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INTRODUCTION

There is increasing concern over airbome microorganisms in indoor air environments. Exposure o such
biocontaminants can give rise to large numbers of differcnt health effects including infectious discases -,
allergenic responses 9 and respiratory problems . Standard microbiological methods based on
microorganism culture have severe limitations for the analysis of indoor air samples and a quantitative
detection/ identification technique independent of culturability that assays both culturable and non culturable
biomass is critical in defining risks from indoor air biocontamination.

Counts of culturable bacteria from environmental samples consistently underestimate the actual viabie
community by 90-99% 1. Additionally, although bioaerosol samplers are designed to damage the microbes
as little as possible 1, microbial stress which inhibits cell culture has been shown to result from air
sampling, aerosolization and microbial collection *'?. Higher collection efficiency (e.g. using [iltration)
results in greater cell damage while less cell damage often results in lower collection efficiency"*'”. The
lipid biomarker assays described herein do not rely on cell culture. Lipids are components that arc universally
distributed throughout cells providing a means to assess biomass independent of culturability "¥. Extractable
phospholipid fatty acids (PLFA) are found in ail cefl membranes, are actively metabolized during growth and
have a relatively rapid turnover rate "%, Specific groups of microorganisms often contain characteristic lipid
patterns which can be analyzed using gas chromatography-mass spectrometry (GC-MS) enabling the
determination of the microbial biomass, nutritional status and community composition @10,

To determine if there is a connection between viable biomass/community composition (measured using
PLFA), and “sick building syndrome”, we have begun a cumulative process of compiling a databasc
comprising the phospholipid fatty acid profiles and biomass contents of indoor air. Filtration sampling of
large volumes of air allowed us to obtain and analyze airborne particulate matter from a number of test sites
that included office and industrial space. For comparison with the conventional methodology, we also
sampled the culturable bacterial and fungal biomass at each test location.

MATERIALS AND METHODS

Sampling sites :

Sampling sites were chosen dependent on whether they were occupied during the working day, heating,
ventilation and air conditioning (HVAC) system maintenance, and on air quality complaint levels. The air
samples were taken from companies designated ‘W, X, Y and Z". Company W was a 20 year old building
and had recently been remodeled. The buildings where Companies X and Y were located were 20 and 16
years old, respectively. Of these two buildings, that housing Company Y had the worst maintained HVAC
system. A substantial percentage of employees at both companies (>25%) had complained of work bascd
respiratory problems. Company Z was a large operations manufacturing building at a local industrial site.
Complaints had been received regarding the indoor air along the aluminum manufacturing lines but not for
the indoor air along the steel manufacturing lines. Possible sites of contamination, e.g the machine line

sumps (Company Z) were also sampled and the PLFA extracted and analyzed.



High Volume Air Sampling

High volume air sampling was done using a portable air sampler designed in conjunction with Graseby
Andersen Inc. (Atlanta, GA). The sampler was 635 inches in diameter, and was able to pull air at over one
cubic meter per minute over a glass fiber filter (GF/D; 2.7 um) onto which the particulate matter was loaded.
The unit was modular and enabled samples to be taken from the breathing zone. Using the sampler,
particulate matter was collected from the air at companies W, X, Y and Z. Concurrent outdoor air sampies
were taken for all sites. Companies W and X were sampled during both summer and winter months.
Samples taken comprised approximately 1000-1500 m? of air collected over 24 hours. Prior to lipid anaiysis
all sample filters were stored at -20 °C.

Low Volume Sampling

Total culturable heterotrophs were sampled using single stage Andersen viable particle samplers (Grascby
Andersen Inc). Collection plates for the Andersen sampler were prepared by pouring either 30 mL of RZA
agar (R2A; Becton Dickinson and Co., Cockeysville, MD) or 30 mL malt extract agar (MEA; Sigma
Chemical Co., St. Louis, MO) aseptically into sterile plastic petri dishes (diameter, 100 mm,; height, 15 mm).
The R2A agar contained cycloheximide (50 pg/mL) to inhibit fungal growth. Five replicate air samples were
collected for 2 and/or 5 min at 28.3 liters/min at each of the indoor and outdoor sample locations (Companics
- W, X and Y), with an extra R2A agar plate sample collected for 30 sec at Company Z. Media plates were
incubated at 30°C for up to 14 days. Colony counts were made on days 2, 5, 8, 10 and 14.

Reservoir Sampling

Aluminum line sump samples (also 100 mL) were collected from Company Z. Sump was then filtcred
through sterile glass fiber filters (type GF/D, 2.7 um pore size ; GF/B, 1.0 um pore size ; GF/F, 0.7um porc
size and Anodisc, 0.2pum pore size) to obtain the particulates for lipid analysis. Prior to lipid extraction all
sample filters were stored at -20 °C.

Lipid Biomarker Analysis

All solvents were of GC grade and were obtained from Baxter Scientific Products (McGaw Park, IL). All
glassware was washed in a 10% (v/v) “micro” cleaner solution (Baxter Diagnostics, Deerfield, IL), rinsed
five times in tap water and then five times in deionized water. The glassware was then heated overnight in a

muffle furnace at 430 °C.

All sample filters and negative controls (a field blank filter, a glass fiber filter onto which no bacteria had
been deposited and a buffer blank) were extracted for lipids using the modified Bligh and Dyer extraction
!9, Briefly, samples were extracted in separatory funnels containing a single phase system
{chloroform:methanol:phosphate buffer (50mM, pH 7.4); 1:2:0.8 v/v/v) for a minimum of 4 h before adding
chloroform and deionized water (final solvent ratios, chloroform:methanol:phosphate buffer/ water; 1:1:0.9
v/viv) to form two phases. The phases were allowed to separate for 24 h, and the lipid phase was dried by
rotary evaporation. The lipids were fractionated into neutral-, glyco-, and polar lipids on a silicic acid column
as described @, The phospholipid containing polar lipid fraction was subjected to a mild alkaline
methanolysis, transesterifying the fatty acids into methyl esters “%. Fatty acid methyl esters were separated
and quantified by gas chromatography-mass spectrometry (GC/MS). Samples were dissolved in hexane
containing nonadecanoic acid methyl ester (C 19:0; 50 pmoles/ul). Samples were injected into a Hewlett-
Packard HP5890 series II gas chromatograph interfaced with a HP5972 series mass selective detector
(Hewlett Packard, Wilmington, DE). Fatty acids were identified both by relative retention times comparcd
with authentic standards (Matreya Inc, Pleasant Gap, Pa.) and by the mass spectra. Fatty acids are designated
as described by Ringelberg er al. @1,
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RESULTS AND DISCUSSION
The PLFA content, prokaryote (bacterial) equivalent cell number (calculated from the PLFA content)
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culturable bacterial and fungal counts as well as complaint and maintenance levels, temperature, carbon
dioxide levels (where available) and the range of relative humidity (where available), are all presented in
Table 1. The maximum number of prokaryote cells per cubic meter was detected at Company Z along the
aluminum line (Z08/96:2; 3.3 x 10%), with the minimum number of prokaryote cells detected at Company X
(X04/94:1; 1.8 x 10%). Of the office space samples, the site with the poorest maintenance (Company Y)
contained the highest level of PLFA but the lowest number of culturable organisms whereas the site with a
well maintained HVAC system (Company W) contained less PLFA but higher numbers of culturable
organisms. Inclusive of Company Z, the microbial biomass levels (measured as the prokaryote PLFA
equivalent cell number @), and culturable bacteria/fungi in indoor air were compared to complaint levels. A
significantly larger amounts of prokaryote cells were detected in the high complaint sites compared to the low
complaint sites (p<0.05, student t test). Conversely, levels of culturable microorganisms (both fungi and
bacteria)from sites with high and low levels of complaints regarding the air quality Were not significantly
different (p>0.05). Not all causes of poor indoor air quality are microbial or maintenance related, however,
and this may well have been the case at Company X which had a medium well maintained HVAC system but
a high level of complaints concerning the indoor air quality and contained low levels of prokaryote cells/m’.

Bacterial cell counts measured as PLFA content were consistently between land 3 orders of magnitude
higher than the counts obtained for culturable bacteria measured using conventional sampling and culture
techniques (Table 1). Previous studies in different environments showed that culturable counts of
microorganisms from environmental samples only account for between 0.1-10 % of the total community
detectable by direct counting ™', In the case of air sampling and analysis, this situation is complicated by
the fact that commonly used devices as Andersen samplers, all glass impingers and Mattson-Garvin slit-lo-
agar samplers are designed to damage the microbes as little as possible so as to increase culturability thereby
loosing efficiency compared to the more rigorous filtration devices. Consequently, when comparing PLFA
based prokaryote cell counts to culturable bacterial cell numbers, we were comparing a highly efficient
sampling and analysis technique to one that was far less efficient, thereby increasing any discrepancy
between viable cells measured using PLFA and culturable bacteria.

The aif from the office space with poorly maintained HVAC systems (Company Y) contained less culturable
bacteria/ m> but more PLFA/ m® than did that at the companies with well maintained systems (W and X)
(Table 1). Of the other parameters taken at each sample site, higher relative humidity correlated best with the
greater numbers of culturable bacteria, 1.¢., Company W which had the highest relative humidity, also
contained the air with the greatest number of culturable bacteria/m® while those companies with lower relative
humidity (X and Y) contained air with lower numbers of culturable bacteria (Table 1). Previous studies
have shown that the outer lipid membrane of Gram-negative cells is damaged by dehydration and rehydration
(D which can leave cells still viable but no longer culturable. Consequently, low relative humidity may well
have resulted in greater cell desiccation or dehydration, leading to reduced culturable bacteria counts at
Companies X and Y. Confirmation of the increased stress placed on the Gram negative cells by dehydration
can be obtained using lipid biomarker analysis. Gram-negative bacteria make frans fatty acids to modily
their cell membranes as protection against changes in the environment such as toxicity or starvation %,
For example, bacteria make trans (t) fatty acids in the presence of toxic pollutants like phenol @, Ratios
(16:1w7t/16:w7c (cis) and 18:1w7t/18: 1w7c) greater than 0.1 have been shown to indicate the effects of
starvation on bacterial isolates. In indoor air samples, amounts of PLFA extracted are often very low with
the necessary markers not always detectable. As a result, in these samples assessment of bacterial stress
levels was not always possible. The sample set taken at Company Y provided the best measurement of
bacterial metabolic stress (Table 2). For comparison, included in Table 2 is the concurrent outdoor air
sample data. This data showed that the indoor air Gram negative microbial biomass at Company Y was
experiencing far higher levels of environmental stress from toxicity, starvation or dehydration than were the
Gram negative communities in the equivalent outdoor samples.



Y07/96:1 | Y07/96:2 | Y07/96:3 | Y07/96:1 out | YO7/96:2 out | YO7/96:3 out

Sum w7t/w7c 0.55 0.52 0.55 0.12 0.12 “0.09

TABLE II: Metabolic stress (sum w7t/w7¢) for the indoor and outdoor air Gram negative communities at
Company Y.

To enable relationships between samples to be easily observed and the source of indoor biocontamination at
Company Z to be determined, the PLFA profiles of the samples taken required multi variate statistical
analysis. Specifically, the bacterial PLFA profiles from Company Z were analyzed by applying principal
components analysis (PCA). Principal components analysis projects the muiti variate data (PLFA profile)
onto a reduced number of dimensions (principal components). The results of this PCA are shown in Figure [.
In this examiple, the PCA showed the source of contamination in the aluminum line air to be the aluminum
line sumps (containing the liquid used to clean the machine parts). Principal components analysis also
showed that the primary PLFA contributing the most variance between the samples were iso17:0 and
anteiso17:0, 16:1w3¢, iso15:0 and anteisol5:0. The comparatively high relative proportion of all of these
PLFA is principally associated with the presence Gram negative sulfate reducing bacteria such as
Desulfovibrio. This finding corresponds with the sulfur odor reported by the work force. The steel ling air
PLFA profiles, however, clustered with those of the outdoor air showing that along that along the steel
machine lines outdoor air was the main contributor to the airborne microbial community.

CONCLUSIONS
With the exception of the data obtained from Company X, these imitial studies and analyses indicated a

measurable correlation between complaints concerning the indoor air quality and increased biomass
{(micasured as PLFA) contents of air particulate matter. There was a difference of between I and 3 orders of
magnitude between the equivalent cell numbers (obtained from the PLFA yield) and the number of colony
‘forming units (culturable bacteria) at the sites we analyzed. Generally, the best maintained systems contained
larger numbers of culturable bacteria and smaller amounts of PLFA, while the badly maintained systems
contained smaller numbers of culturable bacteria and higher amounts of PLFA. A possible reason for this
phenomenon was the impact of environmental stress, e.g. starvation desiccation and/or dehydration, on the
bacteria in the indoor air environment resulting in the presence of viable but non-culturable cells. Particularly
clear evidence of such environmental stress was detected in the samples from Company Y. With PLFA
providing a measure of actual viable biomass (both culturable and non-culturable) these assays should give
more valid data concerning bacterial contamination of indoor air than does the conventional quantification
using culturable microorganism counts.
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Figure 1: Principal Components Analysis:A) Scatter plot of bacterial PLFA profile
B) scatter plot of the loadings derived from the PCA in A.




