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ABSTRACT: Bacterial species with high DNA sequence similarity to pathogens could affect the specificity of assays designed to detect bi-
ological threat agents in environmental samples. The natural presence of four pathogenic bacteria, Bacillus anthracis, Clostridium perfringens,
Francisella tularensis, and Yersinia pestis and their closely related species, was determined for a large collection of soil and aerosol samples.
Polymerase chain reaction (PCR) and gene sequencing were used using group-specific 16S rRNA primers to identify pathogens and related
species, and pathogen-specific virulence genes. Close relatives of B. anthracis (B. cereus group species) were detected in 37% of the soils and 25%
of the aerosol samples. The B. anthracis protective antigen (pag) gene or a close homolog was detected in 16 of these samples. For the other three
pathogen groups, the frequency of detection was much lower, and none of the samples were positive with both the phylogenetic and virulence gene

primer sets.
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Detection and forensic investigation of events that potentially
involve release of biothreat agents require differentiation of a re-
leased pathogenic agent from the natural microbial community
present as “background” in environmental samples. Microbial
background may include naturally occurring pathogen strains
present in the environment. The four pathogens surveyed in the
current work, Bacillus anthracis, Clostridium perfringens, Ye-
rsinia pestis, and Francisella tularensis, occur endemically in the
United States and are responsible for natural disease outbreaks (1-
7). Equally important, the environmental background may include
bacterial species that are closely related to target pathogens. Such
species can share considerable genomic, proteomic, physiologic,
and sometimes pathogenic traits with target pathogens. This is
exemplified by recent genomic comparisons among Bacillus spe-
cies (8—12) and Yersinia species (13,14). Closely related species
that carry genomic and physiologic traits in common with the
pathogen may cross-react in pathogen detection assays. Some of
these close relatives may indeed be pathogenic.

The polymerase chain reaction (PCR) has been used extensive-
ly for over a decade to detect and characterize bacterial diversity
in environmental samples. Highly sensitive PCR detection of tar-
get species has been attained through the use of specific primers,
and this has been applied as the foundation for DNA-based de-
tection systems for biothreat pathogens (15,16). In principle, such
systems offer the capability to rapidly and accurately detect the
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presence of pathogenic organisms in environmental samples. As-
says designed for environmental surveillance or forensic activities
must be both sensitive and specific for a target pathogen species or
strain in the presence of the natural microbial background. Given
that the majority of bacterial species in the environment remain
unidentified and uncultivated (17), there is potential for cross-re-
action in these assays that has not yet been characterized.

For this study, PCR techniques were used in a broad-sweep
environmental survey to begin to understand the distribution and
diversity of four bacterial pathogens and their close relatives in a
variety of environmental samples from across the United States.
PCR primers were designed that amplify 16S rRNA genes from
four Category A potential biological terrorism agents (18); B.
anthracis, C. perfringens, Y. pestis, and F. tularensis and their
closely related species. This pathogen+close relatives approach
allows identification of novel, environmentally relevant strains as
well as known cultured isolates. In parallel, PCR primers targeting
pathogen-specific virulence genes were used to survey for path-
ogenic potential. Each primer set was used to amplify DNA ex-
tracted from 89 diverse soil samples and over 15,000 aerosol
samples from 15 major U.S. cities. Cloning and sequencing of
products from positive amplification reactions was conducted to
determine the identities of species in the environmental samples
and their relationship to the target pathogens.

Materials and Methods
Soil Collection, DNA Extraction, and Quantification

Soil samples (c. 10-50 cm3) were collected from 0 to 10cm
surface soils or shoreline sediments (of ponds/lakes). Single grab
samples were collected into 50 mL conical plastic tubes and stored
at room temperature or refrigerated until shipment to the labora-
tory (<5 days). Upon receipt, soil DNA was stored frozen at
—70°C before extraction. The 129 sample set included samples
from 32 United States and the District of Columbia, and repre-
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sented all major regions of the United States. Soils/sediments were
collected from urban, suburban, agricultural, desert and forested
areas, as well as lake and river shores and ocean beaches.

Nucleic acids were extracted and purified from duplicate 0.5 g
aliquots of each soil sample using 70°C incubation in SDS-
containing baffer followed by bead mill homogenization and cen-
trifugation as described by Kuske et al. (19). Nucleic acids were
precipitated from the DNA extract solution using 0.1 volume 3 M
sodium acetate (pH 5.2) and two volumes ethanol, incubation at
—20°C, and centrifugation for 30 min at 12,000 x g at 4°C. Pre-
cipitated nucleic acids were suspended in TE buffer (10 mM Tris-
HCI, pH 8.0, 1 mM EDTA), and the two replicate samples were
pooled. DNA concentration was estimated in ethidium bromide-
stained 3% SeaKem agarose gels (FMC Bioproducts, Rockland,
ME) using lambda DNA as a calibration standard, and quantified
by digital image analysis (Science Lab 99 Image Guage v.3.2,
FujiFilm Corp., San Jose, CA). DNA was diluted to c¢. 2ng/pL in
TE, and purified away from contaminants using Sephadex G-200
spin columns (in 96-well coarse polypropylene filter plates; Ad-
vanced Genetic Technology Corp., Gaithersburg, MD) equilibrat-
ed in TE, as described (19). The clear column eluate containing
DNA was diluted 1:10 in TE (to c¢. 200 pg/pL) and used as tem-
plate for PCR. Blank samples were prepared using extracton buff-
er alone, with no sample addition, and proceeding with all
extraction and purification steps described.

Aerosol Collection, DNA Extraction, and Quantification

Aerosol filters were obtained from U.S. Environmental Protec-
tion Agency state air quality monitoring agencies. Each aerosol
sample consisted of 3/4 of a 47-mm-diameter teflon filter con-
taining particulates (the “respirable” fraction, < 2.5um dia-
meter; PM,s) collected continuously over an c. 23h interval
(information on Environmental Protection Agency (EPA) stand-
ard collection instrumentation and methods can be found at the
EPA Web site: http://www.epa.gov/ttn/amtic/). Blank filters were
also provided as negative controls. Filters were collected and
stored according to standardized EPA methods (http://www.epa.
gov/ttn/amtic/). In most cases, samples were stored dry for c. 1
year at 4°C by state air quality monitoring laboratories, then
shipped to Los Alamos National Laboratory. A total of 15,108
aerosol filters, from 51 urban air monitoring locations in 15 major
U.S. cities were used in this survey. These represented time spans
of 1-3 years and three to six sites in each of the cities. As many
samples as possible were obtained from each city, but sample sets
covering the same calendar period from different cities were not
routinely available. Thus, the overall sample set varies by sam-
pling time and sampling frequency among sites (either daily sam-
pling, 1-in-3-day sampling, or 1-in-6-day sampling, depending on
the EPA air quality monitoring procedures for that city).

For each sampling location, individual PM,s filters were
pooled into groups representing monthly sampling periods. Loca-
tions with a daily sampling schedule therefore had a maximum of
31 filters per monthly period, while locations with a 1-in-3-day or
1-in-6-day sampling schedule had a maximum of 10 or five filters
per monthly period. Thirty random quality control blanks were
also selected for each city and combined. This pooling resulted in
a total of 744 combined samples (729 collected samples+ 15 blank
sets). Nucleic acids were extracted from the pooled filters by
placing them into 50-mL conical tubes with a maximum of 16
filters per tube. Monthly pooled samples consisting of more than
16 filters were extracted as two replicate samples and combined
after extraction. To wash cells from the filter surfaces, 30 mL of

100 mM phosphate buffer (pH 7.4) containing 0.05% (v/v) Tween
80 and freshly prepared 10% sodium pyrophosphate solution was
added. Tubes were vortexed for 30s and shaken on a rocking
platform shaker for 15 min. The vortexing and shaking were re-
peated four times for a total of 1h of washing. To concentrate
microbial cells, tubes were centrifuged at 3200 x g for 10 min at
5-10°C in a Beckman GS-6KR centrifuge (Beckman Coulter,
Inc., Fullerton, CA) using a swinging bucket rotor. Filters were
removed with forceps. Excess supernatant liquid was removed by
pipet. The cell pellet was suspended in 750 pL of TE buffer and
transferred to a sterile 2-mL screw cap tube containing 500 mg
each of 106- and 500-um diameter zirconia-silica beads (Biospec
Products, Bartlesville, OK). Cells were disrupted for 2 min in a
mini bead-beater (Biospec Products), homogenates were centri-
fuged at 16,000 x g for 4 min, and c. 500 pLL of supernatant was
transferred to a sterile 2-mL tube. To increase DNA recovery,
300 uL of sterile TE buffer was added to the bead beater tube,
mixed thoroughly by inversion, centrifuged at 16,000 x g for
4 min, and this supernatant was combined with the original supe-
rnatant. To the c. 800 pL. of supernatant, 250 pL. of 4 M guanidine
thiocyanate and 100 pL. of 100 mM phenacyl thiazolium bromide
were added to remove PCR inhibitors (20). Samples were mixed
by vortexing. Solutions were then incubated at 37°C overnight
(about 18h), centrifuged for 10 min and the supernatant trans-
ferred to a fresh tube. DNA was precipitated by addition of 1 pL
GenElute LPA (Sigma, Aldrich, St. Louis, MO), sodium acetate
(pH 5.2), and isopropanol, and centrifuged. The resulting pellet
was washed with cold 70% ethanol, and suspended in 50 pL of
10 mM Tris pH 8.0.

Preliminary results indicated that extracts from single filters
were unlikely to yield sufficient DNA for quantification. There-
fore, aliquots of extracts were pooled by site, to yield a total of
25 uLL of DNA extract per site for each of 12 cities. Aerosol DNA
was quantified using PicoGreen intercalating dye. Ten microliters
of undiluted pooled extract was analyzed in 250 pL of PicoGreen
reagent (Molecular Probes, Eugene, OR), according to manufac-
turer’s protocols, using 0.1-10ng lambda DNA reference stand-
ards, in a spectrofluorometer equipped with a 150 W Xenon source
(Spex FluoroLog-2, Jobin Yvon Inc., Edison, NJ; excitation at
502 nm, emission at 520 nm).

Design and Testing of 16S rRNA gene PCR Primers

Primers for amplification of 16S rRNA genes from each of the
four pathogen+close relatives groups were designed de novo for
this study, or were modified from primers described previously in
the literature. Gene regions, primer sequences and target groups
are listed in Table 1. In all cases, putative primers were compared
with manual alignments of all available target sequences obtained
from the GenBank (http://www.ncbi.nlm.nih.gov/) and Ribosomal
Database Project databases (http://rdp.cme.msu.edu/ (21)) and
were screened for specificity using the Probe Match program of
the RDP or BLAST 2.0 (NCBI; http://www.ncbi.nlm.nih.gov/
blast/ (22)).

In preliminary surveys with a PCR primer set designed for the
genus Bacillus, we detected Bacillus species in nearly every soil
sample in the collection (data not shown). For this reason, the
phylogenetic 16S rRNA group primer set for B. anthracis and
closely related species was confined to the B. cereus subgroup.
Ribosomal RNA gene primers for the B. cereus group were pre-
dicted to be specific for amplification of the rRNA gene from B.
anthracis, B. cereus, B. thuringiensis, B. medusa, and B. myco-
ides, to the exclusion of all other Bacillus species. The phyloge-
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TABLE 1—PCR primers used in this study.

Target Gene Product Annealing
(16S rRNA Gene Size Temperature
Target Group Target Region) Forward and Reverse Primers (bp)* (°C) References
All bacteria 16S rRNA 27F.1: AGRGTTTGATCMTGGCTCAG 798 55 F: Modified
(8-806; E. coli nts) 787Rb: GGACTACNRGGGTATCTAAT (E. coli) from (63)
R: This study
Bacillus cereus group 16S rRNA Bc471F: CAAGTGCTAGTTGAATAAGC 640 60 This study
(452-1090) Bc1100R: ACCCAACATCTCACGAC
Bacillus anthracis pag Pag-110F: GCCGTCCCAGTATTTACATA 1176 55 This study
Protective antigen Pag-110R: ATTAATGGCATTGTCTACGAT
Yersinia species 16S rRNA GA-YP2F: TGTGAAATCCCCGCGCTTAACG 704 60° (64)
(603-1305) GA-YPIR: CCGGACTACGACAGACTTTATGT
Y. pestis caf 1 Cafl-F: CCCGCATCACTCTTACAT 388 55 This study
F1 capsular antigen Cafl-R: ACGGTTACGGTTACAGCA
Francisella species 16S rRNA Fr153F.1: GCCCATTTGAGGGGGATACC 1168 60° Modified from
(137-1299) Fr1281R.1: GGACTAAGAGTACCTTTTTGAGT (26,65)
Francisella tularensis tul4 Tul4-435F: GCTGTATCATCATTTAATAAACTGCTG 407 60 30)
17-kDa membrane Tul4-863R: TTGGGAAGCTTGTATCATGGCACT
protein precursor
Clostridium 16S rRNA Cpl45F: GGTAACCTGCCTCATAGAGT 520 56 This study
perfringens (127-666) Cp647R: CTCTCCTGCACTCTAGATAA
Enterotoxigenic cpe cpeF: GGAGATGGTTGGATATTAGG 233 55 (27)
Clostridium perfringens Enterotoxin gene cpeR: GGACCAGCAGTTGTAGATA

*Predicted PCR amplicon size from target pathogen species (B. anthracis, Y. pestis, F. tularensis, or C. perfringens).

netic group primer sets for the other three pathogens were de-
signed more broadly. Primers for C. perfringens were designed
using the PRIMROSE program (23), and predicted to be specific
for all strains of that species for which sequences are available,
including sequences from some uncultivated environmental sam-
ples that cluster within the group. Francisella 16S rRNA gene
primers targeted all Francisella species, including F. phi-
lomiragia, but also were predicted to amplify DNA from Wo-
Ibachia persica, a closely related species, as well as from related
insect symbionts (24-26). Primers for Yersinia species were de-
signed to specifically amplify rRNA gene fragments from all Ye-
rsinia species, except Y. ruckeri.

Optimal PCR conditions for each primer pair and detection
sensitivity were tested using genomic DNA from the target path-
ogen species (B. anthracis 91-429C-2, Y. pestis CO92 biovar ori-
entalis, F. tularensis subspecies holarctica LVS (ATCC 29684)
and F. tularensis subspecies holarctica 99A-9419, C. perfringens
ATCC 27324), and DNA from related, non-target species (B. flex-
us (ATCC 49095), B. subtilis, C. botulinum type A (ATCC
17862), Y. rohdei (ATCC 43380), Y. ruckeri (ATCC 29473), Ha-
fnia alvei (ATCC 13337), Proteus vulgaris (ATCC 13351), Es-
cherichia coli W3110).

Design and Testing of Virulence Gene Primer Sets

PCR primers from characterized virulence genes were designed
for B. anthracis (protective antigen gene, pag) and Y. pestis (F1
capsular antigen, cafl). These primer sets were tested against a
panel of bacterial DNAs that included the four pathogens, two to
three closely related species or genera for each pathogen, human
DNA and two soil DNAs. A primer set developed by Meer and
Songer (27) that has been used for C. perfringens (enterotoxin
gene, cpe) detection in foods (28) was used (Table 1). The viru-
lence mechanisms and corresponding genes of F. tularensis are
not characterized (29), and we used a primer set developed by
Sjostedt et al. (30) for the tul/4 gene that has been widely used in
clinical DNA-based assays (30,31). In addition to the testing men-

tioned above, and presented in the previous literature, the speci-
ficity for each primer set was screened by BLAST analysis to
database sequences.

PCR Amplification

The optimal annealing temperature for each primer pair was
empirically determined (Table 1). All samples were initially am-
plified with 27F/787Rb primers, designed to amplify 16S rRNA
gene fragments from all bacteria, to test the ability of the soil or
aerosol DNA to support PCR. For each primer pair, 25 pL. PCR
reactions contained 10mM Tris-HCl (pH 8.4), S0mM KCl,
1.5mM MgCl,, 0.2mM dNTPs, 0.1 uM each primer, 0.94U of
AmpliTag LD polymerase (Perkin-Elmer, Applied Biosystems,
Foster City, CA), 5 ug BSA (Boehringer Mannheim), and 1 pL (c.
200 pg) soil or 1 puL aerosol DNA.

Cycling conditions were as follows: 4 min denaturation at 94°C;
annealing at the appropriate temperature (Table 1) for 45s, 72°C
for 60 s, and 94°C for 30s; for 45 cycles for aerosols/40 cycles for
soils, and a final cycle of 55°C for 45 s and 72°C for 5 min (20 min
for reactions to be cloned), carried out in a PTC-200 thermal cy-
cler (MJ Research, Waltham, MA). Positive control reactions us-
ing DNA from target pathogens (1 and 0.1pg), and negative
control reactions, without template DNA, were included in each
PCR set. Pathogen DNAs were added to control reactions only
after all experimental reaction tubes were sealed, to prevent false
positives due to contamination. A 5-pL aliquot of each reaction
mixture was analyzed on 1%, 2%, or 3% (depending on expected
product size) SeaKem agarose gels (FMC Bioproducts), and DNA
visualized by ethidium bromide staining and UV transillumina-
tion. Putatively positive reactions were repeated at least once to
confirm the results and obtain products for cloning. Only products
matching the size of the positive control fragment were considered
“positive” for these assays. Amplification reactions using the Y.
pestis cafl and B. anthracis pag primer pairs were multiplexed,
using 0.1 uM of each primer.
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The soil collection contained multiple samples for some col-
lection sites and single samples from others. For PCR analysis
with group-specific primers, one sample was chosen from each
collection site, resulting in 89 soil samples that represented the
diversity of geographic distribution, environment and soil type in
the collection, that could be analyzed in 96 well format (with
controls).

Cloning and Sequencing of PCR Products

PCR products of the correct size were purified by elect-
rophoresis in SeaKem agarose gels. The DNA fragments were
excised and purified using a Qiaex DNA Purification Kit (Qiagen
Inc., Chatsworth, CA). Products were cloned into the pCR4 vec-
tor, using the TOPO-TA cloning kit and manufacturer’s protocols
(Invitrogen, San Diego, CA). Clones were picked and stored in
glycerol medium for sequencing. Thirty-six to 96 clones per am-
plified PCR product were sequenced. Plasmid DNA was isolated
from overnight cultures using a solid phase reverse immobiliza-
tion procedure (32), and inserts were sequenced using the M13
forward primer or a PCR primer, with the BigDye Terminator
cycle sequencing reagents (v. 3.0, Applied Biosystems). Se-
quencing reactions were analyzed on ABI 3700 and 3730 auto-
mated sequencers (Applied Biosystems).

Sequence Data Analysis

Raw data were analyzed using Sequence Analysis (Applied
Biosystems) and Sequencher software (Gene Codes Corporation,
Ann Arbor, MI). Initial comparisons were made to database
sequences using the RDP Sequence Match program (RDP;
http://rdp.cme.msu.edu/ (21)) and BLAST 2.0 (NCBI; http:/
www.ncbi.nlm.nih.gov/blast/ (22)). Translated sequences were
analyzed using BLASTX (NCBI). For phylogenetic analyses, se-
quences were obtained from databases and aligned using Clustal
X (33) and/or a Web-based Sequence Aligner Program (RDP),
with final alignment accomplished manually using the GDE mul-
tiple sequence editor (RDP). Phylogenetic trees were inferred
from aligned data using maximum likelihood analysis (fast-
DNAmlI version 1.1; distributed by RDP (34)).

Results
DNA Concentrations in Soil and Aerosol Samples

Soil DNA concentrations ranged over at least three orders of
magnitude (from 0.2 to 146 ng DNA/g soil; Fig. 1). Most (n = 75)
samples had yields between 1-10 pg/g soil; the median DNA con-
centration was 13.2 ng, and 25% and 75% quantiles were 3.7 and
65.1 ug/g soil, respectively. DNA quantity did not appear to be
correlated with general soil texture, ecological setting, or geo-
graphic region.

Aerosol DNA samples from 12 cities were quantified using
fluorometric analysis with PicoGreen intercalating dye. DNA was
not detected in Atlanta samples, suggesting that DNA concentra-
tions for these samples were <5 pg/uL (the detection limit for this
assay), although these samples did produce observable products in
standard PCR. Estimates from PicoGreen analyses indicate that
extracts from aerosol samples contained <0.25-1.22ng (mean
yield = 0.71 ng) total DNA per pooled monthly sample.
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FIG. 1—Concentration of DNA extracted from 129 soil samples from a wide
variety of soil types collected across the United States. Each square corre-
sponds to a single soil sample. The median yield was 13.2 0g DNA/g soil, and
the DNA yield from individual soils varied over three orders of magnitude.

Detection Sensitivity of PCR Primer Sets

All primer sets amplified detectable PCR products with target
DNA quantities of > 0.1 pg/25 pL reaction volume, except the F.
tularensis Tul4 set, which was only capable of detecting > 10 pg of
F. tularensis DNA, and thus was 100 times less sensitive. The
0.1 pg template DNA represents 17-46 genome equivalents for the
target bacterial species. Spiking experiments with target sequences
added to PCRs containing soil and aerosol DNA confirmed this
level of sensitivity in our collection of environmental templates
(data not shown). In initial trials of DNA extraction and purifica-
tion methods for these aerosol samples, the phenacyl thiazolium
bromide treatment was found to effectively remove inhibitors from
the EPA aerosol samples, and improved PCR amplification of
bacteria in natural and spiked aerosol DNA samples (e.g., Fig. 2).

PCR Amplification of Soil DNA Extracts with General and
Specific Primers

The soil DNAs produced easily detectable PCR amplicons of the
correct size using the bacterial 27F/787Rb 16S rRNA gene PCR
primers (Table 2), indicating that the extracts were sufficiently
purified and contained adequate bacterial DNA to support DNA
amplification. Positive reactions in soils with the group-specific
16S rRNA gene and virulence gene primer sets are tallied in Table
2. All primer pairs, with the exception of those targeting Franci-
sella species and the enterotoxin gene of C. perfringens, amplified
products of the correct size with one or more soil samples.

Spiked
~a_ b c d a b ¢ d
' -+ -+ -+ +

FIG. 2—Effect of phenacyl thiazolium bromide (PTB) on ability of DNA
extracted from aerosol samples to support PCR. Shown in lanes 2—9 are PCR
products amplified using general bacterial primers 27F/1492R, from DNA of
four EPA aerosol samples (a—d) extracted with or without PTIB (—, +). A
product was amplified from each sample after PTB precipitation but not before
treatment. To verify that the negative results in the untreated samples were due
to inhibitors, the same samples were spiked with 100 pg of Bacillus anthracis
DNA (lanes 10-17). Untreated samples with the B. anthracis spike did not
amplify. Lanes 18 and 19 are PCR-positive and -negative controls.
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TABLE 2—PCR results for soils and EPA aerosol samples screened with primer pairs for four pathogens and close relatives.
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PCR-Positive Results by Target Species and Gene

EPA Aerosol Sample Data

Francisella

Species

Toxigenic
Clostridium
perfringens

Clostridium
perfringens

All

Bacteria

Yersinia

16S Francisella Yersinia
Species 16S

rRNA
Gene

Bacillus
anthracis

Bacillus cereus

No. of

pestis

tularensis

16S
rRNA Gene

Group 16S
rRNA Gene

No. of Pooled 16S rRNA
Samples

No. of
Locations

Sampling

rRNA Gene cafl

tul4

cpe

pag

Gene
20 (83%)
28 (80%)

73 (68%)

Filters
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Jan-Dec 01
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18 (67%)
31 (86%)
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SO~

SO o

S oo

S oo

oo

S — O

18 (50%)

36 (86%)
41 (89%)

36
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46

729
865
894
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o
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(=]
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61 (91%)
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o
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Aug 00-Sept 01 56
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San Francisco

Seattle

SO —

S oo

(=)

oo

28
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11 (24%)
512 (70%)

46

729

15108

Sept 98-Dec 99
May 99-Aug 00

Washington, DC

Total

Soil sample data

Total

32

89 (100%)

89

89

Jan 95-Jan 01

PCR Amplification of Aerosol DNA Extracts with General and
Specific Primers

Approximately 70% of the 729 urban aerosol DNA extracts
produced amplicons during PCR amplification using the 27F/
787Rb PCR primers (Table 2). Failure to support PCR in 30%
of the extracts is most likely due to the very low DNA concen-
trations in these samples, as the phenacyl thiazolium bromide
clean-up step was found to effectively remove PCR inhibitors in
the aerosol samples (Fig. 2). In the aerosol extracts, six of the
eight primer sets (all except the TRNA gene primer pair targeting
Yersinia species 16S rRNA genes and the rul4 gene of F.
tularensis) produced amplicons from one or more samples. Pos-
itive PCRs were sporadic across the aerosol sample set, and sea-
sonal or within-city location trends were not identified due to the
low frequency of detection. Between-city comparisons are con-
founded by the different sampling regimes in each city and the
different time spans for which we received samples. Therefore,
the results in Table 2 are summarized across time and within-city
monitoring locations for each city.

PCR Product Cloning and Sequencing

To characterize and confirm the identity of the PCR products
obtained from the soil and aerosol samples, clone libraries were
constructed from many amplified products from different primer
sets and environmental samples (Table 3). Altogether, 1255 se-
quences, averaging 600 nucleotides in length, were of sufficient
quality to be analyzed.

Sequence analysis of clone libraries from single amplified prod-
ucts generally produced sets of highly similar sequences, differing
from one another by a single nucleotide change. The frequency and
type of most of these changes are consistent with the known, com-
mon errors of Taq DNA polymerase (data not shown) (35,36).
Additional analyses of these single nucleotide changes with respect
to predicted regions of variability of the target gene (hypervariable
regions of 16S rRNA gene sequences and third-codon positions of
pag, cafl, and cpe; data not shown) showed that the changes did
not correspond to expected variable positions. This result indicates
that most of these single base changes were probably introduced
during amplification, although some may have arisen from heter-
ogeneity between sequences in the sample DNAs (37).

B. cereus Group in Soils and Aerosols

Thirty-six percent of the soil samples tested positive for the B.
cereus group (B. anthracis, cereus, thuringiensis, medusa, myco-
ides) using primer sets specific for this group (Table 2). Although
Bacillus species sequences outside the target group were detected
in some samples, all soil clone libraries contained sequences from
the B. cereus group (Table 3). This primer set produced products
with 25% of the aerosol samples (Table 2), and all sequences ob-
tained were from the target group. Our results indicate the pres-
ence of close relatives of B. anthracis in a wide variety of soil/
sediment samples from different geographic regions of the United
States, and in urban aerosols from 14 of the 15 cities surveyed.
Positive rates for individual cities ranged from 0.5% to 62% of the
monthly aerosol samples (Table 2).

Sequences matching the B. anthracis protective antigen (pag)
gene were detected in two soil and 14 aerosol samples (Tables 2
and 3), indicating the presence of either B. anthracis or another
organism carrying a highly similar gene. The pag-positive soil
samples were also positive for B. cereus group 16S rRNA gene
sequences (not shown). Sequences obtained from one soil sample
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TABLE 3—Sequencing results for soil and aerosol samples amplified with 16S rRNA phylogenetic and virulence gene primer sets.

No. (%)
No. of No. (%) Matching
Sample Type/ Sequences  Sequences in Pathogen
Primer Target Gene Source™® Obtained Target Group Sequence Comments
Bacillus cereus 16S rtDNA  S-NM 34 34 (100%) 8 (24%) Twenty-six (76%) of several sequence types, all >99%
group identical to B. anthracis
S-AZ 68 60 (89%) 2 (3%) Non-B. cereus group sequences were mostly Cytophagas
S-FL 20 19 (95%) 0 One non-B. cereus group Bacillus sequence
S-CO 39 6 (15%) 0 Several non-Bacillus genera present in library
S-NY 87 64 (74%) 0 Several non-Bacillus genera present in library
S-DC 70 23 (33%) 0 Several non-Bacillus genera present in library
A-L.A. 19 19 (100%) 19 (100%)
A-Chicago 38 38 (100%) 1 (3%) Thirty-seven (97%) identical to B. cereus ATCC 15479
A-Chicago 43 43 (100%) 0 Thirty-two (74%) identical to B. cereus ATCC 15479;
11 (25%) identical to B. mycoides
A-NYC 41 41 (100%) 12 (29%) Twenty-nine (71%) of several sequence types, all >99%
identical to B. anthracis
A-Seattle 40 40 (100%) 0 Thirty-six (90%) identical to B. cereus ATCC 15479;
4 (10%) identical to B. mycoides
A-Nashville 38 38 (100%) 0 Thirty-seven (97%) identical to B. cereus ATCC 15479;
1 (3%) other Bacillus spp.
B. anthracis pag S-NM 9 9 (100%) 0 All sequences have twp silent mutations vs. pag
A-L.A. 27 27 (100%) 27 (100%)
A-Chicago 29 29 (100%) 29 (100%)
Clostridium 16S rtDNA  S-CO 27 0 0 Four sequence types, all Clostridia
perfringens S-AR 38 0 0 Several sequence types, all Clostridia
A-San Diego 26 26 (100%) 8 31%) 18 (69%) sequences differ from C. perfringens by 1 nt
A-NYC 25 0 0 Four sequence types, all Clostridia
A-Denver 27 27 (100%) 0 One sequence type with four differences from C. perfringens
A-Albuquerque 37 37 (100%) 2 (5%) Thirty-five (95%) sequences (several types) >99% identical
to C. perfringens
C. perfringens cpe A-Phoenix 34 34 (100%) 0 All sequences have three silent mutations vs. cpe
A-L.A. 37 37 (100%) 37 (100%)
A-Seattle 39 39 (100%) 0 All sequences have three silent mutations vs. cpe
Francisella spp.  16S IDNA  A-San Diego 7 7 (100%) 7 (100%)
A-Denver 35 35 (100%) 35 (100%)
A-Denver 19 19 (100%) 19 (100%)
A-Denver 35 35 (100%) 35 (100%)
A-Denver 51 51 (100%) 51 (100%)
A-Denver 22 22 (100%) 22 (100%)
A-Denver 39 39 (100%) 35 (90%) Four other types; all >99% identical to F. tularensis
A-Denver 38 38 (100%) 24 (63%) Two other types; all >99% identical to F. tularensis
A-Denver 35 35 (100%) 21 (60%) Three other types; all >99% identical to F. tularensis
Yersinia spp. 16S rDNA  S-WI 30 30 (100%) 0 All 100% match to Y. rohdei
S-HI 10 0 0 All sequences are low matches to Alteromonas spp.
Y. pestis cafl A-Phoenix 42 42 (100%) 12 (29%) Thirty (71%) sequences have one silent mutation vs. cafl

*S, soil sample; A, EPA aersosol samples; two letter U.S. state abbreviations used for soils.

were all of one type, and differed by two nucleotides from the B.
anthracis Sterne pag sequence (AF065404) (Table 3). These two
single nucleotide polymorphisms (SNPs) are “silent” (data not
shown), and do not match any of those identified by Price et al.
(38) among known isolates of B. anthracis. Protective antigen
gene PCR products were obtained from aerosol samples from five
cities, and clone/sequence analysis of two of the amplified prod-
ucts revealed sequences that exactly matched the B. anthracis pag
gene sequence. Corresponding analysis of 16S rRNA gene clone
libraries from these two samples revealed B. anthracis-like rRNA
gene sequences in each case (Table 3), suggesting that the path-
ogen or a very close relative containing all/part of pX01 may be
present in these samples.

C. Perfringens in Soils and Aerosols

Positive amplification results using the C. perfringens 16S
rRNA gene phylogenetic group primers were obtained from

11 soils and aerosol samples from four cities (Table 2). Se-
quencing results from soil and aerosol PCR reactions indi-
cate that the phylogenetic group primer set amplified C. perfring-
ens TRNA gene genes, but also amplified other Clostridium
species in addition to C. perfringens. Clone libraries from
two soil samples contained Clostridium species sequences, but
no sequences highly similar to that of C. perfringens (Table 3).
Three of the clone libraries generated from aerosols pro-
duced sequences >99% identical to that of C. perfringens,
while a fourth sample contained only sequences similar to
C. favososporum.

The C. perfringens enterotoxin gene (cpe) sequence was not
amplified from any of the soil samples, but was amplified from
four aerosol samples from three cites. Sequencing of cloned prod-
ucts from two of these samples produced only sequences identical
or highly similar to that of the cpe gene (Table 3). Sequences from
a Phoenix and a Seattle sample were identical, and differed from
the wild-type cpe gene sequence at three positions. All are pre-
dicted to be silent mutations (not shown).
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Francisella Species in Soils and Aerosols

F. tularensis and closely related species were not detected in
any of the soil samples in this study, but were found in aerosols
from two cities (Table 2). Sequence analysis of 16S rRNA gene
clones from eight aerosol samples showed that all were dominated
by sequences identical to that in F. tularensis, while three also
contained two to three additional very similar sequence types,
differing by a few nucleotides from each other (Table 3). Despite
the presence of 16S rRNA gene sequences matching those of F.
tularensis in several samples, no products were obtained from any
reactions using the Tul4 primer set. The relatively low sensitivity
of this primer pair (>10pg DNA) however, complicates inter-
pretation of the negative results.

Yersinia Species in Soils and Aerosols

Only three soil samples, and none of the aerosols, produced
positive PCR products using 16S rRNA gene primers for the Ye-
rsinia (Table 2). Sequence analysis of cloned products was con-
ducted for two of the samples. Analysis of clones from one soil
indicated the presence of strains with 16S rRNA sequences iden-
tical to Y. rohdei, Y. mollaretii, and Y. kristensenii (Table 3).
However, sequence analysis of clones from a second soil indicated
that the 16S rRNA gene primers also amplified rRNA gene genes
from other gammaproteobacterial species. No Yersinia-like se-
quences were obtained from this library.

One soil and one aerosol sample produced amplicons of the
expected size when amplified using the Caf1 primer set (Table 2).
Seventy-one percent of the sequences obtained from the aerosol
sample differed from the database cafl sequence by one nucleo-
tide (predicted to be a silent mutation; not shown), whereas the
remainder matched the database sequence exactly (Table 3). How-
ever, neither of these samples produced amplicons when reactions
contained the Yersinia 16S rRNA gene primers, suggesting that
Yersinia species are not present or were below detection limits.
The cafl gene encodes the F1 capsular antigen that comprises the
Y. pestis capsule and functions as an adhesin that is critical for Y.
pestis virulence (39). Our results suggest it may be related to
capsule proteins from other bacteria in environmental samples.
Whether these samples contained the Y. pestis cafl gene or a ho-
mologous gene in another organism remains in question.

Discussion

This study is an initial survey for four bacterial pathogens and
their close relatives in a large number of soil and aerosol samples
from diverse environments and regions of the United States. An
objective of this study was to develop and test broadly inclusive
phylogenetic primer sets, capable of detecting (but not necessarily
discriminating) the target pathogen and its closely related species,
to determine the presence of natural pathogen strains as well as
closely related environmental species that may share genomic
traits, but are not currently represented in culture collections. The
broadly inclusive 16S rRNA surveys were coupled with clone
sequence analysis assays designed to detect virulence factors or
other genetic traits that have been used for diagnosis.

Using this approach, novel 16S rRNA gene sequences of po-
tential new species in the target genera were detected for all four
pathogen groups. This result was not surprising, since existing
culture collections are very biased for clinical isolates, while most
environmental bacterial species, even those related to pathogens
of interest, have not yet been cultured or characterized. The data-

base of 16S rRNA sequences, although it contains > 100,000
bacterial sequences (RDP; http://rdp.cme.msu.edu/), is still limit-
ed in its coverage of the perhaps millions of bacterial species
thought to exist (40). Thus, design of specific primers is chal-
lenged by the vast diversity of as-yet unknown species present in
most environmental samples, for which no sequences are available
in the database.

Detection of 16S rRNA gene sequences outside the original
design group was more common in soil DNA than in aerosol
DNA, which is likely a reflection of the greater diversity and
abundance of bacteria in soils than in air. When tested against soil
samples that probably contained many thousands of bacterial spe-
cies, the Francisella species 16S rRNA gene primer pair was spe-
cific for its target group (26). However, the B. cereus, Yersinia,
and C. perfringens group primer sets also detected other sequenc-
es in the respective genera that were outside of their original de-
sign groups, and the Yersinia group primers occasionally detected
other genera (Table 3). In contrast to their performance in soils,
when tested in aerosols all four 16S rRNA primer sets detected
only sequences within the target groups (with one exception,
Table 3).

Additional opportunity for cross-reactivity of the 16S rRNA
primers arises from the high level of primary sequence conserva-
tion of the rRNA molecule in all organisms. Our analysis of en-
vironmental sequences obtained with these primer sets suggests
that when the target group is present in the sample, it is detected.
However, the primers may additionally amplify sequences outside
the original design group when target species are not present or
are low in abundance.

The virulence gene primer sets for three of the four pathogens
amplified products in the environmental sample sets and positive
amplification reactions were specific for the target genes in both
soils and aerosols. All analyzed sequences were >99% identical
to that of the target pathogen. A few of the libraries were dom-
inated by sequences identical to that of the pathogen gene present
in the database. However, the majority of the sequences obtained
differed from the pathogen sequences by one to three (silent) mu-
tations, indicating that homologues of the target genes are present
in these samples. The presence of the target virulence gene se-
quences was not necessarily correlated with the presence of the
target species (by 16S rRNA detection), suggesting that these
genes may be present in an alternate host. Although the virulence
gene primer sets specifically amplified target gene sequences in
environmental samples, it is not possible to conclude that a path-
ogenic organism is present in the sample based on environmental
detection of a single virulence gene. Virulence genes are defined
by their activity during the infection process, and they and their
sequence homologues may have other functions unrelated to vir-
ulence. In the absence of culture-based assessment or other sup-
porting information, evidence solely from DNA-based detection
must be interpreted with caution.

The combined use of PCR with phylogenetic and virulence
gene primers followed by clone/sequence analysis revealed the
presence of a variety of bacteria with identical or very similar
rRNA gene sequences to the four target species, as well as the
presence of genes that matched or were very similar to sequences
of pathogen virulence genes. In the complex environmental back-
ground described here, reliable detection of the pathogen will re-
quire multiple assays that target different genome areas and
include pathogenicity attributes. In practice, obtaining a culture
of the detected organism that can be tested for pathogenicity re-
mains the gold standard. Toward that end, attempts to culture
the environmental species detected in this study could provide
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improved comparative materials for development of specific de-
tection methods for forensic and surveillance activities.

The ability to detect a target DNA molecule using PCR depends
on the abundance of that target DNA relative to nontarget DNA in
the sample used at PCR template. In an environmental sample
containing large amounts of nontarget DNA, ability to detect the
target can be reduced due to the limited amount of material one
can use as a template in PCR. Concentrations of DNA obtained
from the soil and aerosol samples in this study varied enormously.
Most of the soils in this study yielded microgram amounts of
DNA, and could be considered high-DNA samples. To achieve
optimal Taq polymerase kinetics in PCR assays (19), these sam-
ples required dilution of the original extracted DNA. In a high-
DNA sample, a target sequence that represents a small proportion
of the total sample can be missed due to the dilution of the original
template but may be detectable in a sample with lower overall
DNA concentration. At the other end of the spectrum, most of the
aerosol samples in this study contained only picogram amounts of
DNA and may have contained insufficient target even though the
amount of extraneous DNA was very low. It is possible to miss a
target DNA sequence in environmental PCR reactions, due to di-
lution of high-DNA samples (too much nontarget template DNA),
lack of total DNA (not enough template) from the sample, or
presence of inhibitors. The aerosol samples had been stored before
analysis, and this may have affected cell integrity and DNA yield.
We therefore anticipate that our results may be an underestimation
of the prevalence of pathogens and their close relatives in soil and
aerosol samples.

Potential Impact of Background Species on Assays for Biothreat
Agent Detection

The genera Bacillus, Clostridium, Francisella, and Yersinia
each include species that range from nonpathogenic environmen-
tal species, through symbionts and facultative pathogens of ver-
tebrates and invertebrates, to highly virulent human and animal
pathogens. Emerging datasets from comparative genomic se-
quencing and typing studies for these genera indicate that the se-
quence similarity and gene composition of species having very
different lifestyles can be very high (11,13,14,41). Extensive sim-
ilarity in genome sequence suggests a corresponding protein
makeup and similar physiological attributes as well. Our results
indicate that close relatives of biothreat pathogens are present in
environmental samples, and while the diversity and distribution of
these background species is variable, they have the potential to
impact interpretation of pathogen detection assay results. Potential
for interference by background organisms is higher in soils that in
aerosols, where biomass, extracted DNA and diversity of related
species are higher. In aerosol samples, where biomass and ex-
tractable DNA concentrations are very low (relative to soils), any
background species may be below assay detection limits in routine
testing, and a detected spike in a pathogen target may have higher
reliability.

B. anthracis

B. cereus group species, very closely related to B. anthracis,
were found in a high percentage of the soil and aerosol samples,
indicating background DNA related to B. anthracis is potentially
abundant and widespread in the environment. Although B.
anthracis has not been cultured directly from soil, the closely re-
lated B. cereus, B. thuringiensis, B. mycoides, and B. medusa spe-
cies detectable by this primer set are common in many types of

soils (42). Spore-forming bacteria can easily survive the desiccat-
ed conditions in air and on aerosol collection filters, and it is not
surprising that members of this group were detected in aerosols.
Although the 16S rRNA gene group primer set for B. anthracis
was designed to be more narrow in phylogenetic scope than prim-
er sets for the other three pathogens, positive results were obtained
with many more soil and aerosol samples than with the other
pathogen primer sets. This result indicates that the potential for
interference due to natural background may be higher for B. ant-
hracis than for the other three pathogens. The 16S rRNA gene
sequence of B. anthracis and those of several closely related B.
cereus isolates are indistinguishable (43-45). Although sequences
matching that of B. anthracis were found in several soil and aer-
osol samples, it is not possible to say if they derived from the
pathogen or a closely related B. cereus strain.

The widespread distribution of species closely related to B.
anthracis in many soils and nearly every city examined in this
study, and the presence of the pag gene sequence in some samples,
suggests that specific detection of pathogenic B. anthracis may be
a significant challenge. Environmental bacilli can confound de-
tection of B. anthracis in a number of ways. First, environmental
B. cereus and B. thuringiensis strains that are normal soil organ-
isms, or that cause food poisoning or dental disease, and do not
cause anthrax disease, have been found to carry portions of the
B. anthracis virulence plasmids (9,10,41) and are closely related
by genomic AFLP typing (46,47), MLST analysis (48), and MEE
(8). The genomic sequence similarity is very high between
B. anthracis and nonpathogenic B. cereus and B. thuringiensis
species (11). Second, Bacillus strains clinically identified as spe-
cies other than B. anthracis have been found to cause inhalation
anthrax symptoms in humans and carry a plasmid that is 99.6%
similar to the pXO1 plasmid (12). In our study, DNA from aerosol
samples testing positive with the B. cereus group and pag primers
were subsequently tested in PCR using primer sets for other vir-
ulence genes (cya, lef), a pXO1 ORF of unknown function, and
the rpoC gene. Amplification results from this screening were
variable, with positive results obtained with some primer sets in
some samples, but no single sample was positive for all B. ant-
hracis markers (data not shown) (49). Sequence analysis of prod-
ucts amplified with primers designed to the rpoC gene identified
only the presence of sequences highly similar, but not identical to
that of B. anthracis, each with one to three SNPs when compared
with the B. anthracis rpoC sequence. Taken together, the most
plausible explanation is the presence of very closely related Ba-
cillus species that harbor some but not all of the pXO1 plasmid
genes. Recent genomic and physiological studies support this ex-
planation by demonstrating that isolates related to B. anthracis
can carry pXOl genes, including the toxin genes (9,12,41). Our
results and the recent genomic comparisons highlight the impor-
tance of using several DNA loci and a variety of complimentary
assays for detection confirmation.

C. perfringens

C. perfringens is widely distributed in the environment. It has
been found in soil, dust, feces, and other environmental samples,
and is a normal resident of the intestinal tract of many animals
including humans (50). Strains have been typed into five groups
based on the complement of toxins they produce (51-53). The 16S
rRNA gene primers in our survey should detect members of all the
types, and the cpe gene primers detect strains potentially causing
food poisoning (primarly type A strains). This is the first report of
detection of C. perfringens-like organisms in aerosol samples.
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Samples giving positive results with the 16S rRNA gene primers
for C. perfringens were not positive for the cpe gene, suggesting
that the 16S rRNA gene-positive samples contained only nonen-
terotoxin producing C. perfringens strains or other Clostridium
species. Also, our sequence analysis of cpe-positive/16S rRNA
gene-negative samples suggests that the cpe gene, or homologues
of it, may be present in other bacterial species outside the C.
perfringens group in environmental samples.

F. tularensis

16S rRNA gene sequences identical or nearly so to that of F.
tularensis were detected in aerosol samples from two cities. Al-
though this is the first report of F. tularensis-like sequences ob-
tained from aerosol samples, there is epidemiological evidence for
aerosol transmission of this pathogen (54). Although most se-
quences obtained matched those of known F. tularensis strains, a
number of sequences differed slightly from those available in the
database for any cultured isolate. These differences do not corre-
spond to those identified by Forsman et al. (55) as diagnostic of
Francisella subspecies, nor do they match any of the F. tularensis-
like sequences we detected in soil samples in a separate study
(26). These may derive from different rRNA gene operons within
F. tularensis cells, or different strains or subtypes of the species.
They could also result from Taq polymerase errors. The data col-
lected in the present study indicates that this pathogen and/or very
closely related species are present in naturally occurring urban
aerosols, and may have potential for detection by biothreat mon-
itoring efforts. While the natural reservoir(s) for F. tularensis re-
main largely uncharacterized, it has been detected in water
(24,56), and a recent DNA-based survey of soil samples from
Houston identified four new groups of Francisella fRNA gene
sequences, and additional putative F. tularensis subspecies (26).
This suggests that environmental sources may be important res-
ervoirs for this pathogen.

Y. pestis

Y. pestis was not detected, and Y. pestis relatives were rarely
detected in the soil and aerosol samples tested here. Only se-
quences matching those of Y. rohdei, Y. mollaretii, and Y.
kristensenii, species that have previously been isolated from wa-
ter, soil, and animal and human excrement (57-60), were ob-
tained. This result suggests the possibility that Y. pestis close
relatives are not widespread in soil/sediment and aerosol samples,
and may not be of great concern for interference in surveillance
activities. This result is consistent with the observation that most
known Y. pestis strains have been found in association with the
animal or flea hosts. Other species of Yersinia have been isolated
primarily from animal hosts, as well as from water and soil sam-
ples (61,62). It is also possible, however, that as nonspore forming
bacteria the Yersinia do not survive well on EPA filters that for
this study were stored for several months before analysis.

Unlike most clinical assays for pathogenic organisms, assays
for organisms in environmental samples face the challenge of de-
tecting specific organisms in a very complex, highly dynamic and
largely uncharacterized background of bacteria. Although the da-
tabase of bacterial genomic sequences is growing rapidly, it may
never include all environmental DNA sequences. As the sequence
database expands, it is becoming clear that high levels of sequence
identity exist between pathogens and their closely related species
and that our understanding of the specific complement of genetic
determinants that distinguishes a highly virulent pathogen from a

nonvirulent environmental species is very limited. The results of
this study indicate that a variety of such closely related species are
present in the environment and validation of such assays against a
wide variety of environmental samples is an important component
of assay development, to test against this natural background.
There remain significant gaps in our knowledge about the ability
of these four bacterial pathogens to survive in the environment,
and about environmental sources from which outbreaks initiate.
Continued study of these species and their close relatives should
provide new information on their ecology, epidemiology, and ev-
olution.
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