 
In protocol A, disruption of the mycobacterial wall took place by controlled shaking in a Fastprep instrument, 
whereas vortexing was used in protocol B. Shitikov and colleagues observed lower spectrum quality with great- 
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Figure 2. Identification of environmental mycobacterial isolates by MALDI-TOF MS and PRA-hsp65. Dendrogram of pro-
tein mass profiles generated using bionumerics program v. 7.5. (Applied maths, belgium). L70 = Lake 70, STP = sewage 
treatment plant, S1 = Spring 1, S2 = Spring 2. 

 
er sample heating [24]. In protocol A, the samples were subjected to heating twice as long as in protocol, but this 
observation was not confirmed by the samples studied. Our hypothesis was that the most important factor in ob-
taining quality spectra is the efficiency of disrupting the mycobacterial wall, which in protocol A, occurred 
through controlled mechanical agitation using equipment [23]. It was shown in a previous study that changes in 
the extraction protocol generated differences in the spectra [23]. Another work evaluated the effect of cultivation 
time, cooling of the lysate and freezing cycles on the quality of the spectrum and found no adverse impact on 
spectrum quality or identification [27]. These findings combined with our results suggest that the disruption of 
the mycobacterial wall is a critical step for efficient protein extraction, quality spectrum and consequently iden-
tification. Still, our results suggest that samples prepared with protocol A, though different from the protocol 
used to construct the Bruker Daltonics database, are amenable to analysis, and moreover, spectrum quality ob-
tained with protocol A was comparable to that deposited in the Bruker Daltonics database. However, other au-
thors tested the same protocols (A and B) and concluded that they were not amenable to analysis in the Bruker 
Daltonics database [25]. We believe that the differences may be related to the mycobacterial cell wall break 
down process. While we used the Fastprep at full speed for 3 min as described in the original protocol [23], Ba-
lazova and collaborators used a thermomixer at 1400 rpm for 2 min. The comparison between the resulting 
spectra generated by protocols A and B using reference and clinical strains led us to choose protocol A for the 
assessment of 27 unidentified environmental mycobacterial isolates by mass spectrometry. Concomitantly, the 
environmental isolates were analyzed by PRA-hsp65. 

Mass spectrometry identified, at the species level, 44.4% of the environmental isolates while the PRA-hsp65 
technique identified 62.9%. This difference occurred because six isolates identified as M. nebraskense and M. 
aubagnense by PRA-hsp65 were not identified by MALDI-TOF MS, since the database used for analysis does 
not have a spectrum for these microorganisms in its records. These findings strongly suggest that it is important 
to broaden the spectrum database. Most species of environmental mycobacteria identified in this study have 
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been described as being responsible for infections in humans and animals [12] [16] [33]-[37]. Ten environmen-
tal isolates (37%) could not be identified by any of these techniques. These results corroborate studies reporting 
that 48% to 61% of environmental mycobacteria isolated from water cannot be identified by phenotypic and 
molecular methods, demonstrating the importance of evaluating new identification techniques [1] [14] [38]. The 
number of new species of mycobacteria has been increasing exponentially making identification a challenge 
[39].  

The joint analysis of the results obtained with MALDI-TOF and PRA-hsp65 revealed a disagreement in two 
isolates identified as M. brisbanense and M. peregrinum2/porcinum1/septicum1, respectively. The sequencing of 
the hsp65 gene fragment showed two nucleotide changes resulting in the loss of recognition site for the restric-
tion enzyme BstEII, which was used in the PRA-hsp65 method, erroneously identifying these isolates. The se-
quencing of the 16S rRNA gene showed that these two isolates shared 99.2% of identity to M. brisbanense se-
quence thus confirming the identification obtained with MALDI-TOF MS.  

In conclusion, our results showed that MALDI-TOF MS and PRA-hsp65 had the potential for the identifica-
tion of environmental isolates, considering an available database with profiles for comparison. Mass spectrome-
try has the advantage of being a simpler and faster technique than PRA-hsp65. 

In work we were able to test a fast and efficient method for protein extraction followed by mass spectrometry 
biotyping of environmental mycobacterial isolates, as an answer to the growing need for a rapid and suitable 
method for identification of the increasing number of new mycobacterial species to be characterized.  
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