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COUNT ACCURACY FOR BIOAEROSOL

SAMPLING AND ANALYSIS
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Janet M. Macher®
Jean Donnelly*
Scott Clark®
Arvydas Juozaitis™*

“Department of Environmental Health, University of Cincinnati, Cincinnati,
OH 45267-0056; "California Department of Health Services, Environmen-
tal Health Laboratory, Berkeley, CA 94704-1011; “Current address: Insti-
tute of Occupational Safety and Health, Council of Labor Affairs, Executive
Yuan, Taiwan, R.O.C; “On leave from the Institute of Physics, Vilnius,

Lithuania

The effects of the following variables on the occurrence of colony
masking (the indistinguishable merging or overlap of sufficiently
close colonies) were evaluated experimentally using the bacterium
Bacillus subtilis: spore density on a collection surface, concentration
of nutrients in the culture medium, sample incubation time, and abil-
ity of an observation system to distinguish overlapped colonies. In-
creasing spore surface density and incubation time increased colony
masking, whereas lowering nutrient concentration decreased colony
diameter and, therefore, masking but also limited spore germination
and growth. Overall, full-strength medium was best for accurate
counting of early microcolonies examined with the aid of a micro-
scope, whereas half- or quarter-strength medium was better for
counting older readily observable macrocolonies. Masking bias was
determined for varying spore surface densities and colony diameters
and was applied to two widely used slit-to-agar bioaerosol impac-
tors. Appropriate collection times have been determined for these
samplers to minimize colony masking for expected bioaerosol con-
centrations. It was found, for example, that 6-min samples collected
from an environment with an air concentration of 10° CFU m™’
would result in colony surface densities, for 3-mm colonies, of 1.5
and 3.9 microorganisms cm™ for the two samplers with respective
masking biases of <10% and <20%.

irborne microorganisms and biologically derived ma-
terials,” that is, bioaerosols, have been identified in
work environments such as agricultural operations,™”
sanitary landfills,”” sewage treatment plants,” and office build-
ings.®” Bioaerosols can cause infectious or hypersensitivity

* Author to whom correspondence should be addressed

disease® and can contaminate products in clean rooms® and
in food processing facilities."? Bacterial endotoxins and mold
constituents also can cause toxic reactions, skin and mucous
membrane irritation, and inflammation.**

The collection of bioaerosols onto semisolid culture medium
with subsequent sample incubation and colony enumeration is a
widely used method to measure bioaerosol concentration for cul-
turable microorganisms. The efficiency with which bioaerosol
samplers entrain airborne microorganisms into a sampling inlet,
transport particles through a sampling line,"® and retain particles
in or on a collection substrate"*'® has been found to vary. En-
vironmental stresses and the sample collection process may re-
duce microorganism viability. The ability of collected microor-
ganisms to grow and to form colonies also depends on the suit-
ability of the culture medium provided and the incubation
conditions. Therefore, observed colonies represent only the cul-
turable microorganisms in a sample, not necessarily all micro-
organisms present, and are counted as colony-forming units
(CFU) because they may arise from single cells or cell clusters.

Colonies of similar color and texture that come into suffi-
ciently close contact on a culture medium surface may merge
and become indistinguishable as separate units. Figure 1 illus-
trates three types of particles on a culture medium surface im-
mediately after sample collection: nonbiological material such
as mineral dust and culturable and nonculturable microorgan-
isms. The seven culturable microorganisms in the expanded sec-
tion of Figure 1 are shown grown into seven separate microcolo-
nies after a short incubation time, time = t;, and represent the
true colony count that would be recorded if masking did not
occur. However, only five macrocolonies are observed after
longer incubation, time = t,, because two pairs of colonies were
sufficiently close that they overlapped. Two of the original seven
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FIGURE 1. llustration of particles on a collection surface
and subsequent colony masking
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colonies may be masked if the observation system, for example,
a human examining the plate by eye cannot distinguish the over-
lapped colonies as separate units.

Slit-to-agar (STA) impactors, in which airborne particles are
collected through a narrow stationary slit and impacted onto a
rotating culture plate, have been considered among the most ef-
ficient bioaerosol samplers"> and are simple to use because the
plates need no processing after sample collection. However, STA
samples may be overloaded and resulting CFU masked if bio-
aerosol concentration exceeds 10* microorganisms m™ due to
the samplers’ fairly high airflow rates and limited collection and
growth surface areas!'® (Table I). STA impactors have several
advantages over other bioaerosol sampling methods, for exam-
ple, agar-based medium in a STA impactor loses less water and
collected microorganisms suffer less dehydration than in other
impactors because the impaction surface rotates continuously be-
neath the sampling inlet. The distribution of CFU on a STA
collection surface also reflects temporal changes in bioaerosol
concentration that may be related to specific activities at the time
of sample collection.”'®

Colony overlap has been evaluated to determine a suitable
upper-plate-count limit for the pour plate method for dairy prod-
uct testing."'**® Recommended upper-plate-count limits for stan-
dard approximately 100-mm diameter culture plates (petri
dishes) are 250 CFU for food and dairy products®*? and 300

TABLE |. Characteristics of Two STA Impactors

CFU for water, wastewater, and bioaerosol samples.***» How-
ever, these recommendations do not consider factors that affect
colony count accuracy other than colony surface density. A
positive-hole method has been developed® and modified?*-2®
to address colony masking for multiple-hole impactors. How-
ever, until recently,”” no such method for estimating colony
masking has been developed for other culture-based bioaerosol
samplers.

The study reported here evaluated the effect on colony mask-
ing of bacterial spore surface density, nutrient concentration in
culture medium, sample incubation time, and ability of an ob-
servation system to identify overlapped colonies. A previously
verified statistical model of the random deposition of microor-
ganisms onto culture medium and resulting colony masking®-*
was applied to two STA bioaerosol impactors and was used to
outline a method to determine appropriate sample collection
times to limit colony masking to predictable levels.

METHODS

Test Microorganism and Spore Preparation

Bacillus subtilis ATCC 6051 (American Type Culture Col-
lection Inc., Rockville, Md.) was used in this study because it
produces ellipsoidal spores of fairly uniform size (0.7-0.8 um
in width and 1.5~1.8 pm in length), which can be stored for long
periods without viability loss.®" Identification of the test bacte-
rium was confirmed by Gram reaction, cell morphology, and
biochemical assay (API Rapid CH test; API Analytab Products,
Plainview, N.Y.).“? The bacteria initially were incubated at 30°C
for 24 hr on nutrient agar (Difco Laboratory, Detroit, Mich.)
to obtain a pure culture that was transferred to manganese-
containing nutrient agar® incubated for sporulation at 30°C for
7 days. Bacterial growth was harvested into sterile distilled wa-
ter, agitated at 150 rpm for 24 hr in a ca. 22°C water bath, and
heated for 10 min at 80°C to kill vegetative cells. The resulting
spore suspension was centrifuged at 2800 X g for 20 min and
was washed three times with sterile distilled water before storage
in liquid nitrogen.

Spore Aerosolization

Aerosolization and sampling of B. subtilis spores was con-
ducted in a Class II biological safety cabinet (Sterilchem-
GARD, Baker Company, Inc., Sanford, Maine).®® Five dilu-
tions of the stock spore suspension were prepared between

Siit

Slit-to-Center Rotation Sampling Flow  Collection
Length, Widlth, Distance, Time® Rate, Qsamp Area,
Sampler L cm) W (em) Dgrc (cm) (min) (L min™") Acor (€m?)
Mattson-Garvin Air Sampler, Model 220,
P-320 412 0.015 2.30 5, 15, 30, 60 28.3 112.9
Casella Airborne Bacteria Sampler,
Model MK-ii 2.80 0.030 1.23 0.6,24,6 30.0 46.3

A Time for one collection plate revolution
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1.07 X 10" and 5.04 X 10* spores mL""'. Spore aerosols were
generated with a three-jet Collison nebulizer (BGI Inc., Wal-
tham, Mass.) at an airflow rate of 2 L min~'. The spore aerosol
was diluted with 42 L min~' filtered compressed air at a rel-
ative humidity of ca. 25% to a concentration between 4.11 X
10* and 1.92 X 10* spores m*. This dilution range ensured
that the aerosol consisted of predominantly single-spore par-
ticles and that particle coagulation in the 1.3-sec transport
time was only ca. 107''%.%% Electrostatic charge on aerosol-
ized spores was minimized by passing the aerosol through a
10-mCi ¥Kr particle charge neutralizer (Model 3012, TSI
Inc., St. Paul, Minn.) and by grounding metal portions of the
test system. Chamber temperature and relative humidity were
22.7 £ 0.4°C and 28.5 *+ 1.7% (Thermohygrometer, Model
DHTD, Fisher Scientific, Pittsburgh, Pa.).

Spore Sampling

The spore aerosol was sampled with an STA impactor spe-
cifically designed for laboratory bioaerosol studies.**** The
sampler collected spores through a slit inlet (0.2 by 13.3 mm)
directly onto a Nunc slide (2 by 4.2 cm, Model 177372, Nunc
Inc., Naperville, I11.) containing 9 mL nutrient agar at 25, 50, or
100% strength, that is, 15 g agar plus 2, 4, or 8 g nutrient broth
(Difco Laboratory) per liter of distilled water. An electric motor
moved the slide under the impactor slit at a rate of 0.014 cm
s71.%Y Sampling started after 1 min of slide movement, and
spores were collected at a sampling rate, Qump, of 10 L min~!
for a sample collection time, t.,mp, of 3 min; the total impaction
area was 3.5 cm® (1.36 by 2.56 cm). The test impactor was cal-
ibrated with spherical polystyrene latex (PSL) particles ranging
from 0.22 to 1.09 um in aerodynamic diameter. The aerody-
namic particle cutoff size, ds,, of this sampler was found to be
<0.3 um. The entire aerosol system was purged with clean air
for =15 min between tests. Samples were incubated at 25°C, and
B. subtilis colonies were counted at 12 and 36 hr to record mi-
crocolonies and macrocolonies, respectively.

Determination of Number of Spores Collected

Impactor sampling efficiency, Eqm,, that is, the fraction of
spores at the entrance of the impactor that the impactor cap-
tured, was determined from the spore concentrations upstream
and downstream of the impactor, C,,, and C;yown respec-
tively:

_ (Cs,up - Cs,down)

Esamp - C (1)
S,up

Spore concentrations were measured using an aerosol size spec-
trometer (Model LAS-X, Particle Measuring Systems Inc., Boul-
der, Colo.)* and found to remain stable (variation, +1.8%) for
150 min, which exceeded the 90-min test period. Samples of the
stable spore aerosol were collected in random order onto Nunc
slides containing different strengths of nutrient medium. Spore
concentration at the impactor inlet, C, ,,, was considered constant
for all slides exposed in the same test period. E,,, exceeded

0.90 for particles >0.4 pm and was found to be independent of
nutrient concentration in the culture medium.®”
The total number of spores collected, N,, was determined as

Ns = Cs,uptsamesampEsump- (2)
The product of the first three terms was used to estimate the total
number of spores at the entrance of the impactor during each 3-
min sample collection time. The estimated surface density of
collected spores, 8,, was calculated by dividing N, by the collec-
tion surface area, A .

Colony Resolution Index

The ability of an observation system to distinguish overlapped
colonies was characterized by resolution index, R., with a range
of 0—1.%> An observation system with R, = 0 could not distin-
guish adjacent colonies even if they just touched at their perime-
ters, a system with R, = 1 could distinguish all adjacent colonies
except those that overlapped completely, and systems with inter-
mediate R, values could distinguish respective fractional degrees
of colony overlap. The highest resolution index, R, = 1, was as-
signed to microcolony counting because adjacent colonies could
be identified easily and counted as individual units and because
only ca. 2% of the microcolonies overlapped.®” Only R, = 0 and
R, = 1 were used in the enumeration of B. subtilis macrocolonies
(see below) because degree of colony overlap could not be judged
reliably by eye for other R, values.

Microcolony and Macrocolony Enumeration and
Macrocolony Sizing

Microcolonies were counted, after 12-hr incubation at 25°C,
using a phase-contrast microscope with bright field illumination
and 100X magnification (Labophot-2, Nikon Corp., Tokyo, Ja-
pan). The Nunc slides were photographed after a total of 36-hr
incubation, and macrocolonies were counted and measured from
the photographs. Macrocolony diameter, d;macro, Was measured
manually with a vernier caliper and an image analyzer (Magiscan
2, Joyce-Loebl Ltd., Team Valley, Gateshead, U.K.). All single
colonies and colony clusters were counted as 1 CFU, regardless
of shape, at R, = 0 because, by definition, the observation system
could not distinguish colonies that had merged to any degree. At
R. = 1, apparently circular and nearly circular colonies were
counted as 1 CFU, elliptical colonies as 2 CFU, and colonies of
other shapes as 3 CFU. According to experimental observation,
the coincidence >3 CFU was very rare. Figure 1 can be used to
illustrate application of these rules. The final count in the ex-
panded plate section of the figure would be 4 CFU at R, = 0 and
6 CFU atR, = 1.

Colony Surface Density and Percentage Masking

The surface densities of microcolonies and macrocolon-
ies, 8 micro aNd 8 macro» Were determined by dividing the re-
spective colony counts by the collection surface arca. Degree
of colony masking, X acromicro» Was estimated from the ratio
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of 36- to 12-hr colony surface densities and expressed as a
fraction:

6c ,MACTO

@

Xmacm/micr() - 8
¢, micro

Microorganism Surface Density and Sample
Collection Time for STA Impactors

A theoretical model was developed to determine the degree of
colony masking using Monte Carlo computer simulation of the ran-
dom deposition of microorganisms onto culture media.®**” Surface
density of collected microorganisms, J,,, a parameter of the model
and an important factor in determining degree of colony masking,
was related to sampler flow rate, air concentration of microorgan-
isms, C,,, and sample collection time, tym, ™'

80”; — N()rg - C()rngamptsump , ( 4)
Acoll Acnll

where N, was the number of microorganisms deposited on a
collection surface.

Two widely used STA impactors were considered: a
Mattson-Garvin Air Sampler (M/G) (Model 220 and P-320,
Barramundi Corp., Homosassa Springs, F1.) and a Casella Air-
borne Bacteria Sampler (MK-IT) (Model MK-II, BGI Incor-
porated). Our experimentally measured ds, cutpoints for these
samplers (0.5 and 0.7 pum, respectively) agreed well with pre-
viously reported calculated values of 0.5 and 0.67 um."'® The
impaction zone, or collection area, on a rotating culture plate
forms an annulus after one complete rotation of the plate. This
collection area is bounded by the radii of the slit’s inner and
outer edges. The portion of the collection plate beneath the
inner slit edge, which is a shorter distance from the plate cen-
ter, rotates through a smaller circle than the outer slit edge.
Therefore, microorganism density, 8., assuming uniform air-
flow across the slit, is highest at the inner slit edge and de-
creased toward the outer edge.'” A maximum 3, value as-
sociated with a chosen degree of colony masking was deter-
mined for a hypothetical innermost ring of a STA collection
area using results from an earlier study.®**” The width of this
innermost ring was taken as equal to expected colony diam-
eter, d., with area A, ;,, Where

Aconin = T(Dsre + do)* = (Dsre)’]. (5)

Dgrc in Equation 5 was the distance from the inner slit edge to
the center of a collection plate, or the slit-to-center distance. The
collection area for a STA impactor was calculated from slit
length, L, and Dgrc:

Acon = T[(Dsre + LY — (Dsre)’]. (6)

The maximum microorganism surface density associated
with a given degree of masking bias for the hypothesized inner-
most ring of a STA impactor, 80,&-,“, was converted to surface
density for the entire collection area, J,,:

L L

1 N()r' in e
_ Nurg _ dc & _ dc (7)
Acoll Acull Ac()ll ’

8org,inAc()Il,in

8urg

where N, » was the number of microorganisms collected in the
innermost ring. A method for calculating STA sample collection
time associated with varying degrees of colony masking for an-
ticipated bioaerosol concentrations and colony diameters was
developed based on Equations 4 and 7 and on the Monte
Carlo computer simulation that predicted degree of colony
masking. "

RESULTS

Figure 2, A-C, shows the experimental B. subtilis colony sur-
face densities, J,, as functions of spore surface density, 8,; in-
cubation time, t; resolution index, R.; and nutrient concentration.
Figure 2, D-F, shows the corresponding ratios of macrocolony
to microcolony surface densities, Xuromicro (Equation 3), as
functions of these same parameters.

Effect of Spore Surface Density, Incubation Time,
Nutrient Concentrations, and Observation System
Resolution Ability on Colony Surface Density and on
Colony Masking

Figure 2, A—C, shows that microcolony and macrocolony
surface densities increased with increasing spore surface density
and that microcolony counts at 12-hr incubation were generally

Vicrocoionies
7] & =2n of Incubation
R, =1

Macrocolonies )i{ecrocolonies
(Resolution index,

£ 1 = 36 Hours pewEy = 36 Hours
@ L Lo

50% NUTRIENT AGAR I l 25% NUTRIENT AGAR

100% NUTRIENT AGAR

Ll “ Wl

33 82 154 173 238 173 239 _3.3 82 154 173 239

(%)

120

for

Q:l ] :

80 | 1F f-
70-1\@»— Re =0 ERS 3

L B U FETTY FESTE SHUWY SUTTE Pt
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g ( spores cm™ )

>
T

6C‘MACR0
6C,MICRO
©
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T
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3

FIGURE 2. (A-C) Average colony surface densities,
8. micro AN 8 e (21 standard deviation, N = 2-9), as
functions of spore surface density, 8,; nutrient concentra-
tion; and observation system resolution ability, R.. D—F:
Macrocolony surface density as a percentage of micro-
colony surface density, X ucromicro» A8 @ function of spore
surface density, 8,; nutrient concentration; and observa-
tion system resolution ability, R...

O
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higher than macrocolony counts at 36 hr. The difference between
average observed colony and spore surface densities, oc and
s, were due to failure of some spores to germinate.

Microcolony surface densities generally were highest on
full-strength medium and lowest on quarter-strength medium,
but the reverse was the case for macrocolonies. Consequently,
macrocolony surface densities were most similar to microcolony
surface densities on quarter-strength medium as illustrated in
Figure 2, D-F, that is, a larger percentage of microcolonies de-
veloped into distinguishable macrocolonies, for respective spore
surface densities, with decreasing nutrient concentration. Figure
2, D-F, also shows that colony masking increased with increas-
ing spore surface density, as reflected in a decreasing Xacrommicro
with increasing §,. The percentage of microcolonies that devel-
oped into distinguishable macrocolonies as counted at R, = 1
was always higher than that counted at R, = 0, the difference
being greatest for full-strength medium and least for quarter-
strength medium. Some of the average values of X, ucromicro i}
Figure 2, E and F, were higher than 100%, and all ratios were
higher on reduced than on full-strength medium because of un-
derestimation of &, . at the 12-hr counting time. This under-
estimation most likely was due to slower growth of the bacteria
on the lower nutrient media resulting in smaller difficult to detect
microcolonies.

Macrocolony Diameter and Shape

Increased spore surface density and decreased nutrient con-
centration limited colony growth as reflected in average macro-
colony diameter (Figure 3). The percentage of circular macro-
colonies decreased with increasing nutrient concentration, for all
spore surface densities, whereas the percentage of elliptical and
other shape colonies increased (Table II), reflecting greater col-
ony overlap.

Maximum Surface Density of Microorganisms and
Masking Bias

Figure 4 shows percent masking bias as a function of micro-
organism surface density, colony diameter, and observation sys-
tem resolution ability. For example, masking bias would be <5%
for a colony surface density = 0.9 microorganisms cm™? for 4-
mm colonies counted at R, = 1.

Sample Collection Time for STA Impactors

An investigator can use the information outlined here to de-
velop a sampling plan for a particular STA impactor, as illus-
trated in the following example. Figure 4 shows that 3-mm col-
onies would be counted at R, = 1 with =10% masking bias if
colony surface density was =3.2 microorganisms cm 2. Aconin
for the M/G sampler was calculated to be 4.62 cm? at d, = 3 mm
(Equation 5). A target d,,,, of 3.2 microorganisms cm? for the
innermost ring of a M/G plate would correspond with a 3, of
1.8 microorganisms cm™? for the entire collection area (Equation
7). One can use Equation 4 to calculate a sample collection time
of 7.2 min for an assumed bioaerosol concentration of 10 CFU
m™ to achieve a §,, of ca. 1.8 microorganisms cm? and to

4l 25% Nutrient Agar -
L 50% Nutrient Agar
= [ [ ]100% Nutrient Agar ]
c 1.2 F .
1 ]
g f- _.
o 1.0f .
2 _
O r X 4
| [ s AR b
Zosf | BB .
© 3 2909 I
o] % | ﬁ%‘f XX 1
B B | B ]
0.6+ b B e —
R 1 | S & ]
a4 N .
0.4 L | 21 | B
35 82 154 173 239
-2
64 ( spores cm™ )
FIGURE 3. Average B. subtilis macrocolony diameter,
A, maero (£1 standard deviation, N = 2-9), at three nutrient
concentrations and varying spore surface densities, d,

ensure that masking bias does not exceed 10% for the M/G sam-
pler. The comparable sample collection time limit for the MK-
IT sampler would be 2.6 min; approximately one third of that for
the M/G sampler primarily because the collection area is pro-
portionally smaller.

Another approach to applying the information presented here
is to calculate expected microorganism surface density, from
measured sample collection time and estimated air concentra-
tion, and to use this information to predict degree of colony
masking. For example, collection of 6-min samples with the
M/G and MK-II samplers, again for 3-mm colonies and an air
concentration 10° CFU m ™, would result in a 8, of 2.68 mi-
croorganisms cm > 8oy = 1.5 microorganisms cm™2) for the
M/G sampler and masking bias between 5 and 10% at R, = 1
and would result in a corresponding 8, of 7.38 microorgan-
isms cm 2 (8, = 3.9 microorganisms cm™?) for the MK-II sam-
pler and masking bias of ca. 20%.

DISCUSSION

This study found that degree of bacterial colony masking de-
pended on colony density on a collection surface, on colony
diameter, and on ability of an observation system to distinguish
overlapped colonies (Figure 5). In general, colony surface den-
sity depends directly on four factors (bioaerosol concentration
in the sampled air, sampler airflow rate, sample collection time,
and collection surface area), and colony surface density depends
indirectly on two factors (nutrient concentration and incubation
conditions). Colony diameter, in tum, depends on nutrient con-
centration, incubation time and temperature, and colony surface
density. Colony size is also a function of the specific organism
studied and its growth rate and pattern. Cell motility also plays
a role for bacteria. An observation systems’ ability to recognize
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TABLE Il. Shape Characteristics of B. subtilis Colonies

Counting microcolonies after

Spore Surface Nutrient Macrocolony Shape* short incubation times has been
Density, 8, Concentration Number suggested for multlple—hole im-
(spores cm™3) (%) Samples Circular Elliptical Other  pactors as a way to identify mul-
a3 100 4 265 + 6.1 205 + 4.2 97+ 00 tiple CFU at impaction sites.3¢
DO D 7" However, counting of macrocolo-

gg ; :gg i 1; 13; f ?? 1'6i 16 nies after longer incubation is eas-

82 100 9 77'5 N 1'5 ) g. 9 N 1'5 33+ 1.2 ier, for example, no microscope is

50 6 88.2 N 1'7 11'1 N 2'0 0'7 N 0'3 needed, and is necessary to iden-

05 - 96.5 N 1'0 3' ] N 1' ] 0' 4 N 0' 4 tify bacterial and fungal isolates.

154 100 5 686+40 250+32  64xqp Lnerefore, the use of reduced

50 3 842 + 13 143+ 292 14+10 strength culture medium may of-

05 3 90'4 N 2'1 9'0 N 2'1 0.6 N 0'5 fer a more convenient way to de-

173 100 4 736+22  236+37 2g8+17 Crease colony masking than

50 4 83.7 + 27 15.0 + 2.3 12+ 05 counting early colonies. Low nu-

o5 3 90.6 N 1.8 9'0 N 1.6 0'3 N 0'2 trient media have been shown to

239 100 4 75.8 . 1'7 ] 8.7 N 1'2 5'5 N 1' o increase microorganism recovery

50 4 87.6 N 2'2 1 1-6 N 1'7 0'9 N 0'5 from environmental sources, for

o5 3 92'0 N 0'9 7.6 N 0'9 0' 5 N O. 4 example, air,”” potable water,*®

A Values are average percentage * standard deviation.

overlapped colonies depends on colony size, level of magnifi-
cation used, and colony morphology and pigmentation. One can
adopt the convention used here to estimate number of colonies
in noncircular CFU when colonies have similar size, shape, and
appearance.

Colony Surface Density

An optimal colony surface density balances the need for suf-
ficient numbers of colonies to estimate microorganism concen-
trations accurately with the need for well-separated colonies to
facilitate microorganism identification and to limit colony mask-
ing. Optimal microorganism surface densities (Figure 4), for a
given bioaerosol concentration and colony diameter, can be
achieved by adjusting sampler airflow rate, sample collection
time, or collection surface area (Figure 5). Varying sample col-
lection time generally is the most convenient option, provided
investigators consider other factors related to variation of col-
lection time, for example, change in collection surface charac-
teristics during prolonged sampling and the representativeness
of very short grab samples. The option of changing an impactor’s
airflow rate is a less attractive means to achieve optimal colony
surface density because such a change would alter the impactor’s
particle collection characteristics, for example, its ds, cut-
point.'*¥

Colony Diameter

Colony masking was greater on higher nutrient medium as
a result of increased colony diameter and greater number of cul-
turable microorganisms. Reducing nutrient concentration re-
duced colony masking but also limited or slowed colony growth
so that microcolony counts were lower than on richer medium.
These observations suggest that nutrient concentration should be
sufficiently high to allow good spore germination and cell
growth but sufficiently low to minimize colony masking.

and s0il.”” R2A medium for bac-
terial cultures produces slow-
growing colonies® that may ex-
perience less inhibition from neighboring colonies because of
their smaller size and resultant greater distance between colo-
nies.

Other ways to control colony diameter and masking are to
increase the agar concentration of culture medium or to add
growth suppressants. Increasing agar concentration restricts cell
growth“” but may suppress some microorganisms. Growth sup-
pressants, such as rose bengal, dichloran, and other dyes, can
control the development of rapid-growing and spreading fungi,
for example, Rhizopus and Mucor species, but also may suppress
some molds; alter colony morphology, making identification
more difficult; or may be inconvenient to use in the field, for
example, rose bengal is light sensitive.“'~*" Microbiologists
should evaluate the impact of proposed changes in culture con-
ditions on the growth of the microorganisms of interest before
modifying standard culture media or incubation time or temper-
ature. If several genera or species with different impaction and
colony growth characteristics are collected on the same surface,
grown on the same medium, and analyzed at the same time, the
quantitative analysis of colony masking may become more com-
plex. However, the general concepts and approach developed in
this study still will apply.

Observation System Resolution Ability

Microbiologists readily can identify isolated circular macro-
colonies as individual CFU but must use personal judgment
when deciding how to count colonies of other shapes. Average
colony counts were consistently lower in this study when ex-
amined at R, = 0, that is, all colonies or colony clusters counted
as 1 CFU as compared with R, = 1, where colony shape was
used to estimate the number of individual colonies in a cluster
(Figure 2, D-F). Methods for standardizing counting to deal
with overlapped colonies have been developed for water sample
examination® and are needed also for bioaerosol samples.
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CONCLUSION

Bioaerosols are of increasing concern in many workplaces, and
efforts are being made to improve methods for air sample col-
lection and analysis. Collection of airborne microorganisms di-
rectly onto agar-based culture medium remains an informative
and convenient means of studying culturable microorganisms.
The occurrence of colony masking for direct impaction samplers,
which results in an underestimation of actual colony count, was
found to increase with increasing colony surface density and
diameter and with decreased ability to distinguish overlapped
colonies. The present study explored the effects on colony di-
ameter and resultant colony masking of sample incubation time
and culture medium nutrient concentration and offers a method
to determine appropriate sample collection time to limit surface

density of collected microorganisms and thereby to reduce col-
ony masking.
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FIGURE 4. Percent masking bias for macrocolonies as a
Sunction of colony diameter, d,, and microorganism sur-
face density, J,,,, for two resolution indices
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