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Abstract

Nontuberculous mycobacterium (NTM) infections are increasing in the USA and have a high
cost burden associated with treatment. Thus, it is necessary to understand what changes could be
contributing to this increase in NTM disease rate. Water samples from 40 sites were collected
from around the USA. They represented three water types: groundwater disinfected with chlorine
and surface water disinfected with chlorine or monochloramine. Two methods, culture and qPCR,
were used to measure M. aviumand M. intracellulare. Heterotrophic bacteria and NTM counts
were also measured. M. aviumand M. intracellulare were molecularly detected in 25% (73/292)
and 35% (102/292) of samples. The mean concentrations of M. avium and M. intracellulare were
2.8 x 103 and 4.0 x 103 genomic units (GU) L™1. The Northeast sites had the highest sample
positively rate for both M. avium and M. intracellulare. The highest NTM counts and M. avium
concentrations were observed in the surface water treated with chloramine. Geographic location
and source water/disinfectant type were observed to significantly influence M. aviumand M.
intracellulare occurrence rates. These studies can help improve public health risk management by
balancing disinfectant treatments and diverse microbial loads in drinking water.
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Introduction

Nontuberculous mycobacteria (NTM), i.e., species of mycobacteria rot belonging to

the Mycobacterium tuberculosis complex, are bacteria that occupy natural and human-
engineered environments (Falkinham 2009). There are over 150 recognized species of
NTM, with many species considered clinically significant such as the following: M. avium
complex (MAC), M. kansasii, M. abscessus, M. chelonae, M. fortuitum, M. genavense,

M. gordonae, M. haemophilum, M. immunogenum, M. malmoense, M. marinum, M.
mucogenicum, M. nonchromogenicum, M. scrofulaceum, M. simiae, M. smegmatis, M.
szulgai, M. terrae complex, M. ulcerans, and M. xenopi (Griffith et al. 2007). Of the
twenty clinically significant species, M. aviumand M. intracellulare (Parte et al. 2020)
which belong within the Mycobacterium avium complex (MAC) are particularly pathogenic
and have higher percentage of the health burden than other NTM species (Butler and
Crawford 1999; Donohue 2018; Good 1980). Mycobacterium avium and M. intracellulare
cause respiratory, soft tissue, skin, lymph, and systemic infections (WHO 2004).

NTM infections are not reportable to the Centers for Disease Control and Prevention’s
(CDC) National Notifiable Diseases Surveillance System (NNDSS). Therefore, the national
NTM infection trends are unknown. However, a few localized epidemiological studies have
observed NTM disease prevalence rate increasing (Adjemian et al. 2012; Donohue 2021;
Donohue and Wymer 2016; Kendall and Winthrop 2013; Marras and Daley 2002; Prevots
et al. 2010). In the 1980s, NTM disease prevalence was estimated to be 1.3 per 100,000
persons compared to 2015 estimates of 6.78 per 100,000 persons (O’Brien et al. 1987;
Winthrop et al. 2020). There are approximately 50,000 to 80,000 individuals affected by
NTM lung infections (Donohue 2018; Strollo et al. 2015), and the United States (US) spends
approximately 1.5 billion per year on treatment and hospitalization of NTM infections
(Collier et al. 2021). Among the NTM infections (CDC 2017), the MAC species are the
etiological agent that causes the most infections in the US (Donohue 2018; Henkle et al.
2015; Prevots et al. 2010).

The observed increase in NTM infection rate is most likely multifactorial, including factors
such as improved reporting procedures (electronic state disease surveillance systems),
newer data sources (Healthcare and hospitalization records, and International Classification
of Disease (ICD) codes, etc.), and an increase in disease awareness in the physician
community.

The first comprehensive survey of NTM in drinking water at locations throughout the US
was conducted (Covert et al. 1999). That survey provided baseline occurrence information
that can be compared to present-day and future occurrence data. Drinking water has been
investigated as a source of human exposure to NTMs but using culture methods (Aronson et
al. 1999; Donohue et al. 2015; Falkinham et al. 2001; von Reyn et al. 1993).

The limitations of culture methods for isolation of mycobacteria from environmental
samples are well-known: decontamination of water samples reduces recovery, a minimum
8-week incubation is required to form M. avium and M. intracellulare colonies,
overgrowth of non-target organisms on the plate can result in lost NTM counts,
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colonies require downstream identification, and results are only semi-quantitative. The
method of quantification using quantitative polymerase chain reaction (JPCR) assays can
overcome some of these limitations. Quantitative polymerase chain reaction assays are
designed for many levels of taxonomic specificity (e.g., genus, species, sub-species).
Quantitative polymerase chain reaction assays are quantitative and rapid, can detect multiple
physiological states (e.g., alive, dead, viable but not culturable), and rarely result in

data gaps due to sample loss (e.g., overgrowth or inhibition from the presence of other
organisms).

Nontuberculous mycobacterium are environmental bacteria recovered routinely from both
water and soil samples. Thus, both ecological sources have been implicated in disseminating
disease (De Groote et al. 2006; Griffith et al. 2007; Prevots and Marras 2015; Tzou et al.
2020). Due to M. avium and M. intracellulare’s higher health burden in the US and the need
to accurately detect their presences, the goals of the present study were twofold: to evaluate
M. avium and M. intracellulare-specific gPCR assays for rapid, quantitative detection of
these organisms in drinking water and, in combination with a culture method, to characterize
M. aviumand M. intracellulare occurrence and their density (concentration) by geography
and water type.

Material and methods

Bacterial strains and growth conditions

M. avium American Type Culture Collection (ATCC) ATCC® 700,897 and M. intracellulare
ATCC® 13,950 were grown in 10 mL Middlebrook 7H9 broth containing albumin dextrose
catalase (ADC) enrichment (BD, Franklin Lakes, NJ) and 2 mg L=1 mycobactin J (Allied
Monitor, Fayette, MO) for preparation of genomic DNA for generating standard curves.
Cultures were incubated in the dark at 37 °C with 10% CO,, for at least 2 weeks or until
visible growth was observed. Cells were pelleted, and genomic DNA was purified using the
Wizard® Genomic DNA Purification Kit (Promega Corporation, Madison, WI).

Mycobacterium avium ATCC® 700,897 and M. intracellulare ATCC® 13,950 were
propagated in 10 mL Middlebrook 7H9 broth (BD) containing the above amendments

and incubated similarly for preparation of cell stocks which were used to determine the
analytical sensitivity of the method. After four weeks incubation, cells were pelleted by
centrifugation and washed three times with sterile phosphate-buffered saline (PBS), pH 7.0,
and resuspended in 5 mL PBS. Cells stocks were prepared by dividing the cell suspension
into 200 uL volumes and freezing aliquots at — 20 °C. Cells stocks were enumerated

by spread plating serial dilutions on Middlebrook 7H10 agar (BD) containing OADC
enrichment and mycobactin J in triplicate.

M. avium and M. intracellulare taxonomy note

Within the Mycobacterium avium complex (MAC), Mycobacterium avium is divided into
four subspecies: M. avium subsp. avium, subsp. silvaticum, subsp. hominissuis, and subsp.
paratuberculosis, of which only subsp. Aominissuis (Rindi et al. 2018) and paratuberculosis
(Scanu et al. 2007) are associated with human illness. Several new species have been
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proposed: M. chimaera (Tortoli et al. 2004), M. timonense, M. marseilense, and M.
bouchedurhonense (Ben Salah et al. 2009) species. These species are highly similar to

M. intracellulare. In 2013, Wallace et al. suggested that M. intracellulare isolates recovered
from water are M. chimaera species (Wallace et al. 2013). In 2017, the whole genome of M.
chimaera F1-0169 (type strain) was sequenced (Pfaller et al. 2017). This genome sequence
was > 98% homologous to that of M. intracellulare ATCC-13950. Therefore, M. chimaera
(genetically) is not an independent species within the MAC complex but a subspecies of M.
intracellulare (Tateishi et al. 2021).

gPCR assays

gPCR specificity and analytical sensitivity—M)ycobacterium aviumand M.
intracellulare gPCR assays were designed to detect all subspecies of M. aviumand M.
intracellulare (Pfaller et al. 2017; Wallace et al. 2013). The separate assays use the

same forward primer and probe. However, the M. avium and M. intracellulare reverse
primers differ by 6 base pairs (bp). Primer and probe sequences for the M. avium and

M. intracellulare gPCR assays have been characterized previously for detection of these
organisms in biofilm (Chern et al. 2015). Mycobacterium avium and M. intracellulare
primers and probes sequences are in Table 1. The DNA primers and probe target the 16S
rRNA gene.

Specificity of the qPCR assays was evaluated in silico and in vitro and reported in Chern

et al. (2015). The M. avium assay detects all four subspecies of M. avium. The M.
intracellulare assay detects the M. intracellulare subspecies chimaera. Both analyses suggest
the assays are 100% specific for their respective targets.

Analytical sensitivity of the complete method was evaluated using M. avium ATCC®
700,897 and M. intracellulare ATCC® 13,950 cell stocks prepared as described above and
thawed at room temperature. Ten-fold serial dilutions of cells were prepared from stocks
ranging from 10 to a theoretical 101 cells mL™1 and spiked into five 1-L tap water samples.
Samples were processed identically to drinking water samples described below. Analytical
sensitivity is defined as the lowest approximate number of M. avium and M. intracellulare
cells that could be detected in a 1-L water sample by gPCR 100% of the time.

gPCR assay characteristics, specificity, and method sensitivity—The master
standard curves generated for M. avium and M. intracellulare qPCR assays demonstrated
that the quantification results were linear over at least 5 logq of cells and, most importantly,
accurate at low target concentrations, which is what is typically encountered in a treated
drinking water sample. The amplification efficiency (£) was estimated from the slope of the
standard curve using the formula [£=10(-1/s1ope) — 1] and was 95 for M. avium and 96 for
M. intracellulare gPCR assays. Limits of detection (LOD) and quantification (LOQ) were
determined by Chern et al. (2014). The LOD of both assays was 10 genomic units per gPCR
reaction and LOQ of both assays was 10 genomic units per gPCR reaction.

Analytical sensitivity of the complete method was determined by spiking known quantities
of M. avium or M. intracellulare target cells into five different 1-L tap samples each. The
method provided consistent detection (5/5) of either M. avium or M. intracellulare in a
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spiked sample of 102 cells L™1. In a spiked sample of 101 cells L™, M. aviumand M.
intracellulare were detected 60% of the time.

Drinking water sample collection

In 2009-2010, drinking water was collected three times during the first year of the study
and once the following year from 40 locations (10 private residences and 30 commercial
buildings) located in 25 states, one district, and one US territory. Either one or two cold
water taps were sampled at each location for a total of 73 taps and a total of 292 drinking
water samples, analyzed by culture and qPCR, for a total of 876 analyses. The tap types in
this study were kitchen sink, bathroom sink, drinking water fountains, and refrigerator door.
The taps included in the study were supplied with drinking water from untreated private
wells or from treatment plants that ranged in size from small to large (population served
3,301 to = 100,000 persons), using a variety of source waters (surface water, groundwater,
or mixed surface and groundwater) and disinfection regimes. Table 2 describes the type of
source water and disinfectant used for water supplied to the taps surveyed in this study.

Four liters of cold tap water was collected from each tap after a 15 s flush into 1-L sterile
polypropylene bottles according to Sects. 9060A and B of 23rd Edition of Standard Methods
for the Examination of Water and Wastewater, except no preservative was included. Samples
were transported back to the laboratory on ice and stored at 4 °C, and processed within 48

h. Of the 4 L of water collected per tap, 2 L was analyzed by culture, and 2 L was used for
gPCR as described below (Donohue et al. 2015).

Sample processing, DNA extraction, and gPCR analyses

Two liters of drinking water sample was analyzed with M. aviumand M. intracellulare
gPCR assays using a bead beating method described previously (Beumer et al. 2010).
Briefly, the water sample was vacuum filtered (MilliporeSigma, Burlington, MA) through

a 47.0 mm, 0.45 pm polycarbonate membrane (Whatman Inc., Piscataway, NJ), and the
membrane was transferred aseptically to a sterile 2 mL microcentrifuge tube with an O-ring
cap containing 0.3 g of 0.1 mm glass beads (BioSpec Products Inc., Bartlesville, OK). Cells
trapped on the membrane were lysed by adding 500 pL Tissue and Cell Lysis Solution
(Lucigen Corporation, Middleton, WI) and beaten in a Mini-Bead beater (BioSpec Products)
for 3 min on “homogenize” setting.

After a 5-min cooldown in ice, the lysate was pipetted into a new 1.5 mL microcentrifuge
tube, and 2 pL of proteinase K (50 pg/uL) (Lucigen Corporation) was added followed by
incubation at 65 °C in a water bath for 15 min. Next, 2 uL of RNase A (5 pg/uL) (Lucigen
Corporation) was added to the mixture and incubated at 37 °C for 30 min. Subsequently, 350
uL of MPC Protein Precipitation Reagent (Lucigen Corporation) was added to precipitate
the cellular proteins. The resulting supernatant was transferred to a microcentrifuge tube
with an equal volume of ice-cold isopropanol (~ - 4 °C) and centrifuged at 10,000 x g for
10 min. The isopropanol was poured off, and the resulting DNA pellet washed with 500 pL
of ice-cold (~ — 4 °C) 70% ethanol. Samples were centrifuged, and the ethanol was removed.
The DNA pellets were re-suspended in 150 pL of molecular biology grade water (Corning
Inc., Corning, NY) and stored at — 80 °C until analyzed.
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Mycobacterium aviumand M. intracellulare gPCR assays were performed on 10 puL of DNA
extract/template. Reactions were performed in triplicate. All reactions were carried out in an
ABI Prism® 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA). A
method control was performed at the time of filtration. A 100 mL sterile molecular biology
grade water (Corning Inc) was prepared and processed along with incoming samples. An
internal positive control (Life Technologies Corp.® TagMan® Exogenous Internal Positive
Control; Grand Island, NY) was added to every reaction to detect PCR inhibition. Positive
gPCR assay controls included target DNA standards of known concentration. Negative
gPCR assay controls included sterile H,O added to the qPCR reaction rather than the

DNA template. A sample was considered positive if the quantification cycle (Cq) of two

of three replicate reactions was < 40, and if both negative and method controls were
negative (undetermined). A sample was considered inhibited if the internal positive control
Cq deviated more * 2.5 units.

A master standard curve was generated from six independent sets of tenfold serially diluted
genomic DNA purified from the M. aviumand M. intracellulare reference strains described
above. Each dilution series contained eight standards run in triplicate for a total of 18

Cq measurements per standard. Linear regression was performed on Cq versus the logig
genomic units, and a line equation was generated. Estimated M. avium and M. intracellulare
quantities were extrapolated from Cq measurements input into the line equations obtained
from the master standard curves.

Sample processing and Mycobacterium culture analysis

Two liters of drinking water was analyzed by culture. The sample was shaken vigorously
by hand, each liter was divided into two 500 mL aliquots, placed in sterile plastic bottles,
and treated with 0.04% cetylpyridinium chloride (w/v, final concentration) (MilliporeSigma,
Burlington, MA) (Glover et al. 1994). Samples were shaken and incubated at room
temperature for 30 min. Each 500 mL was vacuum filtered through a 47 mm, 0.45 pm
membrane black-gridded HABG047S6 filter (MilliporeSigma) and placed on Middlebrook
7H10 agar (BD) containing 500 ug L™1 cycloheximide (MilliporeSigma) and 2 mg L1
mycobactin J (Allied Monitor Inc., Fayette, MO). Plates were incubated in sealed plastic
bags at 37 °C in a 10% CO, atmosphere for a minimum of 8 weeks and inspected weekly
(Donohue et al. 2015). Colonies that fit the morphologies described for mycobacteria in
Glover et al. were selected for identification (Glover et al. 1994). One to five representative
isolates (dependent on the sample’s colony-forming unit (CFU) densities and morphology)
were selected for identification by Sanger sequencing.

DNA extraction for Sanger sequencing

DNA was extracted from each isolate using Wizard DNA Cleanup System for extractions,
following the manufacturer’s instructions (Promega, Madison, WI). DNA extracts were first
quantified using a Nanodrop™ spectrophotometer (Thermo Scientific, Waltham, MA) and
were subsequently stored at — 80 °C.
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Sanger sequencing PCR

The 16S rRNA gene was amplified by PCR and sequenced for subsequent isolate
identification. Amplification of the 16S rRNA gene was performed with primers 8F and
1492R (Lane 1991). The amplification Asp65 gene was performed using primers HSPF3 and
HSPF4 (Kim et al. 2005). Amplification was done with a 25 L reaction volume, containing
2.5 UL 10 x PCR buffer, 1.25 pL of each 10 pM primer, 1.5-2.0 uL of 25 mM MgCl,
solution, 2.0-2.5 pL of 10 mM dNTPs, 1 U/uL 7ag polymerase, 13.1-13.3 uL dH,0, and 2
pL DNA. The thermocycle for each PCR reaction was an initial 5 min denaturation step at
95 °C, followed by an additional 30 s at 95 °C. DNA was annealed at 50 °C for 60 s with an
extension for 30 s at 72 °C plus a terminal 1 cycle at 72 °C for 5 min.

Sequence analysis and isolate identification

Genotyping-by-sequencing analysis of both forward and reverse PCR products was
accomplished on an Applied Biosystems™ 3730x/ DNA Analyzer using ABI’s BigDye®
Terminator v3.1 Cycle Sequencing Kit (Life Technologies, Grand Island, NY). Consensus
sequences were generated on BioEdit Sequence Alignment Editor Version 7.1.3.0 for
each gene using the forward and reverse sequence (Hall 2011). Two approaches were
used to identify a colony. Initially, consensus sequences of both PCR products were
submitted into the National Center for Biotechnology Information’s (NCBI) nucleotide
non-redundant (nr) BLAST search to determine percent homology to known species.
Next, a tree comparison using Phylogenetic Analysis Using Parsimony (PAUP)* 4.0
software was performed (Swofford 2002). The software compared NTM type strains

16S rRNA gene and /sp65 sequences to the unknown NTM isolates gene sequences.

The 16S rRNA gene sequences were given GenBank accession numbers KU172693-
KU173100. The Asp65 sequences have the following GenBank accession numbers
MW451671-MW451717, MW523685-MW523777, MW566384-MW566432, MW874724-
MW874829, and MW874663-MW4874723. By nucleotide BLAST searches and PAUP
sequence alignment, the M. avium isolates were = 98% similar to M. avium subsp.
hominissuis. The M. intracellulare isolates were = 98% similar to M. intracellulare subsp.
chimaera.

In addition to gPCR, there were four key differences between this study and Covert et al.
(1999). In the present study, water samples were collected after a 15 s flush, not 1-2 min.

Additionally, no sodium thiosulfate was included in the sample bottles. It was reported

that better recoveries of mycobacteria were achieved if the chlorine residual remains in

the sample (Thomson et al. 2008). Also, membranes were rinsed with sterile molecular
biology-grade water rather than Standard Methods Buffer. Isolates obtained by culture were
identified by sequencing of 16S rRNA and /sp65 genes.

Heterotrophic plate counts

Upon the sample’s arrival into the laboratory, two 100 pL aliquots were removed for
heterotrophic plate count (HPC) analysis (Standard Method 9215B). For each water sample,
a 100 pL aliquot of water was aseptically spread-plated onto a R2A agar plate (BD; Franklin
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Lake, NJ) and incubated at 25 °C for 7 days in the dark. The limit of detection for the HPC
method is 1 CFU/100 pL. CFUs were counted and recorded on day 7.

Data and statistical analysis

Results

The gPCR’s Cq values were transformed to genomic units using the master standard curve.
The genomic unit number per replicate was average for each positive sample. A culture
sample was considered positive if a colony’s identity was determined to be either M. avium
or M. intracellulare. The culture results were not quantitative.

MAC detection frequency was determined if one or both species were identified on the agar
plated or if the sample was positive for one or both qPCR assays. Mycobacterium avium
complex concentrations were calculated by summing the M. aviumand M. intracellulare
concentrations. Statistical significance between detection frequencies was determined by
chi-square analysis in SigmaPlot 14.0 (SYSTAT, San Jose, CA) with a significance level

of alpha = 0.05. Statistical significance among the concentrations were evaluated using the
Mann-Whitney Urank sum test and one-way ANOVA with a significance level of alpha =
0.05.

Occurrence of M. avium and M. intracellulare in tap water in the USA

M. avium and M. intracellulare were detected in 95% (38/40) of sites in this study by one
or both detection methods. Five percent (2/40) of sites either had no detection by either
method or M. aviuml M. intracellulare concentrations were below the limit of detection (Fig.
1). Most sites/taps were either M. avium or M. intracellulare positive at least once among
the four sampling events. The number of samples per regional area was Northeast 7= 28,
South 7=132, Midwest 7= 76, and West /7= 56. There were slight geographic differences
observed in the number of samples positive per regional area. The Northeast locations had
the highest sampling positivity rate by either one or both methods for both M. aviumand M.
intracellulare, 36% (10/28) and 54% (15/28), respectively. The Southern region was a close
second with an M. avium and M. intracellulare sampling positivity rate of 33% (44/132)
and 39% (52/132), respectively. Mycobacterium aviunr’'s lowest sampling positivity rate
was in the Western region, 21% (12/56). Mycobacterium intracellulare’s lowest sampling
positivity rate was observed in the Midwest 22% (17/76). Mycobacterium intracellulare’s
rate difference between the Northeast (highest) and the Midwest (lowest) was significant,
% P=0.005.

Mycobacterium avium complex was culture recovered from 18% (48/272) of all samples. Of
the samples that were NTM positive, MAC was detected in 23% (48/211). Mycobacterium
aviumand M. intracellulare isolates were culture recovered from 14% (37/272) and 6%
(16/272) of samples. Of the samples that yielded M. aviumand M. intracellulare isolates,
only 8% (4/48) had both M. aviumand M. intracellulare species.

Forty-five percent (130/292) of samples were positive for MAC (either M. avium and/or
M. intracellulare) by qPCR. Mycobacterium avium was detected by gPCR in 25% (73/292)
of tap samples. The mean concentration of M. avium in positive samples was 2.8 x 103
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genomic units L= water and the median concentration was 1.8 x 102 genomic units L1
(Table 3). Forty samples contained approximately < 10-100 genomic units L1, twenty-

two samples contained approximately 101-1,000 genomic units L™1, and eleven samples
contained > 1,001 genomic units L™, Mycobacterium avium was detected by culture in 12%
(36/292) of all tap samples.

Mycobacterium intracellulare was detected by qPCR in 35% (102/292) of tap samples.
The mean concentration of M. intracellulare positive samples were 4.0 x 103 genomic
units L=1 and the median concentration was 2.0 x 102 genomic units L™1 (Table 3). Fifty-
six samples contained approximately < 10-100 genomic units L1, twenty-nine samples
contained approximately 101-1,000 genomic units L1, and seventeen samples contained
> 1,001 genomic units L=, Mycobacterium intracellulare was detected by culture in 5%
(16/292) of all tap samples.

There was little agreement between the qPCR and culture positive results for M. avium

and M. intracellulare detection (Fig. 2). Mycobacterium avium was detected in 92 samples
by either culture or gPCR. There was only an 18% (17/92) agreement between the two
methods for M. avium detection. Mycobacterium intracellulare was detected in 108 samples
by either culture or gqPCR. Culture and gPCR only agreed in 10% (10/108) of the samples.
Approximately, 33 to 36% of the M. avium and M. intracellulare qPCR-positive samples
could not be verified by culture. These sample plates were overgrown with bacteria or mold,
or the PCR product sequence was corrupt (> 30% of base pairs are undetermined by the
sequencer and assigned as N).

Persistence at taps

The persistence of M. aviumand M. intracellulare was evaluated by sampling each tap on
four separate occasions (three times in 2009 and once in 2010) to determine if detections
were sporadic or constant over time, as shown in Fig. 3. Figure 3 is a waffle chart
representing M. aviumand M. intracellulare persistence. Based on the gPCR results, M.
aviumwas less persistent in the tap water than M. intracellulare. The culture method results
indicated that few taps were positive for MAC, but M. avium was more persistent than M.
intracellulare.

Occurrence of MAC in taps with different source waters and disinfectants

Taps surveyed in this study were supplied with water of four main types: untreated
groundwater (16 samples), chlorinated-groundwater (64 samples), chlorinated-surface water
(116 samples), and chloraminated surface water (88 samples). The eight chlorine dioxide
samples were not included in this analysis for there was no detection of M. avium or M.
intracellulare. Mycobacterium avium complex gPCR detection frequencies were the highest
in surface water treated with chloramine 59% (52/88), followed by untreated groundwater
55% (9/16), next groundwater treated with chlorine 45% (29/64), and lastly in surface water
treated with chlorine 34% (40/116) (Fig. 4). The MAC detection frequency in chloraminated
surface water was significantly higher than chlorinated-surface water, ;(2: P=0.006, but
there was no significance between the other source water types and disinfectants.

Appl Microbiol Biotechnol. Author manuscript; available in PMC 2023 April 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Pfaller et al.

Page 10

Mycobacterium avium's highest detection rate was observed in chloraminated surface
water samples 34% (30/88), followed by untreated groundwater 25% (4/16), then in
chlorinated groundwater 22% (20/64), and lastly in chlorinated-surface water 17% (20/116).
Mycobacterium avium detection frequency in chloraminated surface water was significantly
higher than chlorinated-surface water, /1/2: P=10.006, but there was no significance between
the other source water types and disinfectants.

Mycobacterium intracellulare’s highest detection rate was observed in untreated
groundwater 56% (9/16), followed by chlorinated-groundwater 38% (24/64), then
chloraminated surface water 35% (31/88), and lastly by chlorinated-surface water 30%
(35/116). There were no statistical differences detected between M. intracellulare detection
frequencies among four source water and disinfectant groups. Additionally, M. avium

and M. intracellulare concentrations did not differ significantly between source water and
disinfectant type (Fig. 4).

Interesting culture results showed a different detection frequency profile. Mycobacterium
avium complex culture detection frequency was near equivalent between the four source
water + disinfectant groups. The highest culture detection frequency was in chlorinated-
surface water samples 19% (22/116), followed by chloraminated surface water 19%

(17/88), next chlorinated-groundwater 16% (10/64), and lastly groundwater 0% (0/16).
Mycobacterium avium culture detection ranking are as follows: chloraminated surface water
16% (14/88), chlorinated groundwater 13% (8/64), chlorinated surface water 12% (14/116),
and groundwater 0% (0/16). Mycobacterium intracellulare culture detection frequency
rankings were the following: chlorinated groundwater 9% (6/64), chlorinated surface water
8% (9/116), chloraminated surface water 3% (3/88), and groundwater 0% (0/16).

MAC-positive samples, heterotrophic bacteria, and NTM counts by source waters and
disinfectants

Positive M. avium and M. intracellulare samples’ heterotrophic bacteria and NTM counts
were analyzed by source water and disinfection type (Fig. 5). The green circles are the
positive samples’ heterotrophic bacteria concentration (CFU/500 mL), and the grey squares
are the positive samples’ NTM concentration (CFU/500 mL). The green (HPC) and grey
(NTM) bands represent mean (upper edge) and median (lower edge) concentrations. The
rose (M. avium) or blue (M. intracellulare) bands represents the positive sample’s mean
and median concentration. The purple dotted line represents the National Primary Drinking
Water Regulation (NPDWR) HPC Maximum Contaminant Level (MCL) at distribution’s
entry point 500 CFU/mL (2.5 x 105 CFU/500 mL). Depending on the source water and
disinfectant, HPC, NTM, and M. aviuml M. intracellulare concentrations shift. For the M.
avium-positive samples, the highest mean-median concentration for heterotrophic bacteria is
observed in the chlorinated surface water (Fig. 5B). However, the highest NTM counts

and M. avium concentrations were observed in the chloraminated surface water (Fig.

5C). Mycobacterium avium concentrations can be a log greater than the NTM counts in
chloraminated surface water (Fig. 5C).

The broadest mean-median bar for M. intracellulare was observed in chlorinated surface
water (Fig. 5E). The M. intracellulare concentrations are about 1.5 logs higher than the
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average NTM concentration. In chlorinated surface water, the M. intracellulare concentration
appears to be suppressed by the other NTM species and the heterotrophic bacteria.
Mycobacterium intracellulare concentrations are approximately half a log lower than the
NTM average. Overall, Fig. 5 shows that there are significant interplays among bacterial
species that are driven by source water and disinfectant.

Discussion

The present study analyzed 292 water samples from across the US, using the culture method
(Donohue et al. 2015) and qPCR. In this study, at the sample analysis level, regional
differences were observed in the samples’ positivity rate. The Northeast’s higher sample
positivity rate is supported by Gerbert et al.’s biofilm research and Spaulding et al.’s
analysis of the geographic distribution of clinical isolates (Gebert et al. 2018; Spaulding et
al. 2017). Mycobacterium intracellulare was detected more frequently than M. avium (35%
and 31%, respectively) by qPCR, while M. avium was detected more frequently than M.
intracellulare by culture (13% and 6%, respectively).

In the Covert et al., (1999) NTM survey, NTMs were recovered in drinking water samples
from across the US, including 105 taps samples, of which < 1% (1/105) were positive for

M. avium and 5% (5/105) were positive for M. intracellulare using a culture method. The
authors concluded that MAC organisms might not be ubiquitous in tap water in the US In the
current survey, the M. avium culture detection frequency was significantly greater ( )(2: P=<
0.001) than the frequency reported by Covert et al. (1999). In comparison, M. intracellulare
culture detection frequency had not changed significantly from the 1999 survey results
(Covert et al. 1999).

In general, there were more samples positive by gPCR than by culture. This result is due

to the specificity of each approach. Quantitative PCR is highly specific for the precise
detection of M. aviumand M. intracellulare. The culture method is a general approach

that will recover most NTM species. Rasanen et al. (2013) compared a modification of the
culture method used in this study to their Mycobacterium genus—specific gPCR assay to
detect mycobacteria in 48 drinking water samples from three different sources in Finland.
The authors found a good correlation in detection frequency between the two methods but
significant differences in the quantities detected, with gPCR detecting higher concentrations
in some samples. In the Rasanen et al. (2013) study, the culture and gPCR detection
frequency were positively correlation because both methods detected multiple species of
mycobacteria. Since both methods detected multiple species of mycobacteria (Rasanen et al.
2013).

In this study, the gPCR and culture method did not agree with each other. There are

several potential reasons for the disagreement between methods, including different targets
(DNA vs. cells), cells were non-culturable or dead, and split samples (the unequal
partitioning of microorganisms). The gPCR and culture methods analyze different amounts
of water (culture: 500 mL per plate and gPCR: 200 mL per reaction), and methods have
different sensitivities (culture method sensitivity was not characterized). Additionally, only
a small number of colonies per culture plate were sequenced and identified. In general,
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however, regardless of the targeted microorganism, culture and molecular techniques rarely
corroborate each other’s results.

Previous studies have shown a considerable range of occurrence of MAC in drinking water,
using culture and gPCR methods. A survey conducted by Hilborn et al. (2006) involving

56 tap samples originating from two different drinking water treatment plants found that
54% of samples were positive for M. avium using the culture method (Hilborn et al. 2006).
This study also found three different M. avium genotypes persisted at three different taps
for 18-26 months. The Hilborn et al. (2006) study also demonstrated that M. avium and M.
intracellulare persisted in specific taps over time (Hilborn et al. 2006). Feazel et al. (2009)
examined 14 potable water samples collected from showers in homes in the US using an M.
avium-specific gPCR assay and 93% (13/14) were positive, though concentrations were not
provided. These samples were obtained from two bathroom showers in private residences
located in Denver and New York City, and the paper does not specify if the water came
from either the hot or cold plumbing (Feazel et al. 2009). Mycobacterium avium might have
colonized the plumbing, resulting in the high frequency of positive samples, or the author’s
gPCR method may be more sensitive than others.

There are very few studies that investigated M. avium and M. intracellulare occurrence

by source water type: surface water and groundwater. In the King et al. (2016) study that
compared 25 utility’s source and treated water, M. aviumand M. intracellulare were not
detected in treated groundwater samples (0/3) (King et al. 2016). In comparison, M. avium
and M. intracellulare were detected in 32% (7/22) of the treated surface water samples.
Mycobacterium avium and M. intracellulare average concentrations at the distribution entry
point were 2.1 x 103 and 8.0 x 102 genomic units/L (King et al. 2016). In the King et

al. (2016) paper, M. avium, and M. intracellulare detection frequencies were higher in
chloramine-treated surface water samples (samples taken at the entry point to distribution)
than in chlorine-treated surface water samples; chloraminated surface water: MA 33% (3/9)
and MI: 44% (4/9); verse chlorinated surface water: MA 23% (3/13) and MI: 23% (3/13).

Many M. avium and M. intracellulare occurrence surveys have noticed that the disinfectant
impacts detection frequencies and concentration. In a survey of tap water from two
chloramine systems, M. avium was detected in only 9% of samples from one system and
11% of samples from the other system by gPCR, though the characteristics of each system
were different, including differences in the size of each system and its geographic location.
The average sample’s M. avium concentration in the two chloramine systems were 1.9

x 103 and 3.8 x 10% gene copies L™1(Wang et al. 2012). Waak et al. (2019) tested two
chloramine systems in the Northern area of the USA and did not detect MAC by gPCR.
This could have been due to the small amount of DNA extract (1 pL) utilized in their
gPCR reactions (Waak et al. 2019). In the present study, the qPCR reaction contained 10
uL of DNA extract (representing 200 mL of water collected) per reaction. In the King et al.
(2016) paper, MAC, M. avium, and M. intracellulare detection frequencies were higher in
chloramine-treated surface water samples (samples taken at the entry point to distribution)
than in chlorine-treated surface water samples (44% and 33% (chloraminated surface water);
MAC and MI: 4/9, MA: 3/9; versus 23% (chlorinated surface water); MAC, MA, and Ml
3/13).
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In a chlorine- versus chloramine-treated drinking water study, M. aviun?'s detection
frequency was significantly higher in chloramine-treated water than chlorine (chloramine:
22% (29/74) versus chlorine: 12% (26/105); £=0.02) and M. intracellulare’s concentration
was significantly different (chloramine: 9.3 x 102 cell equivalence (CE) L1 versus chlorine:
3.5 x 102 CE L™; £=0.02) depending on disinfectant utilized (Donohue et al. 2019). In the
present study, MAC was detected more frequently in chloraminated surface water samples
(59%) than chlorinated surface water or groundwater samples (34% and 45%, respectively).

NTM infections are increasing in the USA and have a high-cost burden associated with
treatment. Thus, it is necessary to understand what environmental changes may have
occurred that could be contributing to this increase in disease rate. This drinking water
study provides new insights into M. aviumand M. intracellulare occurrence. The M. avium
and M. intracellulare occurrence stories are different depending on which method is used.
Culture indicates that the M. avium detection rate has increased and that M. intracellulare
detection rate has remained the same (comparison to Cover et al. 1999). By culture, these
species are not affected by source water/disinfectant types. Whereas gPCR shows that M.
intracellulare occurs more often than what culture suggests. Quantitative PCR indicates that
source water/disinfectant type influences both M. avium and M. intracellulare detection
rate and cell density (concentration). The molecular approach also reveals the source water/
disinfectant type’s impact by providing a finer occurrence resolution. Since these bacteria
may impact human health, it is important to get the clearest image of their occurrence

in the built environment. By knowing where these species occur in potable water, water
treatment and water management strategies can be optimized to potentially reduce disease
transmission.

Data availability

Raw data will be publicly accessible at data.gov. search: author’s name.
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Key points
. M. avium (MA) culture rate increased significantly: 1% (1999) to 13%.
. Culture versus gPCR method: 13% vs 31% for MA and 6% vs 35% for M.

. The results of each method type tell two different stories of MA and Ml
occurrence.
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Fig. 1.

Geographical distribution of sites positive for M. avium and/or M. intracellulare by qPCR,
culture, or both
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Fig. 2.

Agreement and disagreement between culture and qPCR for detection of M. aviumand M.

intracellulare
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Waffle charts depicting tap positivity rate of M. avium (MA) A by qPCR and B by culture

and M. intracellulare (M) C by qPCR and D by culture
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Percent detection by gPCR and culture, and box and whisker plots of concentrations
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(genomic units (GU)/L) for A MAC, B M. avium, and C M. intracellulare by source water
and disinfectant. IMAC, M. avium and/or M. intracellulare. Chi-square test ( ;(2) results
compared gPCR and culture detection frequencies. The dotted orange line demarks the 102

genomic units (GU)/L
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Fig. 5.
Positive M. avium and M. intracellulare samples’ heterotrophic bacteria and NTM counts

by source water and disinfection type. The purple dotted line represents the National
Primary Drinking Water Regulation (NPDWR) HPC Maximum Contaminant Level (MCL)
at distribution entry point 500 CFU/mL (2.5 x 10° CFU/500 mL)

Appl Microbiol Biotechnol. Author manuscript; available in PMC 2023 April 01.



Page 23

Pfaller et al.

EPA Author Manuscript

090'7TOZ UM/99TZ 0T "UIedH J8¥BM [ "7TOC '€ 313 Uy

VINVL-VVVOOD LIDOVVIVIOIDILLOVIDL-INVH :dVIN
VVVLOVOIDIVIVOVVYV.LIOIVID HIN
(¥702) "le 18 UIBYD VVI9OLO1DIVOVVLOVOLODD AVIN (YN SOT) a/8rjfaoeiur “yy

VHAVL-YVYVYOODLIDOVVIVOODILLOVIOL-INVAH ‘dVIN
VOL9I1929IVIVOVVYOVID :MVIN
(¥T02) e 18 WIBYD VVI9O19190VIVVLOVOLODD HVIN (WNYI S9T) whire w

ERIETETEN] (,£ 01 ,5) sousnbas 10b1e]

sAesse YO db asginyisoeaur py pue wnine py 10} saduanbas aqoid pue Jawiid

T alqeL

EPA Author Manuscript EPA Author Manuscript

Appl Microbiol Biotechnol. Author manuscript; available in PMC 2023 April 01.



1duosnuep Joyiny vd3 1duosnuey Joyiny vd3

1duosnuey Joyiny vd3

Pfaller et al.

Table 2

Sites in this study characterized by source water and disinfectant type

Source water type  Disinfectant Number of sites
Groundwater None 2

Groundwater Chlorine 8

Groundwater Chloramine 0

Surface water None 0

Surface water Chlorine 16

Surface water Chloramine 13

Surface water

Chlorine dioxide 1
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Table 3

Mean and median concentrations of M. aviumand M. intracellulare in tap samples positive by qPCR

Target Mean of gPCR positives (genomic units L™Y)  Median of gPCR positives (genomic units L)
M. avium 2.8 x 103 1.8 x 102
M. intracellulare 4.0 x 103 2.1x102
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