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Abstract: Nontuberculous mycobacteria (NTM) are ubiquitous microorganisms naturally resistant to
antibiotics and disinfectants that can colonize drinking water supply systems. Information regarding
the spread of NTM in specifically South America and Colombia is limited. We aimed to identify
and characterize NTM present in tap water samples from Cali, Colombia. Drinking water samples
and faucet biofilm swabs were collected in 18 places, including the city’s three main water treatment
plants (WTPs). Filter-trapped material and eluates (0.45 µm) from swab washes were plated in 7H11
agar plates. Suspected colonies were evaluated microscopically, and NTM species were identified
based on the rpoB gene. Antibiotic susceptibility testing was also performed. Fifty percent (9/18)
of sampling points were positive for NTM (including two WTPs), from which 16 different isolates
were identified: Mycobacterium mucogenicum (8/16), M. phocaicum (3/16), M. chelonae (2/16), M.
mageritense (2/16), and M. fortuitum (1/16), all rapidly growing mycobacteria. A susceptibility profile
was obtained from 68.75% (11/16) of the isolates. M. chelonae was the most resistant species. All NTM
isolated are potentially responsible for human diseases; our findings might provide a baseline for
exploring NTM transmission dynamics and clinical characterization, as well as potential associations
between NTM species found in drinking water and isolates from patients.

Keywords: antibiotic resistance; drinking water; nontuberculous mycobacteria; public health

1. Introduction

Nontuberculous mycobacteria (NTM) are aerobic, nonmotile, and ubiquitous organ-
isms found in water and soil. Collectively, their cell wall composition, biofilm formation
ability, resistance to high temperature, and low pH allow these bacteria to be naturally
resistant to antibiotics and disinfectants, as well as colonize different moist environments,
including drinking water supply systems [1–3]. NTM species have been isolated from
both patients and environmental sources; more than 200 species of NTM have been charac-
terized by molecular biology techniques [4,5]. The most common NTM associated with
human infection include Mycobacterium avium complex (MAC), M. kansasii, M. xenopi, and
M. malmoense from slowly growing NTM and M. abscessus complex, M. chelonae, and M.
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fortuitum from rapidly growing NTM. Nevertheless, their frequency and distribution vary,
which makes the study and determination of the local distribution of NTM species in
potential sources of infection essential.

The pathogenic potential of NTM has been recognized since the 1950s; however, only
recently has the interest in NTM as etiological agents of opportunistic infectious diseases
started increasing, not only in immunocompromised or elderly people, but also in the
immunocompetent population [6–10]. In fact, 22 studies performed between 1946 and
2014 reported a 94% increase in infections caused by NTM [11]. Most of the information
about NTM as agents that cause disease has been published in the United States and
Europe [12,13], and the frequency of isolation and clinical relevance of NTM species vary
among continents, countries, and even cities [14,15]. However, these publications coincide
on two facts: (1) the prevalence and incidence of NTM infections has increased in the past
decade [12,16,17], and (2) there is an imperative necessity of conducting ecological and
epidemiological studies to reveal possible associations between the distribution of NTM
species and environmental reservoirs, clinical presentations, and host susceptibility [17–19].

In Colombia, the prevalence and distribution of NTM have been scarcely studied. In
2010, Correa et al. published a study including 29 cases of NTM subcutaneous infections
occurring after mesotherapy, most of which were associated with M. chelonae, followed
by M. abscessus and M. fortuitum, from private dermatological practices in the city of
Medellín [20]. Llerena et al. reported that infections caused by NTM were mainly associated
with the MAC complex, followed by M. abscessus and M. fortuitum. According to the
Laboratorio Nacional de Referencia in Colombia, between 2012 and 2016, the most common
form of NTM-associated disease was pulmonary [21]. In addition, an exploratory study
carried out in the city of Cali also showed that 1.5% of sputum cultures from patients
under study for active tuberculosis between 2014 and 2017 exhibited NTM growth, with M.
fortuitum and M. abscessus being the most commonly identified species [22]. However, little
is known about the primary source of those NTM in Colombia, and environmental sources
typically colonized with NTM, such as local water supplies, could be playing an important
role in human infection and disease.

In this study, we aimed to determine the presence of NTM in tap water samples
from Cali, Colombia. We also determined the susceptibility profile of isolated bacteria.
The knowledge generated might provide a baseline for future research in the field of
NTM transmission dynamics and clinical characterization, as well as establish associations
between NTM species found in drinking water or specific water sources and species
isolated from patients. Thus, the detection of potential associations would inform strategies
and policies directed toward preventing NTM infections in susceptible people.

2. Materials and Methods

Drinking water samples were collected from buildings in the city of Cali, Colombia.
This city is located 995 m above sea level, and the annual average temperature is 24.5 ◦C
(23.8–25.1 ◦C). The water supply system is composed of four subsystems that originate from
four surface water sources and five treatment facilities. The Pance River subsystem supplies
drinking water to 0.4% of the total customers, the Meléndez River subsystem supplies
to 3.8%, the Cali River subsystem supplies to 10.8%, and the Cauca River subsystem
supplies to 85%. Water treatment plants (WTPs) apply conventional processes in treating
raw water (coagulation, flocculation, sedimentation, filtration, and final disinfection with
chlorine). The two biggest WTPs, Puerto Mallarino and Río Cauca (both compose the
Cauca River subsystem), also use chlorine for primary disinfection. The distribution system
operates by gravity, pumping, or a combination of both, and includes 2951 km of pipelines,
10 service reservoirs, 28 storage tanks, and 19 pumping stations to deliver water to about
657,000 customers. In 2017, the water utility began partitioning the distribution network;
the goal was to materialize 85 hydraulic sectors. Currently, the project is 62% completed
(53 hydraulics sectors in operation as of 2021).
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Table 1 shows that 18 points were sampled in total; three samples were collected
from the WTP outlets, and the remaining samples were obtained from buildings located
in different neighborhoods covering the four corners of the city; just one sample at each
point and time was collected (Figure 1). Thirteen premises were used for housing, and the
other two were commercial establishments; several of them had domestic storage tanks.
Before performing any manipulation of the faucet, we sampled biofilms by introducing a
polystyrene PurFlock® ULTRA (Puritan, Guilford, ME, USA) sterile swab in the spout of the
faucet and making circular movements against the walls for approximately 30 s. To avoid
collection of stagnant water, the faucets were allowed to run for 15 s before the sample was
collected; 2 L of water were collected in sterile containers. Immediately after collection, both
swabs and water samples were transported to the microbiology laboratory of Universidad
Icesi and processed within the following 2 h. Sampling took place at two different moments
for each sampling point between the months of June and October 2018; no replicates were
processed. During this period, the monthly precipitation, according to four meteorological
stations, ranged from 14 mm to 133 mm, with an average of 54 ± 33 mm.

Samples were processed following the protocol described by Tichenor et al. and
Falkinham et al. [23,24]. The swabs were plated on two Middlebrook 7H11 agar plates and
incubated at 30 ◦C and 37 ◦C. The temperature, pH, and conductivity were measured in
all water samples, followed by filtration through a sterile membrane with a pore size of
0.45 µm. Both swabs and membranes were then transferred to a 50-mL tube containing
cetylpyridinium chloride (0.005%) for 30-min decontamination. The swabs were removed
using a sterile tweezer, and the filter membranes were scraped with sterile blades to detach
any bacterial cells from the surface. Afterward, the filter membrane was removed from the
50-mL tube using a sterile tweezer and split in half using sterile scissors. Both membrane
fragments were placed on a Middlebrook 7H11 agar separately for incubation at 30 ◦C
and 37 ◦C. The tubes with cetylpyridinium chloride containing the swabs and membrane
scraping residues were spun down at 3.5k RCF for 20 min, the supernatant was removed,
and the pellet was washed once in 200 µL of sodium chloride (0.85%). After washing, the
pellet was spun down at 3.5k RCF for 10 min, and 100 µL was plated on Middlebrook
7H11 agar. Each plate was incubated at 30 ◦C and 37 ◦C as previously mentioned; the
Middlebrook 7H11 agar plates were monitored for 20 days.

Suspected colonies, which were mostly dry, had uneven borders, and varied in color
from cream to yellow or orange, were prepared for microscopy examination using Gram
and Ziehl–Neelsen staining. We extracted the genomic DNA of all acid-fast colonies using
PrepMan Ultra Sample Preparation Reagent (Applied Biosystems, Waltham, MA, USA),
according to the manufacturer’s recommendations.

To identify NTM species, a set of primers was used to amplify the beta subunit of RNA
polymerase rpoB gene (723 bp): MycoF: 5′-GGCAAGGTCACCCCGAAGGG-3′ and MycoR:
5′-AGCGGCTGCTGGGTGATCATC-3′, previously reported by Adékambi et al. [25]. The
polymerase chain reaction conditions included an initial denaturation for 1 min at 95 ◦C,
followed by 35 cycles of: denaturation for 30 s at 94 ◦C, primer annealing for 30 s at 64 ◦C,
and extension for 90 s at 72 ◦C. The final extension was held for 5 min at 72 ◦C. Sanger
sequencing was performed using the 3500 Genetic Analyzer and the BigDye™ Terminator
v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, Waltham, MA, USA), according to
the fabricant’s recommendations. Data analysis was performed using the Sequencing
Analysis v 6.0 software (Thermo Fisher Scientific Waltham, MA, USA) and the Basic Local
Alignment Search Tool. To construct a phylogenetic tree, Mega software (version 7) was
used. The methodology used was the maximum likelihood based on the Tamura–Nei
model, and the stability of the phylogram was evaluated by parsimony bootstrapping with
500 simulations.
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Table 1. Sampling points in the study area.

Sampling
Point ID WTP/Neighborhood Supplied by WTP Storage Tank Floor in the

Building
NTM Species

Isolated

1 WTP Río Cali — — — A87-M. mucogenicum

2 WTP Río Cauca — — —
A18-M. fortuitum

A75-M. mucogenicum
A74-M. mageritense

3 WTP Puerto Mallarino — — — —

4 Urbanización Río Lili Puerto Mallarino *
Río Cauca Yes 4 —

5 Los Cámbulos Río Cauca *
Puerto Mallarino Yes 2 A21-M. chelonae

A54-M. chelonae

6 Industrial Río Cauca *
Puerto Mallarino No 1

7 Las Granjas Puerto Mallarino No 1 A62-M. phocaicum

8 Panamericano Puerto Mallarino *
Río Cauca No 1 —

9 Refugio Río Cauca *
Puerto Mallarino Yes 6 —

10 Salomia Puerto Mallarino No 2 —

11 San Fernando Río Cali No 1 A37-M. mucogenicum
A83-M. phocaicum

12 Vipasa ** Puerto Mallarino
Río Cauca No 1 —

13 Alameda Río Cauca *
Puerto Mallarino No 1 A105-M. phocaicum

14 Valle del Lili Puerto Mallarino Yes 3 A122-M. mucogenicum

15 Alfonso López ** Puerto Mallarino
Río Cauca No 2 —

16 San Pedro Río Cali Yes 1
A114-M. mucogenicum
A130-M. mucogenicum
A131-M. mucogenicum

17 Puertas del Sol Puerto Mallarino No 1 —

18 Ciudad Córdoba Puerto Mallarino No 1 A125-M. mageritense
A129-M. mucogenicum

WTP, water treatment plant; NTM, nontuberculous mycobacteria. * Predominant plant supplying the sampling point. ** Some premises
may receive water from both WTPs.

For antibiotic susceptibility testing, we used commercial broth microdilution panels
(RAPMYCO Sensititre™, Trek Diagnostics/Thermo Fisher, Waltham, MA, USA) following
the manufacturer’s recommendations. This panel tests the activities of amikacin, cefox-
itin, ciprofloxacin, clarithromycin, doxycycline, imipenem, linezolid, sulfamethoxazole,
moxifloxacin, and tobramycin, as recommended by the CLSI [26].
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3. Results

A total of 16 NTM isolates were identified in water samples from nine of the 18 points
evaluated (Figure 1). These positive locations corresponded to two WTPs (11.1%), which
supply drinking water for 25% of Cali’s inhabitants: four (22.2%) domestic premises, one
(5.6%) commercial premise, and two (11.1%) public buildings. All water samples met the
criteria established by Colombian regulations for the physicochemical properties for pH
and conductivity (Table 2). None of the biofilm swabs were positive for NTM isolation.

Table 2. Physicochemical properties of drinking water samples.

Parameter Median (Interquartile
Range) Mean (Standard Deviation) Accepted Parameters in

Colombian Regulations [27]

Temperature (◦C) (n = 33) 25.2 (24.6–25.4) 24.9 (1.1) Not regulated

pH (n = 33) 7.3 (7.0–7.9) 7.4 (0.5) 6.5–9.0

Conductivity (uS/cm) (n = 32) 136.4 (128.3–150.4) 139.8 (18.8) Up to 1000

The 16 NTM isolates were identified as five different species: M. mucogenicum, M.
phocaicum, M. fortuitum, M. chelonae, and M. mageritense, all rapidly growing mycobacteria.
The most frequently identified species was M. mucogenicum, which was detected in eight
isolates (50%), followed by M. phocaicum in three (18.75%), M. mageritense in two (12.5%),
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M. chelonae in two (12.5%), and M. fortuitum in one isolate (6.25%). Figure 2 represents
the phylogenetic analysis based on the rpoB sequence to determine the species. The
percentage of trees in which the associated taxa clustered together is shown next to the
branches. The tree is drawn to scale, with the lengths of the branches measured in the
number of substitutions per site. The analysis involved 16 nucleotide sequences. All
positions containing gaps and missing data were eliminated. The final dataset consisted of
592 positions. Evolutionary analyses were conducted in MEGA 7.0.
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There was variation in the species distribution by the type of sampling point; M. muco-
genicum strains were obtained with a relative frequency of 12.5% from WTPs, 18.5% from
domestic premises, 12.5% from a public buildings, and 6.5% from commercial premises.
Three M. phocaicum isolates were obtained with a relative frequency of 12.5% from domestic
and 6.25% from commercial premises; two M. chelonae isolates that corresponded to a
relative frequency of 12.5% were obtained from domestic premises; two M. mageritense
isolates were obtained from a WTP (6.5%) and a domestic premise (6.5%); and one M.
fortuitum isolate was obtained from a WTP (6.5%).

Six of the 13 samples collected from the Cauca River subsystem and all (three) from
the Cali River subsystem were positive for the presence of NTM. The data suggested that
NTM obtained from the Cauca River subsystem were more diverse than those identified
in the Cali River subsystem (five species vs. two species, respectively). The species M.
mucogenicum, M. chelonae, M. phocaicum, M. mageritense, and M. fortuitum were identified
from the Cauca River subsystem samples, and M. mucogenicum and M. phocaicum were
identified from the Cali River subsystem samples.

Although the use of susceptibility testing is generally recommended only for clinically
significant mycobacteria, we performed a susceptibility exploration for 11 of 16 isolates
(68.75%), which revealed that, in general, M. chelonae and M. mageritense were the species
with the most resistant profile to the antibiotics tested, and that doxycycline, ciprofloxacin,
and tobramycin were the antibiotics for which more resistant isolates were detected
(Table 3). The remaining five isolates could not be evaluated because of budget constraints.
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Table 3. Minimum inhibitory concentration for nontuberculous mycobacteria isolated from drinking water in Cali, Colombia.

Antimicrobial
Agent

MIC (mg/L) Breakpoints MIC (mg/L)
for RGM Isolates

S I R
M.

fortuitum
A18

M.
chelonae
A21, A54

M. muco-
genicum
A37,A75,

A87, A114

M.
phocaicum
A62, A83,

A105

M.
mageritense

A74

Amikacin ≤16 32 ≥64 S I, S S, S, S, S S, S, S S

Tobramycin ≤4 8 ≥16 R S, S I, R, R, R R, S, I R

Doxycycline ≤1 2–8 ≥16 S R, R R, R, S, S I, R, S R

Ciprofloxacin ≤1 2 ≥4 S R, I S, R, S, S R, R, R R

Moxifloxacin ≤1 2 ≥4 S R, R S, I, S, S S, S, S S

Clarithromycin ≤2 4 ≥8 R S, S S, S, S, R S, S, S R

Linezolid ≤8 16 ≥32 S R, S S, S, S, R S, S, S S

Imipenem ≤4 8 ≥16 S R, R S, S, I, S I, S, S R

Cefoxitin ≤16 32–64 ≥128 I R, R S, S, S, S I, S, S I

Sulfamethoxazole ≤32 - ≥64 S R, R S, S, S, R S, S, S -

MIC, minimum inhibitory concentration; S, susceptible; I, intermediate; R, resistant; RGM, rapidly growing mycobacteria.

4. Discussion

This exploratory study is the first to report the isolation, characterization, and antibi-
otic susceptibility profile of NTM from drinking water samples in Cali, Colombia. Fifty
percent (9/18) of the sampling points in our study were positive for NTM, from which
we identified 16 different isolates. Several studies have identified drinking water as one
of the most common vehicles and distribution systems, as well as reservoirs, for NTM.
Pérez and Martínez in Ciudad de México managed to isolate NTM species in 16% of the
drinking water samples analyzed [28]; Tortone and collaborators in Ciudad de la Pampa
isolated NTM in 37.5% of the samples analyzed [29]; and Oriani and colleagues in Bahia
Blanca, Argentina, isolated NTM in 51.6% (64/124) of the drinking water samples ana-
lyzed [30]. Donohue et al. [31] collected 272 samples from 40 geographically dispersed
sites in the United States and detected culturable mycobacteria at least once in 98% of
faucets. Collectively, all of these studies demonstrated that drinking water and its distri-
bution networks are common habitats for NTM [18,32]. Although there are few reports
describing the distribution of NTM in South America, Zweijpfenning et al. reported that
the species most frequently found in this part of the world are those of the MAC complex,
with a frequency of 34%, followed by M. kansasii with 17%, M. gordonae with 15%, and M.
fortuitum with 9% [14]. However, our findings coincide with the results of the study by
Pérez-Martínez [28], who reported that M. mucogenicum was the most frequently isolated
species, followed by M. fortuitum, although with less frequency. Studies carried out in
Germany, Australia, and France reported higher frequencies of isolation of NTM from
drinking water than those reported in South America, with percentages ranging between
57% and 72%, respectively [33–35]. The difference between the two continents could be
associated with the underreporting, technical, and resource limitations in South America,
which might have led to an analysis of a smaller number of samples [34]. These results
could also be explained by the age and materials of the distribution networks of European
and Australian cities, considering that their cities are older, and therefore, their pipes could
be older, which generates particular conditions that lead to certain species of bacteria
proliferating more than others [36–39].

All isolated species found in this study corresponded to rapidly growing mycobacteria,
which, according to Hoefsloot et al., have been found with greater frequency in the United
Kingdom, Greece, and Canada [40]. Overall, the NTM phylogenetic tree shows three
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distinct groups. The first group included four closely related isolates of M. mucogenicum,
although they were obtained from different WTPs. The second group included isolates of
M. mucogenicum that were not closely related to group 1, but these were closely related to
other isolates of M. phocaicum. These findings suggest that strains from different WTPs
have undergone gene rearrangements. Finally, the tree also showed a third group that
included one isolate of M. fortuitum and two identical isolates of M. mageritense and M
chelonae, which suggests an isolation of the same strains.

The NTM species isolated in this study are potentially responsible for human diseases.
M. fortuitum and M. chelonae have been associated mainly with skin and soft tissue infec-
tions [41–43]; however, there have been cases reported of pulmonary disease caused by
these organisms [44,45]. M. mucogenicum has been associated with catheter-related sep-
sis [46], pulmonary infections [47], and infections at the central nervous system level [48].
In addition, drug-resistant isolates of M. mucogenicum have been reported from hospital
surfaces [49]. M. phocaicum has been associated with lung disease acquired from hot tubs
and pool water [50,51] and, at a lower rate, with bloodstream infection [52]. M. mageritense
has been associated with pulmonary and skin infections. However, the mere presence of
NTM is not directly associated with human disease, and its pathogenic potential remains
to be elucidated in our setting.

M. fortuitum was the most susceptible isolate, showing resistance only to tobramycin
and clarithromycin. Intrinsic resistance to clarithromycin conferred by the inducible
ermmethylase gene erm (39) is common in M. fortuitum [53,54]. However, additional
molecular studies are required to provide a deeper characterization of macrolide resistance
in the isolated strain. On the other hand, M. chelonae has been associated with high levels
of drug resistance compared with to other NTM. In fact, one strain isolated in this study
showed resistance to six of the 10 drugs tested. Scarce information on drug susceptibility
for the remaining species prevents us from discussing the susceptibility findings, which in
any case are mostly important for clinical practice, and should be considered for clinical
importance studies.

Although all species were isolated from drinking water samples, 75% (12/16) were
isolated from faucets located in houses, apartments, or commercial premises; the remaining
25% (4/16), corresponding to M. mucogenicum (2), M. fortuitum (1), and M. mageritense (1),
were isolated from two WTPs that supply drinking water to 25% of customers. Such plants
take raw water from two different surface water sources: the Cauca River and Cali River.
The Cauca River is characterized by an advanced degree of environmental deterioration,
as there are various uses of soil and water in its basin, such as licit and illicit crops, urban
settlements, presence of manufacturing industries, livestock, fishing, extraction of sand, and
recreational use. All of the above contribute to pesticides, micropollutants, heavy metals,
organic and inorganic matter, low dissolved oxygen, and pathogenic microorganisms,
among others [55]. On the contrary, the Cali River is a smaller source of water with better
conservation conditions, since it originates in the protected area of Farallones National
Park. Moreover, the influence of urban settlements is more limited, and there is little to
no large-scale industrial activity in its middle basin, where the catchment of the Río Cali
WTP is located. However, in 2015, authorities detected and intervened in illegal mining
activities for gold extraction, and in its lower basin, the quality of water shows a notorious
deterioration due to the discharge of domestic wastewater from the urban and rural areas
of the city of Cali [56]. We do not know how the abovementioned dynamic in rivers may
affect NTM species distribution in the city.

The detection of NTM in WTPs after water treatment would partially explain the
presence of NTM in other sampling points. Just three of the five species characterized were
isolated from WTPs. Several factors could have an influence on the detection of potential
pathogens in treated water before or after passing through the distribution systems, such
as resistance to purification agents and further bacterial regrowth in distribution systems,
formation of biofilm in distribution systems after surviving purification agents, contami-
nation in the domestic pumping sites and storage tanks, and cross-contamination of the
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distribution networks or in the plumbing systems during maintenance activities, which
cause a loss of physical integrity of the supply system [57,58].

Genotypic and structural characteristics of NTM make them resistant to purification
treatments and enable them to proliferate, travel, and spread through drinking water
distribution networks, including plumbing systems. In addition, their detection, identi-
fication, and quantification are not microbiological parameters included for the control
and surveillance of the quality of drinking water worldwide. Therefore, entities that are
in charge of public health policies should be sensitized to the importance of investigating
the real risks that this group of bacteria present for human health, mainly in plumbing
systems, where susceptible people live, either due to underlying diseases or some type
of immunosuppression. Preventive measures should be implemented to help mitigate
the spread of NTM in high-risk populations, including the implementation of commercial
water purification systems based on filtration and ultraviolet light, particularly for water
intended for ingestion, food preparation, and personal hygiene, as well as advice to avoid
saunas, swimming pools, and hot tubs, which are known sources of NTM.

5. Limitations

The absence of slow-growing NTM isolates may be attributed to conditions favored by
the isolation and culture techniques used, which could have generated an environment that
was not conducive to the development of slow-growing NTM, rather than a real absence of
them. Among the conditions that we think could have interfered with the development of
slow-growing NTM is the overgrowth of fast-growing NTM and other groups of bacteria
and fungi, as well as the dehydration of the culture media after an incubation period of
two to three weeks. These observations should be considered for future studies. Similarly,
despite the common presence of NTM on biofilms, we did not obtain any isolates from the
swabs used to sample faucet biofilms, perhaps as a result of the methodological constraints.
Because of the limitations of the sample size, we were unable to determine the relationship
of storage tanks to the presence of NTM. Finally, since most of the samples were collected
during a period usually considered summer, it was not possible to establish the potential
impact of climate on the results obtained.

6. Conclusions

To our knowledge, few studies have been reported on the presence of NTM in drinking
water in Latin America. This work represents a contribution to improve the knowledge
regarding the presence of NTM in drinking water in the city of Cali, Colombia. The
species of NTM identified in the drinking water collected from plumbing systems were
M. mucogenicum, M. mageritense, M. phocaicum, and M. chelonae, and those collected from
the outlet of two WTPs were M. mucogenicum, M. mageritense, and M. fortuitum. Samples
collected from the Cauca River subsystem, which is supplied by a very contaminated river,
presented more NTM in comparison with samples from the Cali River subsystem: five
species of NTM were isolated from the former, whereas two species was isolated from
the latter.

More research must be conducted to determine the presence, abundance, and infection
capability of NTM in plumbing systems from buildings that host vulnerable populations,
such as elderly individuals, children, and immunocompromised people. In addition,
education and further, more advanced treatment processes should be implemented in such
facilities to inactivate NTM and other opportunistic water-borne pathogens.
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