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Abstract

Nontuberculous mycobacteria (NTM) are frequently present in municipal drinking water and building plumbing, and some are be-
lieved to cause respiratory tract infections through inhalation of NTM-containing aerosols generated during showering. However, the
present understanding of NTM transfer from water to air is insufficient to develop NTM risk mitigation strategies. This study aimed
to characterize the contribution of shower water to the abundance of viable NTM in indoor air. Shower water and indoor air samples
were collected, and 16S rRNA and rpoB genes were sequenced. The sequencing results showed that running the shower impacted the
bacterial community structure and NTM species composition in indoor air by transferring certain bacteria from water to air. A mass
balance model combined with NTM quantification results revealed that on average 1/132 and 1/254 of NTM cells in water were trans-
ferred to air during 1 hour of showering using a rain and massage showerhead, respectively. A large fraction of the bacteria transferred
from water to air were membrane-damaged, i.e. they had compromised membranes based on analysis by live/dead staining and flow
cytometry. However, the damaged NTM in air were recoverable as shown by growth in a culture medium mimicking the respiratory
secretions of people with cystic fibrosis, implying a potential infection risk by NTM introduced to indoor air during shower running.
Among the recovered NTM, Mycobacterium mucogenicum was the dominant species as determined by rpoB gene sequencing. Overall,
this study lays the groundwork for future pathogen risk management and public health protection in the built environment.
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Significance Statement:

Nontuberculous mycobacteria (NTM) are a group of environmental bacteria commonly present in municipal drinking water. Some
NTM can cause respiratory tract infections in susceptible individuals. NTM can be transferred from water to indoor air during
showering, thus posing a potential infection risk through inhalation of NTM-containing aerosols generated during showering. We
quantified the proportion of NTM that were transferred from water to indoor air during shower running and determined that many
had damaged membranes. However, these damaged NTM could be recovered in a bacterial culture medium that simulated sputum
of susceptible individuals, implying NTM introduced to indoor air by showering pose a potential infection risk. The results lay the
groundwork for controlling NTM infection risk through showering.

Introduction
Nontuberculous mycobacteria (NTM) are environmental bacteria
within the genus Mycobacterium, but do not include Mycobacterium
leprae and Mycobacterium tuberculosis (1). A subset of NTM are op-
portunistic pathogens that can cause human infections, most of-
ten of the respiratory tract in susceptible persons, including indi-
viduals with obstructive lung diseases such as cystic fibrosis (CF),
non-CF bronchiectasis, and chronic obstructive pulmonary dis-
ease (COPD) (2). Although the exact route of NTM respiratory tract
infection is not established with certainty, aspiration and inhala-
tion of aerosols containing NTM (e.g. generated from pools, spas,
and showers) are believed to be the primary modes of acquisition

(3, 4). In 2010, the number of NTM lung disease cases in the United
States was estimated to be 86,244, resulting in health care costs
of $815 million (5). From 1999 to 2014, almost 10,000 US deaths
were attributed to NTM infection (6), and NTM-related disease has
been increasing in recent years (7). While the sources of NTM in-
fections are not always clear, municipally treated drinking water
and building plumbing are recognized as important reservoirs for
NTM (8), and surveys of tap water and showerhead biofilms across
the United States have reported NTM to be present in the major-
ity of samples collected (9, 10). Even when a disinfectant residual
is maintained throughout the drinking water distribution system,
it is possible for the water quality in buildings to deteriorate due
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to long stagnation times, elevated temperatures, and low disin-
fectant levels (11). Moreover, NTM have a lipid-rich cell wall, can
multiply in amoebae, and tend to grow in biofilms. These charac-
teristics make NTM quite resistant to disinfection (12, 13). As a
result, the levels of NTM in building plumbing have been found to
be higher than those in distribution systems (14–16). In addition,
NTM have been detected in air near hot tubs, pools, and show-
ers (17–20), implying that NTM may transfer from water to air
by aerosol formation (aerosolization). These previous studies sug-
gest that the aerosolization of NTM present in building plumbing
might be an important path to transfer NTM from water to air
and enable infection through the inhalation exposure route. Un-
derstanding the NTM transmission route from building plumbing
to air to a human host and the corresponding health risk is of
great importance for developing NTM control strategies.

Since humans spend most of their time indoors, taking into
account the indoor environment is essential when considering
how respiratory tract infections are acquired (21). Building plumb-
ing has been suggested to be important in influencing the bacte-
rial community in indoor air (22, 23). Yet, little is known about
how water use influences indoor air quality and how opportunis-
tic pathogens transfer from water to air. Specifically, showering
produces aerosols and significantly increases the aerosol concen-
tration in indoor air (24). A previous study reported the pres-
ence of Mycobacterium spp. in air during showering by sequenc-
ing 16S rRNA genes (25). However, the experimental shower unit
used in the previous study did not represent realistic shower-
ing conditions since it had a much smaller volume (2.5 m3) and
less ventilation than actual shower rooms. Therefore, it is un-
clear if showering under realistic conditions can alter the mi-
crobial community in indoor air. Furthermore, no studies have
determined the amount of NTM transferred from shower wa-
ter to air during shower use. The limited information on NTM
aerosolization makes it difficult to estimate the health risk caused
by NTM in building plumbing. Previous studies have shown that
challenges with quantifying water–air transfer for bacteria con-
tributed substantially to uncertainty in pathogen risk assess-
ment (26, 27). In addition, it has not been determined whether
pathogenic NTM species or strains can transfer from water to
air. While methods have been developed to identify NTM species
and strains in drinking water (15), such methods have not been
applied to examine air samples. Understanding the health risk
associated with NTM in building plumbing is critical for the de-
velopment of water quality regulations and water system and
building design. Therefore, investigating how water use events
(e.g. showering) affect microbial indoor air quality is a neces-
sary first step toward appropriately assessing and managing such
risk.

In addition to quantifying and identifying the NTM transferred
from water to air, determining NTM viability is important to as-
sess risk. Due to the presence of disinfectants in drinking water
and evaporation of water from aerosols carrying microorganisms
(28), bacterial cells may be damaged when they transfer across
the water–air interface. Flow cytometry combined with live/dead
staining has been used extensively to quantify membrane-intact
bacterial cells in aqueous environments, including in drinking wa-
ter systems (29–32). Conventional culture-based methods cannot
detect viable but nonculturable bacteria, which are prevalent in
environmental samples (33). Therefore, culture-based methods
typically underestimate the number of live bacteria and often
fail to isolate environmental bacteria. Flow cytometry provides a
promising way to estimate the viability of bacteria in environmen-
tal samples (30, 31, 34). However, to identify NTM (or other bacte-

rial taxa) in environmental samples, live/dead staining needs to
be combined with fluorescence-activated cell sorting (FACS) fol-
lowed by appropriate DNA sequencing methods (35). While these
techniques have been used in aqueous environments and outdoor
air (35, 36), to the best of our knowledge, the viability of bacteria in
indoor air has not yet been studied using this approach. To better
understand the health risk associated with NTM, a systematic in-
vestigation of NTM abundance and viability in building plumbing
and indoor air is needed.

This study aimed to characterize the transfer of NTM in build-
ing plumbing from water to indoor air. Specifically, the objectives
of this study were: (1) to understand how shower use influences
the bacterial community structure in indoor air, (2) to identify po-
tentially pathogenic NTM species that can be transferred from
water to air, (3) to quantify NTM cells transferred from water to air
during shower use, and (4) to determine the viability of bacteria
and NTM in water and indoor air.

Results
Mycobacterium is one of the dominant members
of the shower water microbial community
We determined the bacterial community structure in shower wa-
ter by 16S rRNA gene sequencing. Water samples were collected
from a shower room by using either “rain” or “massage” show-
erhead spray patterns (Figure S1) during 60 min of running the
shower water (although there was no person taking a shower dur-
ing sample collection, the term “showering” in the text refers to
this shower running process). The most abundant classified gen-
era in all 70 water samples from 10 sampling events included
Hydrogenophaga, Herminiimonas, and Mycobacterium, and their av-
erage relative abundances were 7.0%, 6.0%, and 5.8%, respectively
(Figure 1a and Figure S2). In addition, Pseudomonas (relative abun-
dance = 4.4%) and Legionella (relative abundance = 0.5%), genera
that contain opportunistic pathogen species, were also found in
the water samples, but the resolution of the method was insuf-
ficient for species-level identification. The Mycobacterium relative
abundance in the water decreased from 9.6% at the start of show-
ering (0 min) to 2.5% after 50 min of showering (Figure 1a). In ad-
dition to 16S rRNA gene sequencing, qPCR targeting the atpE gene,
which is present as a single copy in Mycobacterium spp. genomes,
was selected to quantify NTM in water samples due to its high
specificity and sensitivity (37). The NTM concentrations ranged
from 1.08 × 104 to 4.93 × 106 gene copies/L. Consistent with the
relative abundance data, the qPCR results also showed a decreas-
ing trend of the NTM concentrations as a function of shower time,
with an average concentration of 2.16 (± 1.67) ×106 gene copies/L
at 0 min decreasing to 5.32 (± 5.28) ×104 gene copies/L at 50 min
(Figure 2).

Showering altered the bacterial community
structure and NTM species composition in
indoor air
We collected air samples before (pre-shower air), during (during-
shower air), and after (post-shower air) each shower event. Bacillus
and Tepidiphilus were the most abundant genera in all air sam-
ples (Figure 1b, Figure 1c, and Figure S3), constituting more than
half of the indoor air bacterial community. Mycobacterium, Pseu-
domonas, and Staphylococcus were also present in the air samples,
and the relative abundances of Mycobacterium in the air samples
collected during showering were significantly higher than in the
pre-shower air samples (Figure 1b and c, paired t test, P = 0.01 and
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Figure 1. Relative abundance of bacterial taxa at genus or lowest identifiable taxonomic level in shower water samples collected at different shower
times (a) and indoor air samples collected for 60 min each before, during, and after showering with a rain showerhead (b) and a massage showerhead
(c). The 16S rRNA gene sequences from each sample were clustered to operational taxonomic units (OTUs) based on 97% identity and the top 20 most
abundant OTUs in shower water and air samples combined are shown. Each colored segment represents the average relative abundance of each OTU
in the same type of samples (n = 10 for shower water samples and n = 5 for air samples).

Figure 2. Average NTM concentrations in water as a function of shower
time. The error bars represent the standard deviation of measurements
from 10 shower events.

0.04 for rain and massage showerheads, respectively), suggesting
that showering transferred NTM from water to air. To evaluate
the effect of showering on the indoor air bacterial community,
the Abundance-based Coverage Estimator (SACE), Shannon diver-

sity index (H), and Pielou’s evenness index (J) were calculated to
estimate the bacterial community richness, diversity, and even-
ness, respectively (Table S1). Compared with the pre-shower air
samples, the during-shower air samples showed higher richness,
diversity, and evenness (paired t test, P = 0.002, 0.00002, and 0.005,
respectively). For example, with the rain showerhead, SACE, H, and
J increased from 284 ± 181, 1.26 ± 0.31, and 0.23 ± 0.04, respec-
tively, before showering to 424 ± 154, 1.60 ± 0.40, and 0.27 ± 0.06,
respectively, during showering. The increased richness indicates
that showering introduced new bacterial taxa to indoor air. The in-
creased diversity and evenness implys that the newly added taxa
reduced the relative abundance of the taxa present in indoor air
before showering. Therefore, showering clearly altered the indoor
air bacterial community.

A source tracking method based on the 16S rRNA gene se-
quencing results was performed to compare the contribution
of shower water to indoor air bacterial communities before
and during showering (38). In this analysis, the shower wa-
ter samples collected during each shower event served as the
“source,” while the air sample collected during the same exper-
iment served as the “sink.” The proportion of the “sink” taxa
that originated from the “source” was then calculated by Source-
Tracker (38). This analysis suggested that shower water con-
tributed 7% ± 3% of the bacterial communities in pre-shower air
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Figure 3. Relative abundance of NTM species in shower water samples collected at 0 and 15 min during showering (a) and in indoor air samples
collected for 60 min each before, during, and after showering with rain and massage showerheads (b). The NTM were classified by sequencing the rpoB
gene with PacBio and clustered based on 97% identity. Each bar represents overall relative abundance of each NTM species by pooling five replicate
samples.

samples. During showering, shower water contributed 12% ± 1%
and 9% ± 2% of the bacterial communities with use of rain
and massage showerheads, respectively. Therefore, the proportion
of air taxa that originated from shower water increased signif-
icantly during showering (paired t test, P = 0.03 and 0.04), fur-
ther indicating that showering transferred bacteria from water
to air.

In addition to altering the indoor air bacterial community
structure, showering also led to a change in the NTM species com-
position in indoor air as determined by sequencing of the NTM
rpoB gene. In shower water, Mycobacterium mucogenicum and My-
cobacterium paragordonae dominated (Figure 3). Mycobacterium che-
lonae was the dominant NTM species in indoor air before show-
ering. However, during showering, M. mucogenicum and M. paragor-
donae became the dominant NTM species in indoor air. M. paragor-
donae accounted for 74.5% and 64.5% of NTM species during
showering using rain and massage showerheads, respectively. The
change in dominant NTM species in air suggests that shower wa-
ter was the major source of NTM in air during showering. Af-
ter showering, M. mucogenicum became the most abundant NTM
species in air, indicating that M. mucogeniucm (or at least its DNA)
remained in indoor air for a longer time after showering than M.
paragordonae.

Showering led to increased NTM concentration
in air
We monitored the NTM concentration in indoor air before, during,
and after showering by performing qPCR targeting the atpE gene.
NTM concentrations in air during showering were significantly
higher than before showering (Figure 4, paired t test, P = 0.003
and 0.0008 for rain and massage showerheads, respectively). After
showering, the NTM concentrations were similar to those before
showering (Figure 4, paired t test, P = 0.17 and 0.22 for rain and
massage showerheads, respectively). The observation of higher
NTM concentrations during showering confirmed that showering
transferred NTM from water to air.

During showering, the indoor air NTM concentration of 3.80
(± 1.32) ×103 gene copies/m3 for the rain showerhead was sig-
nificantly higher than the corresponding value of 2.03 (± 0.94)
×103 gene copies/m3 for the massage showerhead (paired t test,
P = 0.01), suggesting the rain showerhead released more NTM
than the massage showerhead. To further explore the difference
in NTM released from the different showerheads, we measured
the size-resolved concentration of total aerosols during shower-
ing (Figure S4). For all size ranges (0.3 to 0.5, 0.5 to 1, 1 to 2.5, 2.5
to 5, 5 to 10, and 10 to 25 μm), the concentrations of aerosols were
higher when using the rain showerhead compared to the mas-
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Figure 4. NTM concentrations in pre-, during-, and post-shower air
samples with a rain or massage showerhead. The error bars represent
the standard deviation of measurements from five replicate
experiments. The limit of quantification (LOQ) of qPCR is represented by
the black dashed line. Concentrations below the limit of detection (LOD)
were represented by 1/2 LOD, while the concentration values between
LOD and LOQ were represented by 1/2 (LOD + LOQ). The fan was kept on
during air sampling, and the air exchange rate was 14.4 air
changes/hour.

sage showerhead. It appears that the production of more aerosols
by the rain showerhead resulted in greater transfer of NTM from
water to air.

A mass balance model was developed to estimate the emis-
sion rate of NTM to air, which combined with the release rate
of NTM present in shower water, allowed estimation of the frac-
tion of NTM in water that were transferred to air. In this model,
the shower room was assumed to be a well-mixed space with a
running fan that provided a constant high air exchange rate of
14.4 air changes/hour (Figure S5). During 1 hour of showering,
the total numbers of NTM released to air from rain and massage
showerheads were 9.24 (± 3.70) ×105 and 3.65 (± 1.08) ×105 gene
copies, respectively. The total numbers of NTM in the shower wa-
ter flowing from the rain and massage showerheads were calcu-
lated to be 1.11 (± 0.57) ×108 and 0.93 (± 0.50) ×108 gene copies,
respectively. The values in air significantly differed by shower-
head type (P = 0.01), but the values in water did not (P = 0.13).
Based on the estimates for total NTM released to air and total
NTM present in the shower water, the water–air transfer ratio for
the rain showerhead was calculated to be 1/(132 ± 73). In other
words, on average, one out of 132 NTM cells in the shower water
transferred to indoor air. For the massage showerhead, the water–
air transfer ratio was calculated to be 1/(254 ± 126), which was
significantly lower than for the rain showerhead (paired t test,
P = 0.01).

Membrane-intact bacteria in water were
damaged after transferring to air
The total and membrane-intact bacterial cells in water and indoor
air samples were quantified by live/dead staining and flow cytom-
etry. Distinct populations of membrane-intact and membrane-
damaged cells were observed in all shower water samples (Fig-
ure 5a), and the ratio of membrane-intact to total cells ranged
from 0.36 to 0.57. The bacterial community structure for the
membrane-intact cell fraction was characterized using 16S rRNA
gene sequencing after performing FACS for three additional ex-
periments with the rain showerhead. Compared with the overall
bacterial community, the membrane-intact bacterial community
in water samples exhibited lower species richness and diversity

(Figure 6). Specifically, at the start of showering (t = 0 min), the
membrane-intact bacterial community had a SACE of 211 ± 129
and H of 3.1 ± 0.1 (n = 3), compared to a SACE of 718 ± 269 and
H of 4.2 ± 0.2 (n = 3) for the overall bacterial community. This
observation suggests that different taxa in the shower water ex-
hibit different viabilities. For example, Pseudomonas was present
at a relative abundance of 2.5% ± 0.8% (n = 3) in the overall bac-
terial community at the start of showering (t = 0 min), whereas
its relative abundance in the membrane-intact fraction was only
0.3% ± 0.3% (n = 3), suggesting that a large fraction of Pseu-
domonas cells in shower water were damaged or dead. In con-
trast, the relative abundance of Mycobacterium in the membrane-
intact fraction was comparable with, or higher than, that in the
overall bacterial community (Figure 6). For instance, at the start
of showering (t = 0 min), the relative abundance of Mycobac-
terium in the overall bacterial community was similar to that
in the membrane-intact fraction 7.5% ± 1.2% vs. 5.0% ± 5.2%,
paired t test, P = 0.2). NTM species composition profiles, de-
termined with rpoB gene sequencing, were similar for the over-
all bacterial community and the membrane-intact fraction (Fig-
ure S6), suggesting that different NTM species exhibited similar
viability.

The flow cytometry density plots for air samples (Figure 5b)
showed very different patterns than the ones for water samples
(Figure 5a). For the air samples, no distinct membrane-intact and
membrane-damaged bacterial cell fractions were observed. The
results of 16S rRNA and rpoB gene sequencing and qPCR target-
ing NTM presented above indicated that bacteria were transferred
from shower water to air during showering. The flow cytometry
results suggest that bacterial cells, including NTM, upon transfer-
ring from shower water to air were damaged.

Membrane-damaged NTM present in indoor air
can be recovered and grow in a simulated
human respiratory tract environment
As NTM appeared damaged after transferring from water to air
(Figure 5b), it was unclear if such damaged cells could be recov-
ered and potentially cause respiratory tract infection. To address
this question, we incubated air samples collected during shower
use with the rain showerhead in a simulated human sputum
medium (i.e. a medium designed to mimic sputum from persons
with CF, a patient population that is particularly susceptible to
NTM respiratory tract infection (39)) for 14 days and quantified the
abundance of NTM using qPCR at 0, 5, 10, and 14 days (Figure 7a).
The NTM concentrations in the culture medium substantially in-
creased from 1.30 (± 0.63) ×102 gene copies/mL on Day 0 to 2.08
(± 1.85) ×105 gene copies/mL on Day 5. The NTM concentrations
did not increase further as observed on Day 10. Two of the repli-
cates showed a decrease in NTM concentration by Day 14. The in-
crease of NTM concentrations during the first 5 days of incubation
indicates that the damaged NTM cells recovered and propagated
in the simulated human sputum medium. NTM concentrations
did not increase during incubation of air samples collected before
showering (Figure S7).

NTM speciation during the incubation of air samples in the
simulated sputum medium was examined by rpoB gene se-
quencing (Figure 7b). On Day 0, M. paragordonae, M. mucogenicum,
unclassified NTM 3, and M. chelonae were the most abundant
NTM species, with relative abundances of 65.5%, 16.4%, 10.3%,
and 5.0%, respectively. With longer incubation times, the relative
abundance of M. paragordonae decreased and ranged between
26.6% and 27.6% from Days 5 to 14, while the relative abundance
of M. mucogenicum increased and reached 63.8% on Day 10.
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Figure 5. Flow cytometry analysis of typical shower water sample (a) and indoor air sample (b) collected during showering. The dots in Gate 1
represent membrane-intact bacterial cells. The dots in Gate 2 represent membrane-damaged bacterial cells. The gray color covered area in panel (a)
represents the background signal in shower water.

Figure 6. Relative abundance of bacterial taxa at the genus or most resolved taxonomic level in the overall bacterial communities (left bar) and
membrane-intact bacterial fractions (right bar labeled “live”) of shower water samples collected at the start of showering (t = 0 min) and after 15 min.
The 16S rRNA gene sequences from each sample were clustered to operational taxonomic units (OTUs) based on 97% identity and the top 20 most
abundant OTUs for all samples combined are shown. Each bar represents three replicate samples.

In addition, the relative abundance of Mycobacterium abscessus
increased from 0.4% on Day 0 to 3.4% on Day 14. On Day 14, M.
mucogenicum became the most abundant NTM species, followed
by M. paragordonae and M. abscessus. Therefore, NTM species
appear to exhibit differential growth rates differently in a culture
medium simulating respiratory secretions of humans susceptible
to NTM infection.

Discussion
Previous studies have suggested that plumbing fixtures (e.g.
shower, toilet, and faucet) are potential sources of microorgan-

isms in indoor air (22, 23). In the current study, we demonstrated,
by simultaneously characterizing shower water and indoor air
samples collected in an actual shower room, that showering al-
tered the bacterial community structure and NTM species com-
position of indoor air. We report that showering transferred bac-
terial taxa from water to air and increased the bacterial commu-
nity richness and diversity in indoor air. Therefore, microbial wa-
ter quality in building plumbing systems is a critical component
of maintaining a healthy indoor air environment. We also demon-
strated that showering altered the relative proportions of NTM
species in air. The dominant NTM species in air changed from
M. chelonae before showering to M. mucogenicum and M. paragor-
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Figure 7. NTM concentrations as a function of incubation time in the mixtures of air samples collected during showering and the simulated sputum
medium (a). Relative abundance of NTM species in the mixture of air samples collected during showering and simulated sputum medium as a
function of incubation time (b). Results of the control culture experiments, including the pre-shower air sample in sputum medium and
during-shower air sample in buffer, are shown in Figure S7. The NTM concentration values below LOD were represented by 1/2 LOD, while the
concentration values between LOD and LOQ were represented by 1/2 (LOD + LOQ). Note that in the recovery tests, the LOD and LOQ at Day 0 were 16
and 36 gene copies/mL, respectively, while the LOD and LOQ at Days 5 to 14 were 326 and 474 gene copies/mL, respectively. The different LOD/LOQ
levels at different incubation times were due to using different sample volumes. In Figure 7b, each bar represents overall relative abundance of each
NTM species by pooling three replicate samples.

donae during showering. Both M. mucogenicum and M. paragordonae
strains have been found in patients with pulmonary disease (40,
41). In fact, M. mucogenicum was among the top five NTM species
isolated from human specimens in four states in the United States
(40), and has been described as causing catheter-related infec-
tions as well as pulmonary infections (2). Although the role of M.
paragordonae in contributing to disease is not known, this species
has been found in patient and hospital environmental samples in
Japan (41, 42). Taken together, these results indicate that shower-
ing has the potential to transfer respiratory tract pathogens from
water to air.

Our results showed that showering can significantly change
the NTM concentrations in air during showering. However, we
note that NTM concentrations in building plumbing can vary
greatly, depending on water treatment processes, dissipation of
disinfectant residual, and nutrient availability (8). In our study,
NTM concentrations in shower water were higher than in build-
ing plumbing water from systems that use free chlorine as the
disinfectant (43, 44), but consistent with NTM levels in build-
ing plumbing water originating from distribution systems oper-
ated with chloramine as the disinfectant (15). Therefore, future
work should evaluate the impact of showering on NTM concen-
tration and species composition in indoor air for buildings fed
with water from various types of water supplies. In addition, our
results showed that the NTM concentrations decreased soon af-
ter showering, likely due to the high air exchange rate of 14.4 air
changes/hour. Within three air changes (i.e. 13 min), the NTM con-
centration should fall by 95% due to dilution with background air.
Moreover, the NTM concentration in the first flush of shower wa-
ter was higher, suggesting that there would be more NTM released
at the beginning of showering. While the high air exchange rate
can help to dilute the higher NTM concentration, letting the water
run for some time before entering the shower might reduce the
exposure to NTM during the shower process, especially for sus-
ceptible populations. The results of this study could also provide
information for future investigations on NTM exposure and cor-

responding risk assessment for other types of water use activities
(e.g. running bath water or tap water).

Given our finding that the NTM species composition in in-
door air changes during showering, a quantitative evaluation of
NTM transfer from water to air became paramount. Therefore, we
quantified the air NTM concentration increase during showering
and found it to range from 0.8 × 103 to 5.3 × 103 gene copies/m3.
A previous study had provided an indirect estimation of the air
NTM concentration change in an experimental shower unit to
be slightly lower ((0.1 to 1.7) ×103 gene copies/m3) (25). To as-
sess the health risk of bacterial pathogens aerosolization, water–
air partitioning coefficients are used to estimate the quantity of
pathogens aerosolized to indoor air (45–48). The water–air parti-
tioning coefficient is defined as the ratio of pathogen concentra-
tion in water to that in air. Partitioning coefficients of Legionella
spp., a more widely studied group containing waterborne oppor-
tunistic pathogens, have been reported to range from 2.0 × 10–7

to 5.7 × 10–4 L/m3 (49–51), whereas the partitioning coefficients
for NTM have been estimated to be higher (i.e. 2.7 × 10–3 L/m3)
(19). A previous study also suggested that NTM can preferentially
partition into air compared with other bacteria, as the relative
abundance of NTM in the bacterial communities of pool water
was much lower than in air (5% vs. 84%) (52). This higher parti-
tioning coefficient of NTM might be due to the high hydrophobic-
ity of the lipid-rich cell wall of NTM (53). In our study, we calcu-
lated the average NTM partitioning coefficients to be even higher
(3.8 × 10–2 L/m3 and 2.9 × 10–2 L/m3 for rain and massage show-
erheads, respectively). Partitioning coefficients defined in this way
depend on the volume of air into which the aerosolized microor-
ganisms are mixed and the ventilation rate of this space. For the
small bathroom in this study, we might expect higher partition-
ing coefficients, although its high ventilation rate could offset the
effect. We also attribute this difference to our NTM quantifica-
tion method and experimental design. We used qPCR instead of a
culture-based method to quantify NTM in water and air. Culture-
based methods only recover a small portion of bacteria, especially
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in low humidity and low nutrient environments (e.g. air). There-
fore, the results obtained using culture-based methods may not
best represent the true partitioning coefficient of NTM (54). In ad-
dition, we determined the partitioning coefficients using running
shower water instead of using bulk water collected from hot tubs
or pools (19). While the partitioning coefficient is widely adopted
for risk assessment, it generally does not consider factors such as
shower room dimension, ventilation conditions, and shower water
flow rate, which may substantially influence pathogen aerosoliza-
tion and have been identified as major sources of uncertainty for
risk assessment (26). Therefore, we estimated the water–air trans-
fer ratio in this study by integrating data on air NTM concentra-
tions, shower water NTM concentrations, shower room dimension
and ventilation conditions (air exchange rate), and shower water
flow rate in a real shower room. In principle, this water–air trans-
fer ratio is independent of the characteristics of the room and
would apply for the same water, same showerhead, and same wa-
ter flow rate in shower rooms with different dimensions or ven-
tilation rates (i.e. different air exchange rates). We suggest that
the NTM water–air transfer ratios can provide a more accurate
tool for evaluating NTM infection risk associated with aerosolized
pathogens during showering.

The showerhead spray pattern was found to affect the water–
air transfer of NTM. This was not entirely surprising as a rain
showerhead is designed to produce a wide water jet with relatively
low velocity, while a massage showerhead produces a narrow jet
with high velocity. These different showerhead spray patterns and
corresponding flow conditions (velocity, dimension, water stream
distribution, and so on), are thus expected to generate different
amounts of aerosols (55). In this study, we report that the rain
showerhead produced more aerosols than the massage shower-
head, in terms of concentrations in all size ranges, and thus trans-
ferred more NTM cells from water to air. Therefore, the shower-
head spray pattern might be a factor influencing NTM infection
risk and should be considered in future risk assessment and con-
trol studies. In particular, caution should be applied when select-
ing showerheads for healthcare and long-term care facilities or
for other buildings that house populations predisposed to NTM
infection.

A substantial fraction of membrane-intact NTM were present
in the bacterial community in water samples, but NTM in indoor
air collected during showering were largely membrane compro-
mised. We determined that 2.21 × 105 to 1.38 × 106 NTM cells (as
determined by monitoring atpE gene copies) were transferred from
water to air during our 1-hour shower studies. Using the live/dead
ratio of bacteria and the relative abundance of NTM in water sam-
ples, we estimated that at least 8.7 × 103 membrane-intact NTM
cells transferred from water to air during a typical 10-min shower.
However, no membrane-intact bacterial cells were detected in air
samples. Applying live/dead staining and flow cytometry to de-
termine membrane integrity for bacteria in air samples has lim-
itations due to the possibility that membrane damage may have
occurred during transfer from water to indoor air, sample collec-
tion, and sample processing. Our experiments did not allow us to
quantify the contributions to membrane damage by each of these
steps. Nevertheless, several factors indicate that flow cytometry
can detect viable bacteria in air samples: (1) the gelatin mem-
branes we used for aerosol collection maintain better or compara-
ble viability of opportunistic bacterial pathogens compared with
other types of filters or liquid media (56, 57). (2) Although a frac-
tion of viable bacteria might be damaged during sampling, flow
cytometry analyzed a large number of particles and captured vi-
able bacteria with intact membranes. (3) The live/dead staining

and flow cytometry method determined the integrity of bacte-
rial cell membranes, enabling the detection of more viable cells
than culture-based methods (56). Therefore, the detection of a
small fraction of membrane-intact bacterial cells in air samples
suggested that many bacteria had been damaged after they were
transferred to indoor air, collected, and processed for membrane
integrity tests. Previous lab-scale studies also reported that pure
cultures of bacteria lost their viability after aerosolization by us-
ing either live/dead staining or culture-based methods, although
the lab-scale setups in these studies were different from the real
shower room used in this study (58–61). The researchers proposed
reasons for the loss of viability or membrane integrity, including
the loss of water or shear stress formed during aerosolization.
The loss of water can further induce substantial changes in os-
motic pressure and membrane tension, thereby damaging bacte-
rial cell membranes (58, 62, 63). Shear stress during aerosoliza-
tion may also disturb membrane homeostasis, making the mem-
brane the major site of bacterial cell damage (61, 64). However, it
is noteworthy that membrane damage could be driven by differ-
ent mechanisms under different experimental conditions. There-
fore, the findings from previous lab-scale studies may not be com-
pletely transferable. In addition, our NTM recovery analysis indi-
cates that aerosolized, membrane-damaged NTM can still prop-
agate in a culture medium mimicking the respiratory secretions
of a human population (persons with CF) that is particularly sus-
ceptible to NTM infection. We reasoned that use of this medium
provided a more rigorous and meaningful assessment of the po-
tential for aerosolized NTM to infect susceptible human hosts
than the use of laboratory media designed to optimize recovery
of NTM from other sources. If we assume a human inhalation
rate of 12 L/min, then 134 to 652 NTM cells would be inhaled by
a person during a 10-min shower. Although some of these NTM
might be membrane-damaged, they are still viable and able to
propagate, and thus could present a source of respiratory tract in-
fection. We also note, however, that exposure to aerosolized non-
viable NTM cells, while not capable of causing respiratory tract
infection, has been associated with hypersensitivity pneumonitis
(65). Thus, even nonviable NTM, acquired from aerosolized home
building plumbing water, may present a human health risk.

Our findings are not inconsistent with previous studies that re-
ported recovery of bacterial cells with membrane damage due to
treatment with UV/chlorine, pressure, and plasma, but those re-
covery studies were performed with pure cultures in a nutrient-
rich environment (66–68). Future studies are necessary to better
understand the effect of environmental stressors on NTM viability
and infectivity and the health risk associated with environmen-
tally injured pathogens. Our recovery analysis further indicated
that M. mucogenicum, a NTM species commonly associated with
pulmonary disease (69, 70), became the dominant NTM species
after 10 days of incubation. While NTM species exhibit varying
degrees of pathogenicity, and thus pose different levels of health
risk, our results imply that certain NTM species in air may re-
cover more readily and propagate in the human respiratory tract.
A greater understanding of NTM risk at the species level is needed
for developing more effective pathogen control strategies in the
built environment.

While the results of this study expand our understanding of the
health risks associated with exposure to opportunistic pathogens
during showering, this study has several limitations. First, al-
though live/dead staining combined with flow cytometry and
FACS has advantages over culture-based methods for determina-
tion of bacterial viability in environmental samples, different bac-
terial species exhibit differential responses to live/dead staining



Shen et al. | 9

(71). In addition, the sampling process was not able to completely
recover all viable bacteria, likely resulting in the underestimation
of bacterial cell viability. Improvements in bioaerosol sampling
tools and viability determination methods are needed to charac-
terize the viability of different bacterial species. In particular, sev-
eral bioaerosol samplers showed good recovery of viable microor-
ganisms in recent studies, which would be worthwhile to explore
in the future (72–75). Second, the NTM recovery tests we used to
employ in vitro conditions (simulated human sputum medium
cultured at 37◦C) that may not provide for optimal growth for all
NTM species. Future studies also need to evaluate NTM recovery
and growth at other temperatures and environmental conditions.
Third, no human was taking a shower while we sampled, which
may have influenced aerosol generation (water splashing off a hu-
man body may change the size distribution of aerosols). Future
work should study how the human body influences aerosol for-
mation and NTM release during showering. Fourth, we only fo-
cused on possible NTM exposure during the shower process and
did not monitor the persistence of NTM long-term after shower-
ing. Future studies should also investigate the possible risk caused
by the extended suspension and survival of NTM after showering.
Finally, this study focused on the process of NTM transfer from
shower water to air after water exited a showerhead. The trans-
port of NTM within water distribution and plumbing systems is
also of great importance. Future investigation of NTM identifica-
tion, quantification, and release from biofilms is needed to de-
velop improved strategies to mitigate the health risk associated
with NTM in drinking water.

Materials and Methods
Water and indoor air sample collection in a
shower room
Water and aerosol samples were collected from a shower room
in an office building on the University of Michigan (Ann Arbor,
MI) campus, which received chloraminated water from the City
of Ann Arbor drinking water treatment plant (35). The building
had its own hot water heater. The shower room had an area of
7.4 m2 and a volume of 18.1 m3. There were no windows in the
shower room. This shower room was selected because it was not
frequently used, so we could well control the showering frequency
during the sampling period. Daily shower room cleaning on floor
and table surfaces was conducted by the building janitors. The
relative humidity before shower running ranged from 11% to 40%.
The maximum relative humidity during shower running was 66%.
For each sampling event, the shower ran for 60 min and 4 L water
samples were collected at 0, 3, 5, 10, 15, 30, and 50 min. The water
temperature was adjusted to 40 ± 2◦C during sample collection.
The chloramine concentrations in the shower water varied from
0.6 mg/L to 1.3 mg/L as Cl2, and the pH ranged between 8.9 and
9.3. Water samples were filtered through a 0.2 μm polycarbonate
membrane (EMD Millipore, Burlington, MA, USA) and a 0.45 μm
backing membrane (EMD Millipore). Filtration took place within
4 hours of sample collection. The 0.2 μm membranes were stored
at −20◦C until DNA extraction.

Air samples were collected onto gelatin membrane filters (Sar-
torius, Goettingen, Germany) using a handheld bioaerosol sam-
pler (MD8 Airport, Sartorius) running at 50 L/min. According to a
previous report using the same type of membrane manufactured
by the same company, the gelatin membrane contained 46% to
49% water, which helped preserve the viability of captured mi-
croorganisms (56). For each sampling event, air samples were col-

lected before showering, during showering, and after showering
for 60 min each. After sample collection, the gelatin filter was
dissolved in 10 mL phosphate-buffered saline (PBS) buffer, which
was subjected to the same filtration process as described for the
shower water.

A total of 10 sampling events were performed from March to
April 2018. During the study period, the shower was sampled
or flushed early in the morning every other day for 60 min to
maintain a constant showerhead use frequency. The 10 sampling
events (each event included the collection of three air samples
and seven water samples) were performed to quantify the trans-
fer of NTM from water to air and to investigate the effect of
showerhead spray patterns on NTM transfer. Among the 10 sam-
pling events, half of them were conducted with the rain shower-
head setting, and the other half were conducted with the mas-
sage showerhead setting of a multifunction showerhead (Delta
A112.18.1 M, Delta Faucet Company, Indianapolis, IN). The rain
showerhead had 39 nozzles in the outer ring of the showerhead
and generated an average water flow velocity of 0.11 m/s, while
the massage shower head had eight nozzles in the center of the
showerhead and delivered water with an average water flow ve-
locity of 0.17 m/s (Figure S1). The flow velocity was calculated
based on the flow rate and the nozzle sizes. The water stagna-
tion time of the building plumbing system before each sampling
event was 15 hours. Therefore, the temperature of the stagnant
water in the building plumbing system was close to room tem-
perature. All the water and air samples collected from the ten
sampling events were analyzed for bacterial community struc-
ture, NTM concentration, and viability. Three additional sampling
events were performed in December 2018 for live bacterial cell
sorting and aerosolized NTM recovery tests. In each of these sam-
pling events, two shower water samples were collected at t = 0 min
and t = 15 min by using the rain showerhead and three air samples
were collected for 60 min each before, during, and after showering.

DNA extraction and 16S rRNA gene sequencing
DNA was extracted from shower water and air samples using
the Maxwell 16 LEV Blood DNA Kit (Promega, Madison, WI, USA)
with modifications as previously described (76). Briefly, each mem-
brane was dissolved in 500 mL of a 49:1 chloroform–isoamyl al-
cohol mixture. Three rounds of physical and chemical lysis were
achieved by 2 minutes of bead beating with 0.5 g of zirconium
beads (BioSpec Products, Bartlesville, OK, USA) in Maxwell lysis
buffer. Extracted DNA was dissolved in 50 uL of molecular grade
water and stored at −20◦C until use. A blank control (sterile DI
water) was also included for DNA extraction and subsequent gene
sequencing.

The extracted DNA from the shower water and air samples
were submitted to The University of Michigan Microbial Sys-
tems Molecular Biology Laboratory for paired end 250 bp 16S
rRNA gene amplicon sequencing by an Illumina MiSeq platform
using primers previously described (77). For each shower water
and air sample, an average of 22,631 ± 7,966 sequence reads
were obtained. The sequences were analyzed by mothur (Version
1.41.0). Specifically, the sequences were assembled into contigs
and trimmed to the same size. Unique sequences were identified
to save computation time for the subsequent alignment based
on the SILVA bacterial reference database. The sequences were
clustered into operational taxonomic units (OTUs) at 97% identity
without rarefication, and the relative abundance of each OTU was
calculated. In total, 786 OTUs were identified within all water and
air samples. Each OTU was annotated according to the SILVA bac-
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terial reference database. The bacterial community richness and
diversity parameters, including Sace and H, for the shower water
and air samples were also estimated by mothur commands. The
links of the standard operating procedure and OTU-based anal-
ysis calculations for mothur are listed in Table S2. The output
of mothur, including the abundance of each OTU, was also used
to estimate the contribution of shower water to bacterial com-
munities in indoor air by a source tracking method (38). The R
package, SourceTracker (Table S2), was used to estimate the pro-
portion of air bacterial community that originated from shower
water (38).

Determination of NTM community structure by
rpoB gene sequencing
NTM species in the shower water and air samples were identi-
fied by rpoB gene sequencing performed with a PacBio Sequel Sys-
tem. The rpoB gene amplicon libraries were prepared as described
previously (15). Briefly, a two-step PCR procedure was performed.
The first step amplified rpoB gene fragments and added motif se-
quences to both ends of the fragments. The second step further
added unique barcodes to each sample for future demultiplexing.
The PCR reactions in both steps (30 μL for the first step and 10 μL
for the second step) contained 1 × Phusion Flash High-Fidelity PCR
master mix (Thermo Fisher Scientific, Waltham, MA, USA), 0.4 μM
forward and reverse primer (IDT, Coralville, IA, USA), 5% dimethyl
sulfoxide (Sigma-Aldrich, St. Louis, MO, USA), 0.625 mg/mL bovine
serum albumin (Life Technologies, Inc., Waltham, MA, USA), 0.5
μM betaine (Sigma-Aldrich), and 10% of template. The primer se-
quences and thermal cycling conditions were optimized and re-
ported previously (15). After the second PCR, the products (with
the size of ∼1,014 bp) were purified by a Qiagen Gel Cleanup
kit (Qiagen, Germantown, MD, USA). The purified products were
pooled together with even concentrations, and a final pool with
DNA concentration of 12.5 ng/μL was sent to the Institute for
Genome Science at the University of Maryland for SMRTbell li-
brary construction and sequencing with a 10-hour movie time. A
blank control (sterile DI water) was also included for each batch of
the two-step PCR run. In addition, the DNA extracted from sterile
DI water was subjected to the PCR runs. No gel band representing
the target rpoB gene fragment was observed for the blank control
samples, and the DNA concentrations in the purified PCR products
from the blank controls were all nondetectable. Therefore, there
should be no substantial contamination during the library prepa-
ration. Due to the relatively low bacterial concentration in the en-
vironmental samples, the repeated shower water and air samples
were pooled together to obtain higher number of reads. A control
sample containing 97% of M. abscessus and 3% of M. mucogenicum
DNA was also analyzed for quality control purpose. The sequenc-
ing results for the barcoded samples were pre-screened and de-
multiplexed by the Lima SMRT analysis tool (Table S2). The cir-
cular consensus sequences were generated using SMRT Link with
default parameters including a minimal accuracy of 99% and at
least three sequencing passes per molecule. The motif sequences
were then removed by Cutadapt (Table S2). Next, USEARCH (Ta-
ble S2) was used to clean up the sequences with error > 1 and
to orient all the sequences to the same directions. The sequences
were then further merged, screened (remove sequences with ab-
normal lengths), aligned, and clustered to OTUs (by 97% identity)
in mothur. On average, 2,008 clean sequence reads were obtained
for each sample. The OTUs were finally classified by NCBI BLAST
(Table S2) (78). In particular, the NTM species were assigned to
11 OTUs at a sequence identity of ≥ 97%. Three other OTUs with

sequence identity ≥ 95% were annotated with the most closely
matched NTM species.

Quantification of NTM in shower water and air
samples by qPCR
qPCR was performed using a CFX96 Real-time quantitative ther-
mocycler (Biorad, Hercules, CA, USA). The abundances of the
atpE gene for Mycobacterium were quantified in the shower wa-
ter and air samples according to a previous study (37). Specif-
ically, each 10 μL reaction contained 1 μL DNA template, 5 μL
Fast Evagreen qPCR Master Mix (Biotium, Fremont, CA, USA),
0.625 mg/mL bovine serum albumin (Invitrogen, Waltham, MA,
USA), and 500 nM forward and reverse primers (IDT, Coralville,
IA, USA). Samples were quantified from a standard curve consist-
ing of 10-fold serially diluted qPCR standards (101 to 106) gene
copies/μL. The standards were prepared from the purified PCR
products of DNA extracted from environmental samples. The
limit of detection (LOD) and limit of quantification (LOQ) for this
qPCR assay were 14 and 19 gene copies/reaction, respectively. Trip-
licate qPCR reactions were conducted for all samples and stan-
dards, while blank controls were carried out in duplicate for each
qPCR run. More details on the qPCR assay can be found in the
Supporting Information.

Assessment of water–air transfer ratios for NTM
A mass balance model was developed to assess the water to air
transfer ratio of NTM. In particular, the shower room was assumed
to be a well-mixed space where NTM were emitted into air from
the shower water and removed by ventilation. Thus, the NTM con-
centration in air (Cair, gene copies/m3) is described by Eq. 1.

V
dCair

dt
= E − V × Cair × AER/60, ((1))

where V is the shower room volume (m3), t is time, E is
the NTM emission rate from the shower head to indoor air
(gene copies/min), and AER is the air exchange rate (14.4 air
changes/hour, estimated by CO2 decay) (79). The air exchange rate
of 14.4 air changes/hour in this bathroom corresponds to a volume
flow rate of 70 L/s, which is considerably higher than ASHRAE’s
recommendation for residential bathrooms of 10 L/s. On the other
hand, the Home Ventilating Institute, an industry trade associ-
ation, recommends an air exchange rate of 8 air changes/hour
for bathrooms, and a research study has recommended 10 air
changes/hour (80). Because of the high air exchange rate, the char-
acteristic time for concentrations of shower-generated aerosols to
reach steady state in the room (4.3 min) is much smaller than the
sampling period of 60 min; thus, the sample should be reason-
ably representative of steady-state conditions in the room. Here,
we assumed steady-state conditions during the shower period for
which a single-time integrated measurement of the NTM con-
centration was available and calculated the corresponding time-
integrated NTM emission rate (Ē) using Eq. 2.

Ē = V × C̄air × AER/60, ((2))

where C̄air is the average NTM concentration in air (gene
copies/m3). C̄air was calculated by subtracting the background
NTM concentration measured before showering from the NTM
concentration measured during showering. Accordingly, the to-
tal number of NTM transferred from shower water to air (Nair,
gene copies) within 1 hour could be calculated by multiplying Ē
by 60 min.
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The number of NTM (Nwater, gene copies) in the shower water
was calculated by Eq. 3.

Nwater =
t=60 min∑

t=0 min

Cwater−t × �t × F , ((3))

where t is the time when water sample collection started (0, 3, 5,
10, 15, 30, and 50 min, Ct is the NTM concentration in the shower
water collected at time t (gene copies/L), and F is the shower flow
rate (L/min).

The water–air transfer ratio of NTM (R) was then calculated by
Eq. 4.

R = Nair

Nwater
. ((4))

Bacterial viability estimation and live cell sorting
by live/dead staining and flow cytometry
The determination of bacteria viability in environmental samples
was described in previous studies (29, 30, 35, 81). Briefly, 1 mL
of the collected shower water or PBS-dissolved air sample was
mixed with SYBR® Green I (SGI; Molecular Probes, Eugene, OR,
USA) and propidium iodide (PI) (Molecular Probes). SGI penetrates
the bacterial cell membrane and stains both live and dead bac-
terial cells. PI can only penetrate permeabilized (with damaged
cell membrane) cell membrane and thus has been used as a dead
cell marker. The final SYBR® Green I and PI concentrations in the
sample were 1X and 3 μM, respectively. The mixture was then
incubated at 37◦C in the dark for 15 min. Subsequently, a flow
cytometer (MoFlo Astrios, Beckman Coulter Life Sciences, Indi-
anapolis, IN, USA) equipped with six lasers (405, 488, 532, 561, 594,
and 640 nm) was used for bacterial viability measurement. In this
study, SGI was excited by the 488-nm laser and detected by the
bandpass filter at 513/26 nm. PI was excited by the 561-nm laser
and emitted light detected at 614/10 nm. In each measurement,
three control samples were also tested, including a shower wa-
ter or an air sample without any dye, the same sample stained
with only SGI, and the same sample stained with only PI. These
three controls helped to determine the background and gates for
the live and dead cell fractions. In addition, the bacterial viability
test was validated by adding 1.4 mg/L of free chlorine to a shower
water sample. The shower water sample consisted of the initial
50 mL of water collected when turning on the shower after the
water had been stagnant for 2 days. This sample had a high ra-
tio of membrane-intact cells to total cells (64.3%). After 1 hour of
exposure to free chlorine, the ratio of membrane-intact cells to
total cells reduced to 9.5%, indicating that the live/dead staining
and flow cytometry method captured the viability change in our
samples.

For selected shower samples (six shower water samples col-
lected in three sampling events in December 2018), the live bac-
terial fraction was sorted out by FACS for bacterial community
analysis. Specifically, 2 L of the shower water sample was concen-
trated to 15 mL by a bench-scale cross/tangential flow cell (Ster-
litech, Kent, WA, USA) and a microfiltration polyvinylidene fluo-
ride (PVDF) membrane with 0.2 μm pore size. The sample was
then mixed with SGI and PI and incubated at 37◦C in the dark
for 15 min. The same MoFlo Astrios flow cytometer mounted with
a cell sorter was used to identify and sort out the live bacterial
cell fraction. The cell sorting efficiency was maintained between
80% and 100%. The sorted live cells were filtered onto a 0.2-μm
polycarbonate membrane and stored at −20◦C until DNA extrac-

tion. All the bacterial viability and cell sorting was done within
10 hours of sampling.

NTM recovery in simulated human sputum
medium
To test the recovery of damaged NTM in a medium that models
human sputum from a susceptible host population, air samples
collected in three sampling events in December 2018 were incu-
bated in synthetic CF sputum medium (39). This medium con-
tained minerals, free amino acids, glucose, lactate, DNA, lipids,
and mucin to mimic sputum from persons with CF. For each air
sample collected onto the gelatin membrane, 5 mL PBS was used
to dissolve the membrane. For each PBS-dissolved air sample,
2 mL was used to determine the concentration of NTM by DNA
extraction and qPCR. A volume of 1 mL of the PBS-dissolved air
sample was used for the NTM recovery test by mixing with 9 mL
of the simulated sputum medium and incubating at 37◦C for 14
days. Another 1 mL of the PBS-dissolved air sample was mixed
with 9 mL of PBS and incubated at 37◦C as a negative control. At
Days 5, 10, and 14, 2 mL sample was collected from each mixture
for DNA extraction and qPCR to determine the NTM concentration
in the sputum medium or PBS. The extracted DNA samples were
also used for rpoB gene sequencing to analyze NTM community
structure change during the recovery process.

Statistical analyses
To compare the sequencing and qPCR analysis results for air sam-
ples collected before and during showering, paired t tests were
used to analyze the difference of pre-shower and during-shower
air samples collected from the same shower event. In addition,
paired t tests were also used to compare the qPCR and mass bal-
ance model analysis results from rain and massage showerheads.
To minimize the effect of water quality variation on comparison of
rain and massage showerheads, the shower water and air samples
were alternately collected from rain and massage type. Each pair
of sampling events from rain and massage showerheads occurred
within one week. t tests were used in this study by assuming each
measurement was independent and errors were random and fol-
lowed normal distribution. The significance level used in t tests
was 0.05.
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