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Abstract: Nontuberculous mycobacteria (NTM) are common in the environment and certain species
can cause serious infections. Improved environmental surveillance methods are needed to combat
the increased incidence of NTM disease. Recently, two methods were developed to improve NTM
detection. The MYChrOme™ Culture Plate (patent-pending, Phigenics, LLC, Reno, NV, USA) is
the first chromogenic medium for rapid-growing NTM detection in water samples. NTM Elite agar
(Biomerieux, Marcy-1'Etoile, France), was developed for rapid-growing NTM detection in clinical
samples. Fifty water samples (25 potable and 25 non-potable) with three technical replicates were
analyzed by each method and Middlebrook 7H11 selective medium (7H11S) (ASTM E2563-07 method
modified for water). The MYChrOme method was overall equivalent to or better than 7H11S medium
and NTM Elite agar for the detection of rapid-growing NTM in potable water. All three methods
detected similar amounts of NTM in non-potable water samples. The chromogenic property of
MYChrOme allowed NTM colonies to be quickly identified and differentiated from other bacteria.
Additional analysis is required for colony confirmation on 7H11S medium and NTM Elite agar. The
use of innovative environmental NTM diagnostics, in addition to proper water management, can
greatly reduce the risk of NTM disease.

Keywords: water management; waterborne pathogen; validation testing; hospital acquired infection;
nontuberculous mycobacteria; chromogenic culture media

1. Introduction

Nontuberculous mycobacteria (NTM) are members of the genus Mycobacterium and
vary in pathogenicity. The two groups of Mycobacterium excluded from NTM are the
Mycobacterium tuberculosis complex and M. leprae complex. NTM are common in the
environment, but they can be dangerous to immunosuppressed populations. Immunocom-
petent individuals can also acquire NTM infections. NTM lung disease cases have been
increasing approximately 5% each year [1], especially in immunocompromised individ-
uals. In 2014 there was an estimated 97,000 cases, approximately 72% were waterborne
acquired, and the largest number of deaths attributed to waterborne illness (3800) was due
to NTM disease [2]. NTM infections are commonly acquired through breaks in infection
control and exposure to contaminated water sources, such as the terminal rinse water for
endoscopy equipment [3], heater-cooler units [4], and tap water/ice [5,6] especially during
construction or renovation [7]. NTM disease is also often community acquired [8,9]. An
increased NTM presence has been linked to municipalities that utilize monochloramine as
a secondary disinfectant [10].

There are two categories of NTM based on growth rate. Rapid-growing NTM form
colonies within seven days [11] and slow-growing NTM take more than seven days to form
colonies on solid media, usually ranging from two to six weeks. In a study comparing
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NTM disease incidence in four states in 2014, Donahue found that slow-growing and rapid-
growing infections accounted for 76.4% and 19.5% of reported disease, respectively, with
the remaining being unidentified species [12]. One of the most common rapid-growing
species, M. abscessus, has a much higher treatment time and twice the treatment cost of
M. avium, a common slow-growing NTM [13]. This is due to the increased antibiotic
resistance of M. abscessus, making it difficult to treat. It is important to monitor for this
pathogenic bacterium in healthcare facilities in order to be proactive about the control and
the prevention of NTM disease.

NTM and M. tuberculosis detection methods have been optimized for clinical testing,
and these methods are currently adapted to test water and environmental samples. These
methods utilize liquid media (mycobacteria growth indicator tube (MGIT) (Becton Dickin-
son, Sparks, MD, USA) or solid media with a confirmation step via the acid-fast stain or a
genus-specific polymerase chain reaction (PCR). Middlebrook 7H10 and Middlebrook 7H11
Selective (7H11S) are two of the most used media for NTM detection and isolation. In addi-
tion to plating, the use of antibiotics and decontamination methods are often used to reduce
the background microbiota in these samples. Examples of reagents that decontaminate the
samples before plating are N-acetyl-I-cysteine-sodium hydroxide (NALC + NaOH) [14]
and cetylpyridinium chloride [15]. The latter has been shown to reduce the viability of
certain species of NTM [16]. Decontamination methods often take more than 30 min to
complete before plating. The analysis of NTM from these media is further burdened by the
fact that there is little to no differentiation between NTM colonies and other bacteria.

Two new culture plate methods have recently been developed specifically for rapid-
growing NTM: the MYChrOme™ Culture Plate (Phigenics, LLC, Warrenville, IL, USA)
and Rapidly Growing Mycobacteria (RGM) medium [17], also known as NTM Elite agar
(Biomérieux, Marcy-1'Etoile, France). MYChrOme is a patent-pending chromogenic solid
culture medium that was developed for potable and non-potable water. On this medium,
NTM colonies can be differentiated from background microbiota through the use of crystal
violet (CV) dye. The CV turns all non-mycobacteria colonies purple/brown, while NTM
colonies remain white or non-colorized. Water samples are plated with and without a
decontamination reagent (MYCOn) for a more comprehensive result. This decontamination
step does not require incubation, and it can be plated immediately. The MYChrOme Culture
Plate is AOAC Performance Tested°M certified (No. 062101) for potable and non-potable
water matrices [18].

NTM Elite agar is a patented culture medium that was developed for the detection
of rapid-growing NTM in clinical specimens such as cystic fibrosis sputum samples. Due
to the high background microbiota in sputum samples, NTM Elite agar includes four
antimicrobial agents (colistin, fosfomycin, amphotericin, and C-390) [19], and it does not
require a decontamination step. Only one study has been done to test NTM Elite agar on
environmental samples to date [20]; in addition, a recent study tested NTM Elite agar on
artificially contaminated water samples [21].

The aim of this study was to compare MYChrOme and NTM Elite agar to a standard
method: ASTM E2563-07—originally developed for detecting NTM in metalworking fluids
and modified for water, which utilizes 7H11S medium without decontamination. Potable
and non-potable water were analyzed for rapid-growing NTM by each culture method.
Through robust environmental testing and type strain comparisons, this study showed that
the MYChrOme method was overall equivalent to or better than 7H11S agar and NTM
Elite agar for detection of rapid-growing NTM in potable and non-potable water samples.

2. Materials and Methods
2.1. Type Strain Comparison

Individual cell suspensions of M. abscessus (Culture Collection University of Gothen-
burg (CCUG) 71636), M. chelonae (CCUG 72969), and M. fortuitum (CCUG 46694) were
made to an ODgg of 0.18. Twenty microliters of each suspension were added to 200 mL of
phosphate-buffered saline. Two hundred milliliters of each sample were filter concentrated
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using a Nalgene™ reusable filter holder (Thermo Scientific, Waltham, MA, USA) with a
0.22 pm Whatman™ Nuclepore™ track-etched polycarbonate membrane with a diameter
of 47 mm (Cytvia, Chicago, IL, USA). The membrane was resuspended in 10 mL of filtrate
and vortexed for 30 s. Dilutions of the filter concentrated samples were made to 104, One-
hundred microliters of each dilution was plated in triplicate on 7H11S (Hardy Diagnostics,
Santa Maria, CA, USA) and NTM Elite agar. The MYChrOme method [18] was also used
to analyze the samples as follows: 100 uL was plated on the MYChrOme Culture Plate;
additionally, the sample was decontaminated with MYCOn (100 mM glycine hydrochloride
in 10% Sodium dodecyl sulfate, Phigenics, LLC, Warrenville, IL, USA) at approximately
1:50 (19 uL MYCOn in 981 uL of sample), and 100 pL. was immediately spread plated in
triplicate onto MYChrOme. All plates were incubated at 30 °C for 7 days. Colonies were
counted and then divided by two to calculate CFU/mL.

2.2. Water Sample Analysis

Twenty-five potable water samples, with the majority from healthcare facilities, were
collected from tap water, showers, and ice machines. The samples were collected with
100 mg/L of sodium thiosulfate to neutralize the residual oxidant, and they were shipped
overnight to the Phigenics Research and Innovation Team (phiRIT Reno, NV, USA). Two
hundred milliliters of potable water were filter concentrated to 10 mL using 0.22 um, 47 mm
track-etched polycarbonate membranes. Then, 100 pL was plated in triplicate on NTM
Elite agar, 7H11S and MYChrOme. In addition, each sample was decontaminated per the
MYChrOme method and plated in triplicate as above. All culture plates were incubated at
30 °C for 7 days.

Non-potable water from 25 cooling towers was utilized for this comparison study.
One-hundred microliters of sample was directly plated in triplicate onto NTM Elite agar.
For the MYChrOme method, two decontamination levels were plated on MYChrOme: the
unconcentrated sample was decontaminated as above (1:50) and at 1:25 (38 uL MYCOn in
962 pL sample), then 100 pL was immediately plated in triplicate. For the 7H11S medium,
200 mL of water was concentrated as above and 100 pL was spread plated in triplicate. All
culture plates were incubated at 30 °C for 7 days.

2.3. Colony Confirmation

One representative colony from each morphology for each sample per culture method
was analyzed by a Mycobacterium genus level real-time PCR. Primers and probe for atpE
were selected from Radomski et al., 2013 [22] and the following cycling conditions were
used on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA):
95 °C for 3 min, 50 cycles of 95 °C for 10 s, and 60 °C for 30 s. For MYChrOme Culture
Plates, the chromogenic medium allowed for only white colonies to be confirmed as NTM,
all other colored colonies (usually purple) were not NTM and no further analysis was
performed.

2.4. Statistical Analysis

For environmental and type strain testing, triplicate colony counts were used for
statistical analysis. A two-tailed ¢-test assuming unequal variance was used to analyze
the environmental data: MYChrOme and NTM Elite agar were compared and 7H11S was
compared to both novel culture methods. The agreement, Cohen’s kappa, and Pearson’s
correlation coefficient between MYChrOme and NTM Elite agar environmental data were
also calculated. A one-factor analysis of variance (ANOVA) was used to analyze the type
strain data; p < 0.05 was considered statistically significant.

3. Results
3.1. Type Strain Comparison

Figure 1 shows the comparison of three type strain NTM species plated on three
different culture media. The dilutions with countable plates were included in the figure. For
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was significantly lower (p = 0.0001) than the other two, and the MYChrOme method 1:100
dilution was significantly higher (p = 0.004) than the NTM Elite method. The two lowest
dilutions were not statistically different at a concentration of <1 CFU/mL. The M. fortuitum
dilutions were not statistically different.
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Figure 1. Type strain comparison. (a) M. abscessus (Culture Collection University of Gothenburg)
(CCUG) 71636), (b) M. chelonae (CCUG 72969), and (c) M. fortuitum (CCUG 46694) serial dilutions to
10~* were analyzed with each culture method. Error bars represent plus and minus the standard error
of the mean. One-factor analysis of variance (ANOVA) was used to determine significant differences:
*p <0.05 ** p <0.01, ***p < 0.001.

3.2. Potable Water

There were 18 NTM-positive potable water samples with concentrations ranging
from <1 CFU/mL to too numerous to count (>300 CFU/mL). Table 1 shows the average
CFU/mL for each sample per method as well as summary statistics. In comparison to
each other, MYChrOme and NTM Elite colony counts were not statistically different for
80% (n = 20) of the samples. MYChrOme had significantly higher colony counts for 16%
(n = 4) of the samples compared to NTM ELITE agar. Four percent (n = 1) of NTM Elite
colony counts were significantly higher than MYChrOme. The p values are shown in
Supplementary Table S1. There was a 96% agreement between MYChrOme and NTM Elite
Agar with a Cohen’s k value of 0.905 (Table 2). Figure 2a shows a bivariate plot of logg
CFU/mL potable water results for MYChrOme and NTM Elite Agar as well as Pearson’s
correlation coefficient (). The MYChrOme method and NTM Elite agar were found to be
positively correlated: r(15(degrees of freedom)) = 0.74, p = 0.0004.
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Table 1. Summary of environmental detections. Twenty-five potable and non-potable water samples
were analyzed in triplicate by each plating method. The average CFU/mL from three technical
replicates is shown. Summary statistics are shown at the bottom of the table.

Avg CFU ?/mL Potable Avg CFU/mL Non-Potable
;iﬁ%leer MKE:;?;“ NTM Elite  7H11S Mgd(ill?ll;f))(;ne NTM Elite  7H11S
1 ND ND ND ND ND ND
2 8.2 8.5 0.2 16.7 6.7 7.2
3 13.5 0.5 0.5 166.7 146.7 88.8
4 500.0 500.0 500.0 96.7 170.0 181.0
5 143.3 157.3 250.5 ND 6.7 0.7
6 ND ND ND 3.3 20.0 ND
7 7.3 16.5 25.2 2093.3 320.0 500.0
8 ND ND ND 10.0 40.0 7.2
9 ND ND ND ND 3.3 6.8
10 80.3 54.8 24.8 ND ND 0.2
11 35 37 ND ND ND 0.3
12 1.2 4.0 ND 80.0 63.3 26.7
13 3.3 10.3 5.5 46.7 36.7 50.5
14 14.5 0.2 0.5 163.3 ND 5.0
15 ND ND 0.2 ND 3.3 1.0
16 3.5 ND ND 236.7 43.3 22.3
17 ND ND ND 6.7 20.0 9.7
18 1.7 0.8 ND 16.7 53.3 26.5
19 13.7 15.8 15.2 16.7 66.7 3.8
20 10.5 5.0 ND ND ND ND
21 3.2 3.8 ND ND ND 0.5
22 56.7 49.5 33 ND ND 0.2
23 ND ND ND ND 13.3 18.5
24 78.0 11.7 0.5 ND ND 0.3
25 0.3 0.5 ND ND ND 2.3
Positives 18 17 12 13 16 22
Mean P 52.4 49.6 68.9 227.2 63.3 43.6
SD ¢ 118.3 122.3 153.0 565.7 84.0 110.0
SEM 4 279 29.7 442 156.9 21.0 23.4

2 Colony forming unit; ® Average of all positive samples in CFU/mL; ¢ Standard deviation of the positive samples;
d Standard error of the mean for the positive samples; ND = Not Detected.

Table 2. Agreement statistics between MYChrOme and NTM Elite Agar NTM detections in environ-

mental samples.

MYChrOme Method NTM Elite Agar
Pos 2 ND P Pos ND PA © K4
Potable 18 7 17 8 96% 0.905
Non- o
Potable 13 12 16 9 80% 0.595

2 Number of positive samples; > NTM not detected; ¢ Percent Agreement; ¢ Cohen’s kappa.

In comparison to 7H11S medium, MYChrOme colony counts were not significantly
different for 64% (n = 16) and significantly higher for 32% (1 = 8). The remaining sample
had significantly higher counts on 7H11S medium. NTM Elite agar and 7H11S medium
were not statistically different for 72% (n = 18) of samples. One sample had significantly
higher colony counts on 7H11S medium than the NTM Elite agar, and 24% (n = 6) of
samples were significantly different in favor of NTM Elite.
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Figure 2. Bivariate plots showing pairwise comparison of NTM Elite vs. MYChrOme NTM positive
results in log CFU/mL. (a) Potable data comparison. (b) Non-potable data comparison. The equation
for the linear fit is shown on the bottom right corner and the Pearson correlation coefficient, 7, is
shown on the top left corner with the degrees of freedom (n-2) and the p-Value.

3.3. Non-Potable Water

There were 22 NTM-positive cooling tower samples with concentrations ranging
from <1 CFU/mL to >2000 CFU/mL (Table 1). MYChrOme and NTM Elite agar did
not have statistically different colony counts for 84% (n = 21) of samples. MYChrOme
and NTM Elite agar both had two samples with statistically higher colony counts than
the other. Supplementary Table S2 shows the p values for all 25 samples. There was an
80% agreement between MYChrOme and NTM Elite agar for non-potable samples with
a Cohen’s k value of 0.595 (Table 2). Figure 2b shows a bivariate plot of log CFU/mL
non-potable water results for MYChrOme and NTM Elite Agar and Pearson’s correlation
coefficient. The MYChrOme method and NTM Elite agar were found to have a moderate
positive correlation: r(13) = 0.45, p = 0.09, however it was not significant.

Eighty-four percent of samples (n = 21) were not significantly different between
MYChrOme and 7H11S medium. Each method had statistically more colony counts on
two out of the remaining four samples. NTM Elite agar in comparison to 7H11S medium
was not statistically different for 88% (n = 22) of samples, one sample (4%) was statistically
significant in favor of NTM Elite agar, and 8% (n = 2) were statistically significant in favor
of 7H11S.

4. Discussion

NTM disease is increasing in prevalence due to community-acquired and hospital-
acquired infections, especially from contaminated tap water. This study focused on NTM
detection in potable and non-potable water from hospitals and universities. NTM are
extremely resistant to chemical disinfection, and they proliferate in water systems with
limited nutrients [23]; therefore, it is imperative to have rapid and accurate environmental
NTM testing methods to reduce the risk of NTM disease.

This study compared two novel NTM detection methods in potable and non-potable
water (cooling towers) against 7H11S medium. In addition, three NTM type strains were
analyzed by each method. Overall, the methods had similar NTM counts, with three
significantly higher detections by the MYChrOme method and two significantly higher
detections by 7H11S medium. This shows that all three methods had similar limits of
detection and that using NTM Elite agar can result in reduced colony counts.



Appl. Microbiol. 2022, 2

353

For the potable water samples, significantly more NTM were detected with the MY-
ChrOme method and NTM Elite agar than 7H11S, 32% and 24% of the total number of
samples, respectively. The reduced detection by 7H11S agar and NTM Elite agar could be
due to the fact that these media contain harsh antibiotics that affect the viability of NTM.
The MYChrOme culture plate does not contain any antibiotics and the simple formulation
(R2A medium + CV) allows for little inhibition of NTM and the clear chromogenic differen-
tiation of total heterotrophic aerobic bacteria (THAB). The 7H11S medium is designed to
select for NTM, but many THAB are able to grow on this medium, can outcompete NTM,
and look very similar to NTM colonies. Therefore, confirmation of each colony morphology
is necessary, and analysis time is significantly increased. Similarly, on NTM Elite agar, every
morphology must be confirmed to be NTM because this medium has an 85.6% selectivity
for NTM [24]. MYChrOme eliminates this need by differentiating NTM (white colonies)
through the decolorization of the CV dye by mycobacteria [25] and the pigmentation of
other bacteria (purple colonies). For the purposes of this study, white colonies were con-
firmed by colony PCR. Figure 3 shows a comparison of the three culture plates for the
analysis of one potable and one non-potable sample. In these instances, the 7H11S plates
were overgrown with background microbiota and only one to three NTM colonies were
detected. The potable sample plated on MYChrOme in Figure 3 was not decontaminated,
and it contains white (NTM) and purple (THAB) colonies. The non-potable sample was
decontaminated before plating on MYChrOme, using MYCOn with no incubation time
needed, and all but one THAB colony was eliminated. The NTM Elite plates in Figure 3
show no THAB growth and NTM were enumerated after a confirmation step.

MYChrOme NTM Elite

Potable

Non-Potable

Figure 3. Culture plate comparison. Example culture plates of one potable and one non-potable
water sample. The non-potable MYChrOme sample shown was decontaminated with 1:25 MYCOn
reagent. Example purple colonies (non-mycobacteria) are circled in black on the MYChrOme plates.

MYChrOme without MYCOn decontamination allows for the growth of some THAB
alongside NTM. THAB growth can be used as a water quality indicator. Not all species of
THAB can grow on MYChrOme (Gram-positive bacteria do not grow), but heavily contami-
nated water samples can be identified. The increased sensitivity of the MYChrOme method
and the rapid MYCOn decontamination step allow for fast detection and differentiation of
rapid-growing NTM and THAB.
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Cooling towers are a known source of disease from pathogenic bacteria such as Le-
gionella, therefore one section of this study was dedicated to the detection of NTM in cooling
tower water. Aerosols from cooling towers are a possible source of NTM disease, however,
pinpointing the source of NTM disease is difficult due to the lengthy incubation time before
symptoms are present. In the book, Pathogenic Mycobacteria in Water: A Guide to Public Health
Consequences, Monitoring and Management, the authors note that “potentially pathogenic
mycobacteria have been isolated from cooling tower water but an epidemiological link with
disease has not yet been established” [26] (pp. 174-175). Many of the cooling towers sampled
in this study had large amounts of NTM detected, therefore it is essential to have robust
methods for the detection of this bacteria in such complex matrices of water. MYChrOme,
NTM Elite agar, and 7H11S medium performed similarly on non-potable water. In ad-
dition, the MYChrOme method allowed a fast, accurate determination of NTM colonies
(no confirmation needed) as well as THAB concentration in heavily contaminated cooling
towers. More robust testing to compare MYChrOme to a heterotrophic plate count method
is needed to identify the correlation of purple colony counts to THAB concentration. Metal
working fluid is another non-potable water source that has been linked to NTM disease [27].
The ASTM method utilized as our standard method was written specifically for this matrix.
In the future, the applicability of MYChrOme and NTM Elite agar should be tested on metal
working fluids. Future studies should also include a slow-growing NTM comparison and
analysis of heater—cooler unit water due to the low LOD requirements (1 CFU /100 mL).

A comprehensive comparison of three solid media for NTM detection and quantifica-
tion was conducted on potable and non-potable water. New media are being invented and
clinical testing methods are being utilized for environmental testing. This field is moving
towards preventative validation testing and away from retroactive clinical surveillance.
Validation testing for NTM allows water management teams to confirm control measures
are effectively reducing the NTM population. Effective water management programs can
limit the risk of disease and injury due to NTM, and they should be aided by the most
accurate validation test method.

5. Conclusions

The two new NTM diagnostics tested in this study improve upon 7H11S in terms of
differentiation (MYChrOme), selectivity, and sensitivity for potable water samples. The
MYChrOme method and NTM Elite agar had statistically higher NTM colony counts
than 7H11S for 32% and 24% of potable samples, respectively. All three methods were
approximately equivalent for non-potable samples. The MYChrOme method does not
require confirmation of white colonies, and it shows THAB concentrations as well. For
samples with high background microbiota, the simple and fast decontamination step allows
for the growth and the enumeration of only NTM colonies. The MYChrOme culture plate
was developed for water matrices, and it could be applied to the clinical setting. NTM Elite
agar was adapted from a clinical diagnostic for use as an environmental analysis tool, with
this being the third study to use this agar for water testing. Further innovation and method
comparison in this growing field is needed, as well as NTM control method studies, so that
water management teams can effectively identify and reduce the risk of NTM disease.
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