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A Combined Fluorochrome Method
for Quantitation of Metabolically Active
and Inactive Airborne Bacteria

Mark Hernandez", Shelly L. Miller, Douglas W. Landfear,

and Janet M. Macher
DEPARTMENT OF CIVIL, ENVIRONMENTAL, AND ARCHITECTURAL ENGINEERING,
UNIVERSITY OF COLORADO AT BOULDER, BOULDER, CO 80309, USA (M.H.);
DEPARTMENT OF MECHANICAL ENGINEERING, UNIVERSITY OF COLORADO AT
BOULDER , BOULDER, CO 80309, USA (S.L.M.); ENVIRON CORPORATION, EMERY VILLE,
CA 94608, USA ( D.W.L.); CALIFORNIA DEPARTMENT OF HEALTH SERVICES,
ENVIRONMENTAL HEALTH LABORATORY , BERKELEY, CA 94704, USA (J.M.M.)

ABSTRACT. To better understand the ecology of microorganisms in the environment
and to quantify the concentrations of airborne microorganisms, methods are needed
to count all microbial cells that are present and differentiate between those that are
metabolically competent and those that are nonviable as they exist in situ. We devel-
oped and tested a direct epifluorescent method to estimate the quantity and activity
of airborne bacteria aerosolized into full-scale rooms. Midget impingers, filled with
the fluorescing redox dye 5-cyano-2, 3-ditolyl tetrazolium chloride (CTC), were used
to capture and stain metabolically active bacteria from room air. Both active and in-
active bacteria were counterstained with a fluorescein derivative and counted with an
epifluorescent microscope. The choice of fluorochrome stains allowed concurrent iden-
tification of active and inactive bacteria in the same microscopic field. Airborne bacte-
rial numbers determined by epifluorescence microscopy were compared to standard,
nonselective colony counts cultured from midget impingers operated under identical
conditions. Direct epifluorescent estimates of total airborne bacteria were higher than
concurrent plate counts. However, estimates of active airborne bacteria were lower
than concurrent plate counts. Variability experiments showed that the direct-count
method was repeatable to within 35%.

INTRODUCTION

Exposure to airborne particles of biological
origin is increasingly being recognized as re-
sponsible for infectious, hypersensitivity, and
inflammatory lung diseases (AIHA 1996; Burge
1990; Burge 1995; Cox and Wathes 1995;

* Address correspondence: Department of Civil, Environ-
mental, and Architectural Engineering, Campus Box 428,
University of Colorado at Boulder, Boulder, CO 80309.
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Lighthart and Mohr 1994; Rom and Garay 1996;
Rylander and Jacobs 1994; Wald and Stave
1994). Such particles are referred to as biologi-
cal aerosols, bioaerosols, or biologically derived
airborne contaminants. The work reported here
involved only bacteria, but the same collection
and analysis methods may also be suitable for
detection of some airborne fungal spores and
yeast cells. Bacterial cells as well as spores
and cell fragments are abundant in indoor and
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outdoor air. While pathogenic bacteria must be
viable to cause infection, nonviable as well as
viable bacteria have been associated with hy-
persensitivity and inflammatory diseases (Burge
1990; Flannigan et al. 1991; Heinsohn 1994;
Miller 1992). Detection methods that cannot
identify nonviable or nonculturable microorgan-
isms measure bioaerosol concentrations inaccu-
rately and can seriously underestimate human
exposures to airborne bacteria.

To better understand the ecology of microor-
ganisms in the environment and to quantify
concentrations of airborne microorganisms,
methods are needed to differentiate between
metabolically competent and nonviable mi-
croorganisms as they exist in situ, i.e., sus-
pended in the air. Conventional culture-based
approaches have intrinsic limitations for char-
acterizing microorganisms from environmental
sources. Standard plate counts underestimate
the true quantity and diversity of airborne mi-
croorganisms because the method cannot iden-
tify slow-growing, nonculturable, or inactive
microorganisms and fragments thereof. A ge-
netic amplification method, Polymerase Chain
Reaction (PCR), has been successfully adapted
to characterize airborne microorganisms with
relatively low detection limits (as low as 10°
cells/m>) (Palmer et al. 1995; Mukoda et al.
1994; Nugentet al. 1997). While promising, ge-
netic amplification methods have been reported
to estimate microbial biomass and diversity in-
accurately, provide no measure of microbial
fragments, and have been labile to some ubiqui-
tous environmental interferences—particularly
trace concentrations of heavy metals and other
undefined environmental substances (Alvarez et
al. 1995; Heinsohn 1994; MacNeil et al. 1995).

The technique of coupling fluorescent biolog-
ical staining with membrane filtration has been
successfully used to directly enumerate microor-
ganisms in a variety of aquatic and terrestrial en-
vironments (Bowden 1977; Hobbie et al. 1977,
Kepner and Pratt 1994; Perter and Feig 1980),
and it is an ideal method for adaptation to re-
search on bioaerosols. Fluorochrome enumera-

Aerosol Science and Technology
30:2 February 1999

tion has been used to measure airborne bacterial
concentrations in indoor air using the DNA in-
tercalating agents acridine orange or ethidium
bromide (Griffiths et al. 1996; Moschandreas et
al. 1996; Palmgren et al. 1986; Henningson et al.
1997). In a bench-scale study (chamber volume
= 550 cm?), Terzieva et al. (1996) directly enu-
merated aerosolized Psuedomonas fluorescens
captured in all-glass impingers (AGI-30) using
proprietary dyes and propridium iodide to assess
cell-membrane integrity.

In many ecological and environmental stud-
ies, fluorochromes have been coupled with var-
ious heterocyclic tetrazolium dyes and nalidixic
acid to determine not only total microorgan-
ism numbers, but also the fraction of metabol-
ically active microorganisms (Bianchi and
Giuliano 1996; Bitton and Koopman 1982; Her-
nandez et al. 1994; Huang et al. 1995; Jarna-
gin and Luchsinger 1980; Maki and Remsen
1981; McFeters et al. 1995; Rodriguez et al.
1992; Soderstrom 1977; Tabor and Neihof 1982;
Trevors 1984; Zimmerman et al. 1978). How-
ever, in bioaerosol studies, the detection and
quantitation of metabolically active microorgan-
isms has been primarily based on plate count
assays in which sample collection methods as
well as microorganism nutritional requirements
and culturability bias the results (Burge 1990;
Buttner et al. 1993; Flannigan 1993; Heinsohn
1994; Marchand et al. 1995; Miller 1992; Stew-
art et al. 1995; Terzieva et al. 1996; Thorne et
al. 1992).

In response to the existing limitations of
culture-based, staining, and genetic amplifi-
cation methods, we developed a protocol that
combined direct epifluorescent microscopy and
enzyme-activity staining to characterize the
metabolic state of airborne microorganisms
under in situ conditions. To investigate the
feasibility and repeatability of the method, we
conducted experiments in full-scale rooms. In
separate experiments, pure-culture aerosols of
Bacillus subtilis (B. subtilis), Micrococcus lu-
teus (M. luteus), and Escherichia coli (E. coli)
were continuously generated and discharged
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into the test rooms. These organisms were cho-
sen as bacterial tracers because they are com-
monly used in bioaerosol monitoring studies as
model Gram-positive and Gram-negative organ-
isms (Alvarez et al. 1995; Jensen et al. 1992;
Salie et al. 1995; Stewart et al. 1995). Steady-
state samples of airborne bacteria were collected
at four or five points in the test rooms using glass
midget impingers and, for retrieval comparison,
at a single point using a polycarbonate mem-
brane filter. Bacteria collected in impingers
were identified by culture of colony-forming
units (CFUs) and by direct staining and count-
ing with an epifluorescent microscope. Filter
samplers were expected to be more efficient
particle collectors and provide a better estimate
of the total number of airborne bacteria. How-
ever, possible damage to collected bacteria due
to desiccation precluded using filter samples
to estimate bacterial culturability or metabolic
activity. Therefore, bacteria collected on filters
were identified by direct staining only. Our
approach for measuring airborne microorgan-
ism concentration and activity was to modify
a midget-impinger sampling method to selec-
tively stain metabolically active bacteria imme-
diately after they were collected from indoor
air and to compare these measurements with
the numbers of total and culturable bacteria in
simultaneously collected samples.

METHODS
Test Rooms

Two full-scale (= 36 m?) test rooms were used in
this study: (i) the Larson Laboratory (LL) cham-
ber at the University of Colorado’s Joint Center
for Energy Management, and (ii) the Indoor Air
Quality Research House (IAQRH) chamber at
the University of California’s Richmond Field
Station. The University of California facility
was closed during part of this investigation due
to seismic considerations, which dictated the use
of the facility at the University of Colorado for
part of this work.

Bioaerosol Activity Measurements 147

The LL chamber is a 37-m>, full-scale model
of a commercial office space with a suspended
tile ceiling and raised floor. The room has a
space height of 2.7 m; a 0.7-m-high, unducted,
above-ceiling return air plenum; and a 0.5-m,
below-floor plenum. The room is completely
insulated and has one door and no windows.
The door was closed and sealed at the bottom
and edges to reduce infiltration. Temperature
was controlled by electric-resistance baseboard
heaters mounted on two of the walls and by radi-
ant chilled-water panels mounted on one of the
walls. The room was furnished with four desks
distributed symmetrically around the center of
the room.

The TAQRH is a two-story, wooden build-
ing, containing a 36 m> test room weatherized
to reduce infiltration (Offermann et al. 1985).
The room has one window, two interior doors, a
linoleum floor, and walls and ceiling of painted
sheet rock or plywood. The two doors to the
room were closed and sealed at the bottom and
edges, and the window was covered to prevent
in/exfiltration and exclude light. The room was
furnished with two tables, a heated mannequin
seated in a chair, and two lamps. The mannequin
and lamps generated thermal plumes which in-
duced air mixing.

The test rooms were operated at temperatures
between 21°C and 25°C, and humidity was ei-
ther left ambient (IAQRH investigations) or con-
trolled by a self-contained steam humidifier to
near 85% (LL investigations). Both test rooms
were equipped with mechanical ventilation sys-
tems that delivered high-efficiency-particulate-
air (HEPA) filtered outdoor air through a ceiling-
mounted diffuser near the middle of the room
(HEPA filters have a minimum, single-pass ef-
ficiency of 99.97% for particles of 0.3 um di-
ameter). During the experiments, supply and
exhaust airflow rates through the ventilation sys-
tems were monitored continuously with micro-
manometers and the ventilation rate was con-
stantly maintained between 1.5 and 2 air changes
per hour (ACH). In separate tracer gas studies,
it was determined that aerosol mixing in the
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test rooms reasonably approximated completely
mixed conditions and that the infiltration rates
in both test rooms were at or below 0.1 ACH.
Prior to each experiment, the test rooms were
purged with five equivalent room volumes of
HEPA-filtered air.

Validation Experiments

Four identical collection experiments were con-
ducted at the LL test facility to validate the
direct-microscopy aerosol method and deter-
mine the variability of the direct-count method
in a full-scale application. Impingers were
mounted on each of the desk chairs approxi-
mately 1 m above the floor. Experimental con-
trols were established by also placing a blank im-
pinger (no airflow) in the test room. B. subtilis
cells were aerosolized into the room at a con-
stant rate for approximately 2 h until a steady-
state bacterial concentration was attained, after
which the impingers were operated for 40 min.
A paired t-test, at a 95% confidence level, was
used to determine whether or not there were
significant differences between the mean bac-
terial air concentrations throughout the room.
All variability estimates and comparative means
testing used a sum of squares pooled standard
deviation for normalization.

Collection and Recovery Experiments

The collection and recovery experiments were
conducted at the ITAQRH. Five sampling loca-
tions were arranged in the test room (Figure 1),
the four perimeter sampling locations consist-
ing of duplicate midget impingers and the cen-
tral sampling location consisting of an impinger
and a filter sampler. The samplers were sus-
pended at a height of 1.5 m above the floor of
the test chamber, in the approximate breathing
zone of a standing adult person. Experimental
controls were established by placing a blank fil-
ter sampler (no airflow) in the test room.

In independent trials, M. luteus and E. coli
cells were aerosolized into the room at a constant
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rate for 2 h until a steady-state bacterial concen-
tration was attained, after which impingers and
filter samplers were operated for 30 min. Par-
ticle numbers and size distributions were mon-
itored with an optical particle counter (LAS-X
OPC; Particle Measuring Systems, Inc., Boul-
der, CO). The OPC’s function was not to mea-
sure the concentration of airborne bacteria, but
to qualitatively indicate when steady-state parti-
cle concentrations were reached in the chamber.

Test Microorganisms

The California Department of Health Services
(Berkeley, CA) supplied the M. luteus and E.
coli, and the Biology Department at the Uni-
versity of Colorado at Boulder supplied the B.
subtilis used in this study. M. luteus is a Gram-
positive, coccoid bacterium, 0.9 to 1.8 um in
diameter that often occurs in tetrads. E. coli
HBI101 is a Gram-negative, rod-shaped bac-
terium, 0.3 to 1.0 um by 1 to 6 um. B. subtilis
is a Gram-positive, rod-shaped bacterium with
endospores, 0.7t0 0.8 umby 1.5to 1.8 um. All
bacteria were grown on SCDA agar (Difco, De-
troit, MI) or R2A broth (Difco, Detroit, MI) and
harvested into sterile phosphate buffered saline
(PBS) (Na;HPO4 + KH,PO4; 0.85% NaCl; pH
7.2) on the day used.

Bioaerosol Generation

Bacterial aerosols were generated from a six-jet
Collison nebulizer (CN 25, BGI, Inc., Waltham,
MA) using suspensions containing > 10% bac-
teria mI”!'. The nebulizer was operated at 138
kPa and was pressurized by an air cylinder fol-
lowed in series with a dual-stage regulator, de-
humidifier, and HEPA filter (Model 3074, TSI,
Inc., St. Paul, MN) (Figure 2). The bacterial
aerosols were delivered from the nebulizer dis-
charge port into the test chamber at 12 L/min” |
through 2 cm (i.d.) flexible polypropylene tub-
ing. During bioaerosol generation, the nebulizer
contents were replaced every 30 min to ensure
that fresh bacteria were delivered to the chamber.
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FIGURE 1. Schematic of the 36 m®> IAQRH chamber and sampling locations used in the collection and recovery
experiments. Each circle represents a sampling location. Duplicate liquid impingers were positioned at locations 1, 2,
4, and 5 (one each for culturable plate counts and microscopy). Single impinger and filter samplers were positioned
at location 3, respectively, for culturing and DTAF staining. The height of all samplers was 1.5 m.

Bioaerosol Sampling

Midget impingers (SKC, Inc., Eighty Four, PA)
were used in both experiments. Polycarbon-
ate membrane filters (25 mm diameter; 0.8 ym
pore diameter) in thread-sealed filter holders fit-
ted with rubber gaskets (Corning Costar, Cam-
bridge, MA) were used in the collection and re-
covery experiments only. The airflow rate for
both types of samplers was identical (approxi-
mately 2.3 L/min""). Flow rates were regulated
with airflow controllers and calibrated for each

sampling period with a bubble-chamber volu-
metric flow meter (Gillian Instrument Corp.,
West Caldwell, NJ). Both filters and impingers
were used for a retrieval comparison to evaluate
the performance of the impingers because filters
are known to be more efficient particle collec-
tors. At 2.3 L/min !, the cutoff aerodynamic
diameter (dso ) of the glass midget impinger was
estimated to be 0.7 um. At the flow rate used in
this study, the collection efficiency for the AGI-
4 impinger has been shown to be approximately
75% for Bacillus cereus spores (Grinshpun et



Downloaded By: [University of Colorado Libraries] At: 19:24 11 July 2007

150

M. Hernandez et al.

Aerosol Science and Technology
30:2 February 1999

BIOAEROSOL GENERATION AND DISCHARGE —> 5 Tgsiigi‘_ﬁ‘ber
‘. 6-Jet
Low Pressure Dehumidifier}—3§ HEPA filter Collison
Air Supply Nebulzier
acterial

Squensio

BIOAEROSOL SAMPLING
Steady State
Chamber
¢ ¢ Air Sample

11

Four Impingers
for Microscopy:

|

||

Five Impingers
for Plate Counts:

to sample pump
& flow meter
@ 2.3 L min/

M to sample pum
i & ﬂowpmell)er v
@ 2.3 L min!
LAS-X —> o —>»
Particle Counter
One Filter

For Microscopy:

15mL PBS (pH=7.2) 15 mL PBS (pH=7.2)

(No preparation)

2mM CTC
3 mM glucose
OPTICAL 25 mm diameter
%\{\HA}?&%%RS PARTICLE MEMBRANE FILTER
COUNTER

FIGURE 2. Schematic of bioaerosol generation and sampling system (all bioaerosol generation and air-moving equip-
ment as well as the OPC operated outside of the test chambers).

al. 1997), whereas the collection efficiency for
filter samplers was estimated to be greater than
99% (Hinds 1982).

Impingers were filled with 15 ml of sterile
PBS; those used for direct microscopy also con-
tained 3 mm of D-glucose and 2 mm of the redox
dye CTC (Polysciences Inc., Warrington, PA).
The addition of low concentrations of glucose
and dissolved CTC did not significantly change
the surface tension or viscosity of the capture

solutions and thus likely did not change the col-
lection efficiency of the midget impingers. Be-
cause CTC is photoreactive, all impingers were
covered with opaque material to protect the con-
tents from light. Evaporation from the impinger
reservoirs during the sampling periods was less
than 2%. Following collection, the samples
were immediately transported to the laboratory
and processed. For each run, the contents of
the midget impinger reservoirs were individu-
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ally measured and assayed. Theimpingers, filter
holders, and nebulizer were cleaned and disin-
fected between each run.

Plate Counts

Impinger reservoirs containing only PBS were
used for plate counts on SCDA medium. A stan-
dard spread-plate technique was used to deter-
mine the concentration of culturable aerosolized
cells (AIHA 1996). Aliquots of undiluted sam-
ple as well as 1:10 and 1:100 dilutions were
plated in duplicate and incubated at 35°C for
18 to 36 h. We determined the concentration
of culturable bacteria in the air by the following
relation:

Cy = (N/V)DF, 1)

where Cy is the bacteria concentration (CFU
m > ), N is the average number of CFU per plate,
V is the volume of air sampled (m*), and DF is
the dilution factor.

Epifluorescent Microscopy

Impingers containing PBS and CTC were used
for total and active cell staining. Two fluores-
cent stains were used for bacterial quantitation:
(i) CTC, a redox dye that identifies respiring
cells with red fluorescence, and (ii) a nonspecific
fluorescein derivative that covalently binds to
bacterial cell walls and fluoresces green (5-(4,6-
dichlorotriazin-2yl)aminofluorescein (DTAF);
Molecular Probes Inc., Eugene, OR). CTC is bi-
ologically reduced to fluorescent formazan pre-
cipitates by active dehydrogenase enzymes. The
choice of these fluorochrome stains provided for
concurrent identification of active and inactive
bacteria in the same microscopic field.
Samples containing CTC were protected from
light, gently mixed, and incubated for 8 h at
22.5°C. A final CTC incubation concentration
of 2 mm was chosen based on an optimization
assay on pure cultures of Acinetobacter sp. and
E. coli, similar to the methods of Rodriguez (Ro-
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driguez et al. 1992). Following CTC incuba-
tion, samples were adjusted to pH 9 and a filter-
sterilized DTAF concentrate (5 mg L™ ! DTAF
in 0.05 M NaHPO4) was added to a final con-
centration of 0.5 mg DTAF ml™!. Air sample
filters used to collect bacteria were also used as
a staining base. These filters were transferred
to polysulfone funnels, washed with PBS, and
stained with DTAF while locked in the funnel
apparatus. The same type of membrane filters
were used for direct counts of bacteria recovered
by impingers and air filter samplers.

Samples were protected from light and incu-
bated with DTAF for 20 min at 20 C and were
then passed through 0.2 pm, black, polycarbon-
ate membrane filters (Poretics, Inc., Livermore,
CA) supported by a silver filter (25 mm diam-
eter; 5.0 um pore size). The filter and support
were thread sealed in a 50 ml capacity, auto-
clavable, polysulfone, filter funnel (Gelman Sci-
ences, Ann Arbor, MI, effective filtration area
2.86 cm?). Bacteria retained on the filter sur-
face were then washed with 100 ml of PBS
(0.05 M NaHPOy4; 0.85% NaCl; pH 9) to re-
move unbound DTAF. All filtration and wash-
ing was done under a vacuum of no greater than
103.5 kPa. The DTAF stock solution was made
fresh and stored for not more than 2 h, and all
reagents were filter sterilized (0.2 um pore size)
priortouse. Inaccordance with the observations
of Bloem et al. (1995), we found DTAF to have
superior stability and better binding properties
than fluorescein isothiocyanate, which consis-
tently failed for unknown reasons.

Following the final wash, all filters were
dried under vacuum and immediately trans-
ferred to clean microscope slides. Approx-
imately 50 wul of tris-buffered glycerol (1:1
v/v) containing 2% 1,4 diazobicyclo[2.2.2] oc-
tane (to retard quenching of the fluorescent sig-
nal) was applied to filter surfaces. The pH
of the mounting solution was adjusted to 8.6
with glacial acetic acid just prior to application
to optimize the fluorescence of the cell-bound
DTAF. Following mountant application, cover-
slips were immediately laid on the filters.
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Mounted filters were examined under UV ir-
radiation using an Olympus BH2 microscope
fitted with a mercury lamp and polarizing fil-
ters (HBO-100 W Mercury lamp; EY 455 exci-
tation filter; B460 long bandpass barrier filter).
The excitation filter provided for maximum ex-
citation of both CTC and DTAF, and the emis-
sion filter allowed all visible light with wave-
lengths greater than 460 nm (green) to pass to
the viewer. This filter configuration provided
for concurrent observation of cell-bound DTAF
(green) and intracellular CTC reduction prod-
ucts (red precipitates) to be viewed in the same
microscopic field. All bacteria counting em-
ployed an eyepiece with a graticule calibrated
for 1100x magnification. Individual cell sizes
and shapes were examined from the bacterial
suspension both before and after nebulization
as well as from aerosolized bacteria collected in
impingers and on filters.

Red formazan deposits in CTC-stained cells
were examined under the same epifluorescent
conditions as for DTAF staining. Figure 3 shows
a microscopic field typical of stained E. coli
from an air sample. The intensity of the bac-
terial fluorescence varied from one place to an-
other on the filters. The distinct morphology
of aerosolized bacteria made it possible to dis-
tinguish even mildly fluorescing cells from the
background fluorescence, which was predom-
inantly negligible. Therefore, all fluorescing
bacteria consistent with M. luteus, E. coli, or B.
subtilis morphologies were counted. The count-
ing protocol of Hobbie et al. (1977) was modi-
fied to count 15 random fields per slide for each
filtered sample (Z 50 cells per field). The total
number of bacteria and the number of bacte-
ria containing fluorescing formazan precipitates
(i.e., CTC-positive, metabolically active cells)
were determined. All direct counts were re-
ported as the arithmetic mean of 15 fields. We
determined the concentration of total and active
bacteria in the air by the following relation:

Cn = [(NA;s Y (Va)Dr, )

where Cy is the bacteria concentration (cells
m > ), N is the number of bacteria per field, A

Aerosol Science and Technology
30:2 February 1999

is the effective filtration area (286 mm?), V is
the volume of air sampled (m?), a is the area of
microscopic field (0.008 mm?), and Dr is the
dilution factor.

RESULTS
Validation Experiments

Variability of Direct Total Cell Counts. Four
identical and independent experiments with
freshly grown B. subtilis cells were executed
to estimate the variability in direct microscopic
counts using midget impingers (Figure 4). For
concentrations on the order of 10% cells/m >,
the variation in direct counts recovered by any
single impinger was between 8% and 35% (as
defined by the coefficient of variation). There
was no significant difference in mean concen-
tration of airborne bacteria as measured by any
of the four impingers.

COLLECTION AND RECOVERY
EXPERIMENTS

Plate Counts. Independent collection and re-
covery experiments with freshly grown M. lu-
teus and E. coli cells were executed to compare
direct epifluorescent counts on a nonselective
culture medium. Respectively, air concentra-
tions of SCDA-culturable M. luteus and E. coli
ranged from 4.0 x 10° to 4.6 x 10° CFU m
(Figure 5) and 1.3 x 10°t0 7.7 x 10° CFUm™*
(Figure 6) for the five sampling locations in the
test room. The relatively small variation in the
concentrations of culturable M. luteus reflected
the well-mixed aerosol distribution in the test
chamber. The air concentration of culturable E.
coli was more spatially varied with the highest
concentration measured at one of the sampling
sites nearest the source.

Total DTAF Direct Cell Counts. Respectively,
total DTAF air concentrations of M. luteus and
E. coli ranged from 1.7 x 107 t0 2.3 x 107 cells
m™? (Figure 5) and 4.2 x 10°to 1.5 x 10 cells
m™? (one impinger failed, Figure 6) for the five
sampling locations in the test room. As was
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FIGURE 3. Epifluorescent photomicrograph of B. subtilus cells captured in an AGI-30 impinger, treated with CTC,
and counterstained with DTAF. Metabolically active (CTC-positive) cells appear with red intracellular precipitates.
DTAF appears green. Cells were stained and filtered through a 0.2 pxm pore size polycarbonate membrane filter.
Individual bacteria are approximately 2.0 xzm in length (X 1100).

observed for culturable M. [uteus, the relatively
small variation in air concentration reflected the
well-mixed aerosol distribution. Although total
direct counts of E. coli varied over half an order
of magnitude, total E. coli cell counts were not
higher near the aerosol source. Respectively,
the ratios of plate to total counts for M. luteus
and E. coli ranged from 0.2 to 0.4 and from 0.1
to 0.7 (Table 1). Respectively, total counts from
the filter air samples were at least half an order
of magnitude greater than those cultured from
impingers at the same sampling station (Figures
5 and 6, station 3).

CTC-Active Cell Counts. DTAF-stained bac-
teria containing red fluorescent formazan pre-
cipitates (CTC-positive cells) were counted as
metabolically active. Because of probable des-

iccation effects, bacteria collected on filter air
samplers were not CTC stained. Respectively,
air concentrations of CTC-positive M. luteus
and E. coli ranged from 9.1 x 10° to 2.1 x 10°
cells/m ™ (Figure 5,n= 5)and 1.4 x 10°t03.2
x 10° cells/m ™ (Figure 6, n = 4). For both test
bacteria, CTC-positive cell counts were consis-
tently lower than plate counts. Respectively,
the ratios of plate to active cell counts, for M.
luteus and E. coli, ranged from 2 to 4 and 3 to 4
(Table 1).

DISCUSSION
Validation Experiments

Results of the validation experiments suggested
that (i) midget impingers provided an acceptable
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FIGURE 4. Direct counts of B. subtilis cells recovered from the 37 m® (LL) test chamber using midget impingers dur-
ing the validation experiments. Impinger locations were distributed symmetrically around the center of the chamber.
Bar heights indicate the arithmatic average of four experiments. Error bars represent the pooled standard deviations.
There was no significant difference between mean counts at the four locations as judged by a students #-test at a 95%

confidence level.

reproducibility for direct microscopic counts in
a full-scale application, and (ii) the aerosolized
bacteria in the LL chamber were well mixed
and uniformly distributed during the period of
observation.

Aerosolization and Sampling Effects

For microorganisms captured in liquid im-
pingers, sample collection time has been re-
ported to affect cell damage and deaggregation
and counting efficiency (Juozaitis et al. 1994;
Terzieva et al. 1996; Willeke et al. 1995). In ac-
cordance with the observations of Terzieva et al.
(1996), for Psuedomonas aeruginosa collected
in an AGI-30, we observed that nebulization

and agitation of B. subtilis, M. luteus, or E. coli
in midget impingers for 30 min did not impart
visible damage to the cells counted. However,
for field investigations using impingers where
extended sampling times are needed, study of
sampling duration and sampling liquid agita-
tion on the structure and viability of captured
bioaerosols may be warranted.

Comparison of Total DTAF Cell Counts
and Plate Counts

Plate counts of both M. luteus and E. coli av-
eraged approximately one-third the values of
the concurrent epifluorescent total cell counts
(Table 1). However, E. coli concentrations
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FIGURE 5. Comparison of M. luteus collection and recovery in the 36 m® TAQRH chamber using three different
enumeration techniques. CFU counts estimated culturable cells. DTAF counts estimated total cells. CTC counts
estimated cells capable of respiration. Samples at locations 1, 2, 4, and 5 were collected with duplicate impingers (one
each for culturable plate counts and microscopy). Single impinger and filter samplers were positioned at location 3,

respectively, for culturing and DTAF staining.

showed greater variation among sampling lo-
cations, with plate counts higher at one sam-
pling location nearer the aerosol source. Previ-
ous studies in the IAQRH chamber have shown
higher aerosol concentrations near a continu-
ous, point-emission source (Miller-Leiden et al.
1996; Offermann et al. 1985). However, the dif-
ference in aerosol distribution between M. lu-
teus and E. coli in this chamber could be ex-
plained by a combination of point-source emis-
sion effects and environmental sensitivity; i.e.,
the Gram-negative E. coli was more sensitive to
aerosolization and more rapidly lost culturablil-
ity when airborne than the Gram-positive M. [u-
teus. These results suggest that, to different de-
grees, the two bacteria were stressed through the

nebulization process or lost culturability while
suspended in the relatively high-humidity room
air. Further, these findings illustrate the vary-
ing accuracy with which a culture-based method
estimated the true concentration of airborne mi-
croorganisms.

Comparison of Active Cell Counts
and Plate Counts

With exception to sampling station 2 during the
E. coli collection and recovery experiment, cell
viability as estimated by a culture-based method
consistently exceeded that estimated by CTC re-
duction. Plate counts were an average of three
times higher than epifluorescent estimates of
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FIGURE 6. Comparison of E. coli collection and recovery in the 36 m® IAQRH chamber using three different enumer-
ation techniques. CFU counts estimated culturable cells. DTAF counts estimated total cells. CTC counts estimated
cells capable of respiration. Samples at locations 1, 2, 4, and 5 were collected with duplicate impingers (one each for
culturable plate counts and microscopy). Single impinger and filter samplers were positioned at location 3, respectively,

for culturing and DTAF staining.

CTC-positive bacteria (Table 1). A similar sce-
nario has been observed in tetrazolium-stained
samples of aquatic microorganisms (McFeters
et al. 1995; Rodriguez et al. 1992; Schaule et
al. 1993; Yu and McFeters 1994). Although
tetrazolium reduction has been reported to ac-
curately detect dehydrogenase activity and thus
viability in aquatic and terrestrial environments
(Awong et al. 1985; Rodriguez et al. 1992;
Yu and McFeters 1994; Yu et al. 1995), it did
not consistently detect all metabolically com-
petent and culturable E. coli and M. luteus. As
judged by tetrazolium reduction, cell respiration
had ceased; however, as indicated by standard

plate counts, some aerosolized microorganisms
had not permanently lost repair mechanisms or
respiration and growth capabilities. Although
CTC reduction successfully indicated intracel-
lular respiration conditions in situ, these results
suggest that tetrazolium reduction assays can-
not reliably assess metabolic competence for air-
borne bacteria.

Laboratory and Field Application

In previous studies of aquatic and terrestrial
environments, it has been demonstrated that
tetrazolium reduction assays are rapid and con-
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TABLE 1. Ratios of SCDA plate counts to direct epifluorescent counts of DTAF- and CTC-stained cells to enumerate

total and active airborne M. luteus and E. coli.

M. luteus E. coli
Sampling (CFU m~>/cells m™) (CFU m~/cells m™3)
Station CFU/DTAF CFU/CTC CFU/DTAF CFU/CTC

1 0.3 22 0.4 3.1

2 0.2 3.0 0.2 .

3 0.4 + 0.1 +

4 0.2 4.1 sampler failure

5 0.2 27 0.7 4.1

*Direct CTC and DTAF counts are means of counts from 15 microscope fields from 15 ml impinger samples. CFUs are

means of duplicate aliquots from impinger samples.

TSample station 3 compared the recovery of air filter samplers with midget impingers. Impinger contents were used for
culturing CFU’s. Air filter samplers were used for DTAF direct counts. No CTC reduction assays were performed on air

filter samples.

venient for quantifying metabolically active
microorganisms. The data provided by this
study in full-scale test chambers confirmed that
bioaerosol capture in midget impingers can be
successfully coupled with protein stains, de-
hydrogenase activity stains, and membrane fil-
tration to efficiently collect and quantify air-
borne microorganisms with negligible interfer-
ence. DTAF will stain other bioaerosols such as
fungal spores and bacterial spores. However, the
intensity and shading of the fluorescent signal
emitted from fungal and bacterial spores is no-
tably different than that emitted from vegetative
cells. This is due to the density of the exospo-
rium and spore coat. An experienced technician
would be able to easily discern DTAF-stained
vegetative cells from spores.

This work demonstrated that direct mi-
croscopy had good sensitivity compared with
bacterial isolation using standard culture-based
techniques. A significant limitation to air samp-
ling with midget impingers is that these sam-
plers are only suitable for relatively high
bioaerosol concentrations—the impingers must
collect enough cells to visualize at least one
stained and filtered bacterium per microscopic
field. These observations suggest that, for test-
chamber studies in which bioaerosol concentra-
tion is easily controlled, midget impingers offer
an economical choice to quantify airborne mi-

croorganisms by direct microscopy. For practi-
cal use in field studies, where bioaerosol concen-
trations are typically lower, the detection limit
of the sampling method must be lowered into a
more useful range. This may be accomplished
by (i) increasing sample collection time, (ii) us-
ing smaller diameter filters, or (iii) using larger
liquid-capture samplers that can sustain higher
airflow rates such as a cyclone wetted scrubber
operated at = 10 L/min" !, an AGI-30 operated
at 12.5 L/min" !, or a multistage impinger op-
erated at = 30 L/min_ . In addition, it may be
possible to split samples collected in liquid for
analysis by more than one method. The feasibil-
ity of this method should be studied further using
larger, higher-volume samplers in full-scale ap-
plications. It is possible that this method will
prove suitable for identifying and enumerating
both active and inactive microorganisms under
indoor and outdoor field conditions. Because
samples collected in liquid can be diluted be-
fore filtering (to view stained cells) or plating
(to detect culturable cells), this method has sig-
nificant advantages over sample collection by
direct agar impaction.

Significance

The objective of this study was to evaluate a
method for absolute measurements of total and
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viable airborne microorganisms under in situ
conditions. Adaptation of a direct microscopic
technique, capable of sensitive characterization
of airborne bacteria with relatively minor mod-
ifications to commonly used, inexpensive sam-
pling equipment, proved to be a robust approach
for bioaerosol characterization. This type of ab-
solute optical measurement has been widely ac-
cepted in water and wastewater treatment en-
gineering because it provides a superior basis
for process evaluations relative to culture-based
detection methods. Using direct microscopy,
because nutrient selection and cell culturability
do not bias the results, direct visual techniques
provide absolute measurements that can offer a
more accurate picture of microorganism air con-
centration than can culture-based methods. The
application of widely accepted immunofluores-
cent techniques and fluorescent genetic probe
methods may have important implications for
understanding human exposure to airborne mi-
croorganisms in both indoor and outdoor envi-
ronments, e.g., evaluating the effectiveness of
engineering controls used to reduce exposures
to bioaerosols, and determining in situ, the eco-
logical structure, presence, and activity of a wide
range of biological agents.
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