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proach circumvents problems associated with culture-based

Novel environmental air and water mycobacteria sam- Methods such as fungal overgrowth on agar plates, and the
pling and analytical methods are needed to circumvent dif- Presence of nonculturable or difficult to culture mycobacte-
ficulties associated with the use of culture-based method- fa strains.
ologies. To implement this objective, a commercial, clinical,
genus DNA amplification method utilizing the polymerase Keywords Mycobacteria, Polymerase Chain Reaction (PCR),
chain reaction (PCR) was interfaced with novel air sam- Whirlpools, Hot Tubs, Bioaerosol
pling strategies in the laboratory. Two types of air samplers,

a three-piece plastic, disposable filter cassette and an eight-

stage micro-orifice uniform deposit impactor (MOUDI), Public pools contaminated with microorganisms constitute
were used in these studies. In both samplers, 37-mm polytet-a potential threat to public health. In addition, there are con-
rafluoroethylene (PTFE) filters were used. Use of the cerns that workers involved in the cleaning and maintenance
MOUDI sampler permitted the capture of airborne my- of contaminated pools may be at risk for acquiring occupa-
cobacteria in discrete size ranges, an important parameter tional microbial-induced illnesses. For example, studies have
for relating the airborne mycobacteria cells to potential res- clearly associated various species of nontuberculous mycobac-
pirable particles (aerodynamic diameter <10 um) capable teria (NTM) with pools and natural watef’s:®) Nosocomial out-

of causing health effects. Analysis of the samples was rapid, breaks have been linked to the presence of NTM from various
requiring only 1-1.5 days, as no microbial culturing or DNA  water source§)

purification was required. Recently, reports linked exposure to NTM-contaminated

This approach was then used to detect suspected my-whirlpools to the development of various respiratory illnesses.
cobacteria contamination associated with pools at a large In 1997, a healthy young adult exhibited clinical symptoms sug-
public facility. PCR was also used to analyze various wa- gesting alveolitis after using a whirlpool referred to as a hot tub.
ter samples from these pools. Again, no culturing or sample The NTMwas identified asl. avium® A separate cluster of five
purification was required. Water samples taken from all ul- cases of respiratory illness characterized by bronchitis, fever, and
traviolet light/hydrogen peroxide—treated whirlpools tested “flu-like” symptoms suggestive of hypersensitivity pneumonitis
positive for the presence of mycobacteria. No mycobacteria (HP) was reported in healthy individuals after using whirlpools
were detected in the chlorine-treated pools and the water contaminated with NTM. Cultures of all sputum samples, lung
main supply facility. All air samples collected in the prox- biopsy specimens, lung lavage, and water samples were positive
imity of the indoor whirlpools and the associated changing for the NTM species identified ad. aviumcomplex(®
rooms were strongly positive for airborne mycobacteria. The Until recently, there was limited documentation relating mi-
airborne mycobacteria particles were predominantly col- crobial induced allergic lung diseases in healthy workers to mi-
lected on MOUDI stages 1-6 representing an aerodynamic crobial contaminated reservoirs in their work environment. In
sizerange of 0.5t0 9.&m. In conclusion, using thisapproach 1998, a published report described “Lifeguard Lung” or granu-
permits the rapid detection of mycobacteria contamination lomatous lung disease resulting from an indoor microbial con-
as well as the routine monitoring of suspected pools. The ap- taminated swimming pool with water spray features. Thirty-

three lifeguards were affecté®) In machine workers exposed
I to metalworking fluids contaminated with NTM, symptoms of
This article is not subject to U.S. copyright laws. HP and allergic alveolitis have been foud!? Anecdotal
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reports of occupational lung disease resulting from exposurberefore, a sampler such as the MOUDI, capable of particle
to microbial agents continue. size fractionation using filter collection, was tested.
Problems associated with the current environmental micro-
bial sampling and analytical techniques have hampered the aMIATERIALS AND METHODS
ity to undertake more extensive studies to address contamina-
tion issues and how to eradicate the contamination. Culturabil@lture Preparations for Laboratory Studies
amongthe NTM speciesis variable. Some environmental speciedn the laboratory, an avirulent mycobacterial model using
of NTM appear to be viable but are not culturable. An outbreak M. tuberculosisH37Ra (ATCC 25177) was selected as a sub-
29 cases caused Mycobacterium ulceransas linked to anir-  stitute for virulentM. tuberculosisto test the sampling and
rigation system within the outbreak area using PCR. All culturesalytical methods. Stocks of mycobacteria obtained from
from the area were negati{®) Furthermore, aerosolization andthe American Type Culture Collection (ATCC), Rockville,
sampling stress can result in viable but nonculturable microbidaryland, were cultured on dwenstein-Jensen Gruft slants
states even for normally culturable microls¥s6) (Difco Laboratories; Detroit, MI) at 3T in 7.5% CQ and
In one study it was demonstrated that air samples subjecteere then stored at’€. Broth cultures of mycobacteria were
to culture methods resulted in a 2-3 log underestimation of theown in Bacto Dubos broth (5% glycerol; 0.25% Tween 80) at
total bacterial burden in the air. These observations led the 85 C-37C, and vortexed daily to minimize clumping. The ini-
searchersto conclude that procedures other than culture meth@®umber of rod-shaped mycobacteria particles per mL in early
are needed to evaluate bacteria in aerosol samples, especially fhid-log liquid culture was determined using a Petroff Hausser
the quality of public health in indoor air environments is to b€ounting Chamber (Hausser Scientific Partnership, Horsham,
determined!¥ Anunderestimated 2—3log exposure factor coulBA). Approximately 50—-80 percent of the cells in the culture
explain allergic responses in individuals, simply from exposuegppeared as single or double rods. The remaining percentage of
to large amounts of microbial proteifi§) cells, in general, contained 3-5 cells. No large clumps, contain-
To circumvent the culturing difficulties, a sensitive commeling 10 or more mycobacteria, were present.
cial PCR method, originally designed for detectMgtubercu-
losisin clinical samples, was adapted for environmental deteBioaerosol Chamber and Air Sampling in the Laboratory
tion of mycobacteria at the genus level. This method targetedThe horizontal bioaerosol chamber (Torrington Research
a highly conserved mycobacteria 16S RNA genetic region f@ompany, Torrington, CT) used in this study is shown in
amplification by PCR”) Previously, laboratory studies inter-Figure 1. The stainless steel chamber, 30 inch@® inchesx
faced this method with two air samplers usidgtuberculosis 19 feet, contained baffles downstream of the bioaerosol inlet
surrogatesM. bovisBCG, andM. tuberculosisH37Ra(t819) in order to generate a uniform bioaerosol concentration within
In 1997, the National Institute for Occupational Safety anithe chamber. The supply and exhaust air were purified by pass-
Health (NIOSH) received a request from a state health deparg the air through prefilters and high-efficiency particulate air
ment for technical assistance in evaluating a possible occu@dEPA) filters. The chamber air flow rate was set at 750 cubic
tional HP case potentially linked to microbial contaminatefitet per min using calibrated air flow nozzles and was main-
whirlpools located in a large public facility. Previous culturatained at this level by measuring differential pressure with an
analysis of various water samples suggested possible NTM pod-manometer. Vertical and horizontal velocity traverses were
liferation in the whirlpools. The NTM species were identifieghberformed using a hot-wire anemometer. The velocity through-
by an environmental laboratory &8. avium M. smegmatis outthe cross-sectional area of the sampler location was uniform
M. fortuitum and M. gordonae NIOSH conducted two site and determined to be approximately 100 feet per min.
visits, in March and September 1998, collecting air and water The air flow rates of two Andersen six-stage samplers were
samples for both culture and non-culture analyses. Fungal cadjusted to 28.3 L/min using a Gilian AirCon2 Constant Flow
tamination limited the analysis by culturing methods, as sm&bmpler (Sensidyne, Clearwater, FL). The air flow rates through
amounts of fungi quickly overgrew many of the cultures sultwo MOUDI eight-stage samplers (Model 110, MSP Corpo-
mitted for mycobacteria analysis, resulting in the loss of the a#tion, Minneapolis, MN) were adjusted to 30 L/min using a
samples as well as many of the water samples. (For additiobalyer air flow meter (Michigan City, IN). The air flow rates
details pertaining to the NIOSH response, see HETA 98-0051hyough three-piece filter cassettes (Gelman Sciences, Ann
The objectives of this study were: 1) To evaluate the utiArbor, MI) connected to personal air sampler pumps (SKC
ity of adapting the laboratory air sampling methods for envAirchek Sampler, Model 224-PC X R7, SKC, Inc., Eighty Four,
ronmental studies of mycobacteria at the genus level; 2) Pa&) were calibrated to 4 L/min using a Mini Buck Calibrator
evaluate the potential use of these approaches as general, rdpidP. Buck, Inc., Orlando, FL).
sensitive screening methods for the detection of indoor NTM- Two calibrated Andersen six-stage samplers loaded with
contaminated water reservoirs; and 3) To determine the aeBacto Dubos Oleic Agar plates (Difco), two filter cassette sam-
dynamic size distribution of aerosolized NTM associated withlers with 37 mm (1.Qum pore size) PTFE filters (Costar No.
NTM-contaminated whirlpools without culturing the samplesl30810), and two non-rotating MOUDI samplers with PTFE
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FIGURE 1

Schematic of the bioaerosol chamber.

filters were placed in the chamberthrough one of the side hatctesonies, and the colonies generated by “multiple hits” were eas-
For each experiment, the filter cassette samplers were attachealytetected due partially to the small size of most of the colonies.
aring stand, one above the other, with these samplers positioned

h_orizontally toward the air flow in the chamber. The Andersaneparation of Airborne Samples from Filter Collection
six-stage samplers and the MOUDI samplers were placed sidefg¥ystrates for PCR

side inside the ch_amber. The air ﬂqw rate through the bioaerosoly fiiters were processed as previously descrifiéy.

chamber was adjusted to a velocity of approximately 100 feet

per min prior to engaging the Collison nebulizer containing the . ]

microbial suspensions. Negative controls for each type of &Pche Amplicor M. tuberculosis Test .

sampler were obtained by operating the chamber under conPCR samples were prepared according to the manu-

ditions similar to the microbial aerosolization experiments bicturer's protocol (Roche Diagnostic Systems) as previously
omitting the microbial suspension. described!® Laboratory samples containinlg. tuberculosis

H37Ra amplicons were then divided in half. One half of the

Laboratory Microbial Aerosol Generation and Collection ~ Samples were immediately frozen for gel electrophoresis and

Fresh cultures d¥/. tuberculosisi37Ra cells were enumer-the other half were analyzed using the Roche Amplicor
ated using light microscopy and a Petroff Hausser Counti% tubercul0_3|sDetect|0n_Klt as prgwqusly describ&d) This N
Chamber. Aliquots of thé. tuberculosisH37Ra cultures were latter detection method is a qua_htatlve method, and positive
then diluted into sterile deionized water to final concentratiof&mples are detected by measuring the amount of yellow color
of 1 x 10P cells/mL to 1x 107 cells/mL. One hundred mL of mi- (Optical density or absorbance at 450 nm qgdhin the sample.
crobial suspension was placed in a six-jet modified MRE_ty@vi.ronmer?tal samples were removed from the thermal cycler
Collison Nebulizer (BGI Inc., Waltham, MA). Filtered com-2nd immediately frozen at20°C. The samples were stored at
pressed air (138 kPa) was used to generate the bioaerosols Al temperature until analysis was undertaken using agarose gel
ter a 10 min period of bioaerosol generation, the Andersen agifctrophoresis.
plates were removed and incubated at@T 7.5% CQ for
2-3 weeks. The filter cassettes were placed in individual plasgarose Gel Electrophoresis
tic bags and stored at20°C prior to DNA analysis. The filters ~ PCR-amplified DNA, representing a highly conserved my-
from each of the MOUDI stages were removed with tweezers aodbacteria 16S rRNA genetic region common to species of my-
placed in individual 50 mm sterile plastic Petri dishes (Gelmarobacteria in the genus, resulted in a 0.58 kb product, which was
Sciences or Falcon Number 1006). These were store@@&tC detected using 2% NuSieve 3:1 (FMC BioProducts, Rockland,

until analysis. ME) agarose in Xk TBE containing 89 mM Tris, 89 mM boric
acid, 2 mM EDTA, pH 8.3 (Sigma). The gels, ¥615 cm, were
Enumeration of Cultured Mycobacteria cast in a submarine gel chamber (DNA SubCell, Bio-Rad). Af-

The agar plates were examined daily for the presence of mgr loading samples containing 140 sample mixed with 2:L
cobacteria colonies. Visible colonies were manually countedaft Gel Loading Solution (Sigma) and submerging the gel in
least twice on a Model C-110W colony counter (New Brunswick x TBE, electrophoresis was carried out at 200 volts. The gels
Scientific Co., Edison, NJ). A positive hole statistical adjustmentere stained post-electrophoresis with SYBR Green | nucleic
was not applied as most of the plates contained low numbersagfd gel stain (FMC BioProducts), visualized using a UV
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illuminator (Photodyne, New Berlin, WI) and photographedt eight interior building locations, which included some rooms

with Polaroid Type 57 film. that did not contain any type of pool. Outdoor air samples were
also collected and at least one area (patio terrace) was not in the
Environmental Sample Collection and Analyses vicinity of any type of pool.

Water samples of 100 mL were collected in sterile plastic
containers and stored at@. Two-mL aliquots (in duplicate) pesuLTS
were transferred to 2.0 mL sterile microcentrifuge tubes and cen-
trifuged at 12,000« g for 10 minutes at room temperature. Th&Comparison of Amplicon Detection Methods
supernatant was decanted, and the invisible pellets resuspendetihe commercial mycobacteria 16S RNA PCR method was
in 1.0 mL of Sputum Wash Solution or 10 mM Tris, pH 8.0, coninterfaced with a sensitivéyl. tuberculosisspecific detection
taining 1% Triton X-100. The suspensions were re-centrifugesgistem utilizing a microtiter plate containing a bound DNA
at 12,000x g for 10 minutes at room temperature, supernatarpsobe!”) Previous studies using this detection method had
decanted, and the pellets stored-&0°C prior to analysis. demonstrated that a single genomic copy could be detééled.

To detect airborne mycobacteria, aerosols were collected is- detect amplicons representing NTM, a different detection
ing the three-piece filter cassettes with calibrated flow ratesethod would be needed in order to detect amplicons from
of 3 L/min and a non-rotating MOUDI eight-stage samplemembers of the genus. Thus, agarose gel analysis was used
30 L/min. Since it was not known how long air sampling shoulih place of the commercial species-specific detection system.
be conducted before sufficient aerosolized mycobacteria wolldl determine if the use of agarose gel analysis would permit a
be detected for the determination of the aerodynamic diametemparable sensitivity for the detection of amplicons from just
size range, various sampling periods were used. Air was saarfew mycobacteria cells, serial dilutions of small quantities of
pled for 7 hours using the plastic filter cassettes, and either lomftured M. tuberculosisH37Ra were placed in sample tubes
3 hours using the MOUDI. To prevent cross-contamination, eaahd processed as described in Material and Methods.
plastic filter cassette was individually sealed in the laboratory Aliquots of the amplicons were simultaneously used in both
in plastic storage bags prior to use in the field. After samplirdgtection methods, the detection of yellow color in the microtiter
in the field, the plastic filter cassettes were placed back into tpiate reading at & and the detection of DNA bands (ampli-
respective storage bags for shipment to the laboratory. For ttans) in the agarose gels after staining with SYBR Green|. Some
MOUDI sampler, extra sets of filter-containing impaction platesommercial siliconized sample tubes were also included to deter-
were prepared in the laboratory. These plates were changedine whether siliconization of polypropylene microcentrifuge
the field for each sampling site. All filters were removed frortubes enhanced the detection of amplicons from small quanti-
the impaction plates after the sets were returned to the labadtias of the mycobacteria. In general, all gel lanes containing de-
tory for analysis. All filters were stored at20°C. All samples tectable 0.58 kb amplicons corresponded with the positive (
were analyzed as described above. Air samples were collectediegative {) microtiter plate readings at4q (Figure 2A). In
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FIGURE 2
(A) Detection of amplicons by agarose gel analysis apgh &om small quantities of mycobacteria processed in both
silicon-coated, lanes 3-8, and non-silicon-coated, lanes 9-23, polypropylene tubes. Lane 1, DNA size markers; lane 2,
positive PCR control; lanes 3-5, 125 cells; lanes 6-8, 12 cells; lanes 9-11, 125 cells; lanes 12-14, 12 cells; lanes 15-17, 1 cell;
lanes 18-23<1 cell; lane 24, positive PCR control. Qualitativgspresults+ or —, are shown below the gel. (B) Efficiency
of mycobacteria recovery after subjecting two sets of sample filters to different orientations, PTFE side up and PTFE side
down, during the mycobacteria removal step. Lanes 1-3, amplicons from recovered mycobacteria after stripping the filters
with PTFE side up; lane 4, negative PCR control; lanes 5—7, amplicons from recovered mycobacteria after stripping the filters
with PTFE side down.
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summary, the limit of detection of both methods is comparabl
and both methods can result in the detection of amplicons fro
samples containing fewer than 10 mycobacteria cells.

The use of siliconized versus non-siliconized microcentrifug
tubes was less clear. Stronger visible DNA (amplicons) gel ban
were detected from the siliconized tubes compared to the ng
siliconized when approximately 125 mycobacteria cells we
used (Figure 2A lanes 3-5 vs. lanes 9-11). However, at low
concentrations, the use of non-siliconized tubes resulted in t
detection of more positive samples (Figure 2A, lanes 6-8
lanes 12—-14). No detectable amplicons resulted when less t
12 mycobacteria cells were processed in siliconized tubes (
sults not shown). However, amplicons were detected at the
lower concentrations when the non-siliconized tubes were us
to process the samples (Figure 2A, lanes 12—-23). Therefore,
of siliconized tubes is not necessary for processing the samp
when the samples contains small numbers of mycobacteria ce

Filter Stripping Efficiency
The filter used in the air sampling experiments is a poly

tetrafluoroethylene (PTFE) filter laminated to a polypropylen

backing for support. Both surfaces are hydrophobic and notree

ily distinguishable in appearance. The membranes are insert

into the air samplers PTFE side up. However, it was uncle:

whether the PTFE side had to remain up during the stripping

process after the filters are transferred to the Petri dishes and FIGURE 3

covered with the microbial stripping solution. As demonstrated  Depicts how the samplers are positioned inside the

in Figure 2B, lanes 1-3, higher recoveries of the mycobacteriabioaerosol chamber. (A) MOUDI sampler and (B) 3-piece

cells, as reflected in the intensity of the amplicon gel bands, are plastic cassette samplers.

achieved if the PTFE side of the filter remains up throughout

the stripping process. Stripping filters with the polypropylene . . .
backing side up consistently resulted in the detection of few@ycobacteria cells, repetitive experiments were undertaken and

amplicons reflecting the less efficient recovery of the mycobdl® collected mycobacteria cells from the various stages were
teria cells (Figure 2B, lanes 5-7). subjected to PCR. Use of culturddl tuberculosisH37Ra for

this laboratory effort permitted the detection of PCR products
by both detection methods, agarose gel analysis and the detec-
Determination of Aerodynamic Size in the Laboratory tion of yellow color by measuring thes8. The PCR-generated
Previous studies had validated the plastic disposable fill@NA products resulted in the expected single 0.58 kb DNA band
cassette as an efficient sampler for capturing airboroe the gels with most of the mycobacteria amplicons associated
mycobacteria®1®) Therefore, the cassette was used as a pasith the samples from MOUDI stages 4 and 5 (Figure 4, lanes
itive control sampler for the detection of airborne mycobact&-9 and lanes 17-18), representing aerodynamic sizesmn.8
ria and placed side-by-side with experimental samplers in taad 1.0.um, respectively. Because a small quantity of ampli-
bioaerosol chamber. Aerosolized mycobacteria studies were nons were detected in the sample from stage 7, some airborne
dertaken in the laboratory prior to field activities in order to demycobacteria cells were also captured on this stage, which has
termine the aerodynamic size range of the well-characteriza®.3m aerodynamic cutpoint. In general, airborne mycobac-
rod-shaped cells. Such data would also permit a direct comptaria larger than that size would be collected on stage(s) above
ison to field results. stage 7—that is, each stage collects aerosolized particles equal
To characterize the complete aerodynamic size range arfgreater in size than the cutpoint.
aerosolized mycobacteria coupled to PCR, the MOUDI with cut The detection of H37Ra PCR amplicons from the MOUDI
sizes ranging from 0.18-18m was used. The same PTFE filtefilters analyzed using the qualitatii. tuberculosiscommer-
was employed as a collection substrate on each of the stagéal. Detection Kit is presented in Table |. Positive samples are
The placement of the filter cassettes and the MOUDI impactalentified by readings at &q. All filter samples from the vari-
in the bioaerosol chamber is shown in Figure 3. To determines stages that resulted in a 0.58 kb amplicon band on the gel
which MOUDI stages consistently captured the most airboriaéso tested positive when processed with hetuberculosis
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12345678 9101112131415161718192021 regard to quantitative levels of the captured mycobacteria cells.

Kb However, gel analysis does indicate which filters captured the
most mycobacteria cells. As more copies of the mycobacteria
genome are added to the PCR tubes, the larger or more intensive

0.58 Isthe appearance of the 0.58 kb gel bands (Figure 4). However,
a precise quantization is not possible under these experimental
conditions.

Detection of NTM Associated with Whirlpools
Water and air samples were collected from various types of
g pools at the large public facility in March 1998 and again in
et September 1998. All whirlpools at the facility were treated with
-------- ultraviolet light/hydrogen peroxide to control microbial contam-
ination. All other pools were treated with chlorine. Two different
air samplers, the plastic filter cassette, operated at 3 L/min for
7 hours, and the MOUDI, operated at 30 L/min for either 1 or
3 hours, were simultaneously used at the facility.
FIGURE 4 Air sampling was conducted at the perimeter of the pools
Determination of the aerodynamic size range of mycobacterigproximately 2 feet above the pools and in several rooms that
aerosolized in the bioaerosol chamber using a Collison did not contain any type of pool. The March 1998 air sampling
nebulizer. Lane 1, DNA size markers; lane 2, positive PCRresults using the filter cassettes are presented in Figure 5. Air
control; lane 3, negative PCR control; lanes 4-11, shows theamples from both indoor whirlpools, 1 and 2, were strongly
MOUDI sampler 1, 1§«m (Top) to 0.3um aerodynamic size positive (Figure 5A, lanes 9 and 11). Furthermore, the air sam-
range results; lane 12, negative PCR control; lanes 13-21ples from the whirlpool change rooms adjoining the indoor
depicts the MOUDI sampler 2, 38m (Top) to 0.2um whirlpools were also positive, although the concentration levels
aerodynamic size range results. of the airborne NTM, as reflected by the lower intensities of the
0.58 kb gel bands of the PCR amplicons, were somewhat less
Detection Kit. For this side-by-side comparison, the gel resulSigure 5A, lanes 10 and 12).
from Figure 4 are presented as positive) Or negative £) in Results obtained from the second sampling period, Septem-
Table I. The commercial detection kit is primarily a very serber 1998, are presented in Figure 5B. Duplicate PCR analysis of
sitive qualitative test and little information can be obtained isach sample was conducted. Air samples taken at the perimeter
approximately 2 feet above the outdoor whirlpool, referred to
TABLE | as whirlpool 3, did not result in the detection of any airborne
Aerodynamic size range of captured aerosolizkd NTM (Figure 5B, lanes 8 and 9). Ambiguous results were ob-
tuberculosisH37Ra generated in the bioaerosol chamber usitgined for room 1, which did not contain any type of pool, as
the MOUDI sampler (samples analyzed by two analytical one of two air samples was weakly positive and, as shown in
methods: gel analysis and;#) the original gel photo, the second sample may be a false pos-
itive (Figure 5B, lanes 6 and 7). As before, air samples from
the whirlpool 1 change room (lanes 10 and 11), and whirlpool 1
(lanes 19 and 20), were all strongly positive. Lower concentra-
tion of PCR products representing the whirlpool 2 change room

-
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DNA Markers

MOUDI #1 MOUDI #2

Aerodynamic
Stage size wm) Gelanalysis Aso Gel analysis Asg

Top 18 - - - — can be seenin lanes 14 and 15. Whirlpool 2, however, yielded
1 9.9 — — - —  strongly positive air samples, shown in lanes 16 and 17. Both
2 6.2 — — - —  airsamples from room 2 were weakly positive (lanes 12 and 13)
3 3.1 + + + +  although the room did not contain any pools. There was no eval-
4 1.8 + + + + uation of air flow patterns to determine if air intake valves could
5 1.0 + + + 4+ have captured the aerosolized mycobacteria particles from the
6 0.5 + + + +  whirlpools. Water samples from the various pools were also ana-
7 0.3 + + + +  lyzed. In summary, the water samples from all whirlpools tested
8 0.2 a + — —  strongly positive for NTM contamination. All other pools tested

negative (unpublished data).

Gel analysis= detection of stained PCR products in agarose gels. To d . h d L f the airb
Auso = detection of yellow color, as an indicator of the presence of 10 determine the aerodynamic size range of the airborne

mycobacteria PCR products. NTM as well as which MOUDI stages captured the highest num-
a, Sample losty, Positive;—, Negative. ber of NTM cells, aliquots of the PCR products from each stage
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FIGURE 5

Detection of aerosolized NTM at the public facility using the plastic three-piece filter cassette sampler. (A) March 1998 results.
Lane 1, DNA size markers; lane 2, positive PCR control; lane 3, outdoor control; lane 4, room 1; lane 5, outdoor control; lane 6,
room 3; lane 7, room 4; lane 8, room 2; lane 9, whirlpool 1 (WP1); lane 10, whirlpool 1 change room (WP1-WRm); lane 11,
whirlpool 2 (WP2); lane 12, whirlpool 2 change room (WP2-WRm). (B) September 1998 results. Lanes 1 and 2, room 3; lanes 3
and 4, outdoor control; lane 5, negative PCR control; lanes 6 and 7, room 1; lanes 8 and 9, outdoor whirlpool (WP3); lanes 10 and
11, room WP1-WRm; lanes 12 and 13, room 2; lanes 14 and 15, room WP2-WRm; lanes 16 and 17, WP2; lane 18, negative PCR
control; lanes 19 and 20, WP1; lanes 21 and 22, room 4.

were analyzed. The PCR-generated DNA products resultedtlire respiratory tract, such data could facilitate the linking of
a single 0.58 kb DNA band and most of the NTM cells wera respiratory illness to a contaminated whirlpool. In another
captured on stages 1-6 representing an airborne aerodynastiicly by other investigators using electrostatic methods and
size range of 1.0 to 9.&m (Figures 6A and 6B). The envi- S. marcesceng& was demonstrated that not only is the microbial-
ronmental airborne NTM-containing droplets exhibited a widerontaminated water aerosolized, but the concentration of the
aerodynamic size range compared to the laboratory results. Heeosolized bacteria can be increased 10- to 20-fold in the bub-
laboratory results showed that the mycobacteria cells were piées bursting at the surface. In addition, approximately one half
dominantly captured on the lower stages of the MOUDI repref these aerosolize8. marcescergontaining droplets exhib-
senting aerodynamic sizes of 1 to L. During both sampling ited aerodynamic sizes10m.?3 In indoor environments, the
periods, more airborne NTM cells, as reflected in the intensitiesncentration of airborne microbial-containing droplei um

of the DNA gel bands representing the PCR amplicons, wezan increase over time if they are not removed by ventilation
captured when air sampling at the perimeter of whirlpool 1 coror other engineering controls and may pose a health hazard to
pared to air sampling at the perimeter of whirlpool 2. Because

substantial quantities of NTM amplicons were detected during

the March 1998 site visit, 1-hour as well as a 3-hour MOUDI TABLE Il

sampling periods were used during the September 1998 site visitAerodynamic size range of environmental airborne NTM
Substantial quantities of NTM PCR amplicons were detected fassociated with indoor whirlpools using the MOUDI sampler
the 1-hour sampling period (Figure 6B). A 3-hour sampling pe-
riod conducted the same day yielded higher levels of amplicons
as expected (data not shown). A qualitative summary of the re- March 1998 September 1998
sults from both sampling periods are present in Table Il. The  Aerodynamic
NTM species was determined by a commercial environmenféiage size @m) WP1(3h) WP2(3h) WP1(1h) WP2(1h)
laboratory to be predominantlyl. aviumbased on traditional

Gel analysis

cultural analysis of the water samples from the pé®s. Top 18 + + + +
1 9.9 - + + +

2 6.2 + + 4 +

DISCUSSION 3 3.1 + + + +
Generation of airborne small droplets from bubbles burstig 18 + + + +

at the water surface of whirlpools has been well documentet. 1.0 + + + +
In two studies, respirable airborne water droplet size distribf- 0.5 + + + +
tions from 1-8.m were determined for several whirlpoét$22 82 i + i i

However, the presence or absence of microbial agents in the
water droplets was not documented in that study. Because aerese| analysis= detection of stained PCR products in agarose gels.
dynamic size determines the site and extent of deposition int-, Amplicons;—, No amplicons; WP, Whirlpool.
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FIGURE 6

Use of the MOUDI sampler to determine the aerodynamic size range of environmental airborne NTM generated by the indoor

whirlpools at the public facility. (A) March 1998. Lane 1, DNA size markers; lane 2, positive control; lanes 3—-11, negative air

sample control; lanes 12—-20, WP1; lanes 21-29, WP2; lane 30, positive PCR control. (B) September 1998. Lane 1, DNA size

markers; lanes 2—7 and 11-13, WP2; lanes 8 and 10, negative PCR controls; lane 9, positive PCR control; lanes 14-22, WP1;
lane 23, positive PCR control; lane 24, negative PCR control.
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susceptible individuals inhaling the contaminated®lin fact, the water and the air without NTM species identification. How-
NTM-induced pulmonary disease is increasingly recognized @ver, if species identification were necessary, immediate identi-
previously healthy perso®) Therefore, it is increasingly im- fication of the NTM could be undertaken using species-specific
portant to detect NTM bioaerosols. probes?”

Some of the environmental NTM clearly are not readily cul- The whirlpool results clearly indicate a need to evaluate the
turable. Several studies attempting to IMkulceransfor exam-  disinfection methods used for these pools. All whirlpools at the
ple, to an natural reservoir, route of infection and transmissié&cility were treated with ultraviolet light/hydrogen peroxide to
mechanism failed using traditional culturing methods. Howevegntrol microbial contamination. All other pools were treated
use of arM. ulceransPCR method readily detected the presendgith chlorine. It is possible that the NTM may have formed
of M. ulceransfrom water samples taken from the site of sewiofilms somewhere in the whirlpools or the plumbing system(s)
eral M. ulceransoutbreaks$2® To circumvent difficulties asso- associated with the whirlpools, resulting in the constant shedding
ciated with culturing methods and to develop a rapid, sensiti®é NTM into the water. Biofilms are usually more resistant to
method that would permit routine screening of indoor air fdpiocides than microbial cells in aqueous suspensions so treating
NTM contamination, a mycobacteria genus PCR method wie pools would not necessarily eliminate the contamination.
successfully interfaced with air sampling methods. Both the fil- In conclusion, two air sampling methods coupled to a genus
ter cassette and the MOUDI samplers permitted the couplingR¥€R method permitted the rapid detection of airborne NTM as
PCR to the air sampling methods. The samplers yield differengll as the aerodynamic size range of the aerosolized NTM-
information about the airborne NTM. Use of the filter casset@®ntaining droplets. The PCR method also permitted the de-
permits the capture of the total amount of airborne NTM celfeéction of NTM in water samples and demonstrated that the
while the use of the MOUDI sampler permits the determinatiodhirlpools were the source of the airborne NTM. This approach
of the aerodynamic size range of the airborne NTM. The aerodyas also successfully used to test additional pools in another
namic size range, 1.0 to 98m, of the NTM obtained using the state (unpublished data). It is proposed that this approach be
MOUDI sampler indicates that most of the airborne NTM coultsed as a general screening method for the detection of environ-
penetrate the lower respiratory tract or the alveoli regions afental NTM, and its routine use could prevent both public and
potentially cause such diseases as hypersensitivity pneum@gicupational exposures to NTM from contaminated water reser-
tis (HP) or other allergic reactions in addition to colonizatiodoirs. The above approaches would also permit the evaluation
in susceptible individuals. The aerodynamic size range of théengineering controls for the containment or removal of the
whirlpool samples is broader than the aerodynamic size rangé\gfM from the contaminated air and water as well as the testing
the mycobacteria-containing aerosols captured in our bioaerogbyarious disinfection methods.
chamber. Itis possible that the whirlpool aerosolized mycobacte-
ria represent mostly small aggregates, instead of predomina'ﬁ}SCLAlMER

single particles. Alternately, the whirlpool aerosolized mycobac- Mention of commercial names or products does not constitute

teria may sw_nply be pz_irt of_tmy aerosollzed water droplets. T hdorsement by the Centers for Disease Control and Prevention.
mycobacteria aerosolized in the bioaerosol chamber contain lit-

tle, if any, water residue and are predominantly single particles.

The PCR method can also be used to evaluate water Ss{tKNOWLEDGMENTS
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the perimeter of this pool. Thus, the water and air data togethigle in the preparation of the figures. We also thank Jacqueline
indicate that transmission in indoor environments of the NT'\ﬂhan, California Department of Health, for facilitating the con-

from the water to the air and then to the human respiratory Syfict of the whirlpool field study and assisting in the collection
tem is possible as the generation of airborne NTM-contamnggsammes_

droplets are small enough to enter and deposit in the lungs.
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