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Burkholderia cepacia complex (Bcc) bacteria reside in soil, plant rhizospheres, and water, but their preva-
lence and distribution in outdoor environments is not clear. We sampled a variety of soil and rhizosphere
environments with which people may have contact: playgrounds, athletic fields, parks, hiking trails, residential
yards, and gardens. A total of 91 sites was sampled in three large U.S. cities. In the first phase of the study,
putative Bec isolates were recovered on Burkholderia cepacia selective agar and trypan blue tetracycline medium
and subsequently examined for biochemical reactivity and growth at 32 and 22°C. Isolates were further
examined by PCR assays targeting Bcc-specific ribosomal DNA and rec4 gene sequences. Among the 1,013
bacterial isolates examined, 68 were identified as Bce; 14 (15%) of 91 sampled sites yielded Bec isolates. In the
second phase, DNA was extracted directly from soil samples and examined with PCR assays targeting Bcc 16S
rRNA gene sequences. Either 82 or 93% of the soil samples were positive for at least one Bce genomovar,
depending on the PCR assay system used. Cloning and sequencing were performed to check the specificity of
the PCR assays. Sequence analysis of the 463-bp 16S rRNA inserts from eight clones indicated that all were
from members of the Bce. The four soil samples from which these clones were generated did not yield isolates
identified as Bcc. Based on PCR detection, Bcc appears to be prevalent in soil from urban and suburban

environments. Culture-based recovery of Bcc may underestimate environmental populations.

The Burkholderia cepacia complex (Bcc) has emerged in
recent years as an important human opportunistic pathogen,
particularly for people with cystic fibrosis (14, 15, 26). It also
holds promise as an agent of biocontrol of many plant patho-
gens (7, 8, 20) and as a bioremediation organism for the deg-
radation of a wide range of recalcitrant compounds (21, 23).
Although several attempts have been made to distinguish be-
tween benign and human pathogenic strains of Bcc, clear de-
marcations between environmentally useful and clinically sig-
nificant strains have not been found (11, 28, 34, 47, 49, 50).
Moreover, a small but steady number of Bec infections in cystic
fibrosis patients each year occur from strains that have not
been previously encountered in the clinical setting (26). These
strains are presumed to come from the natural environment,
further blurring the lines between natural, beneficial, and po-
tentially hazardous Bcc strains.

The taxonomy of Bec has undergone considerable change in
the past several years. It is now known that bacteria previously
considered to be B. cepacia are in fact nine distinct genomo-
species (or genomovars). These include B. cepacia genomovar
I, B. multivorans, B. cepacia genomovar 111, B. stabilis, B. viet-
namiensis, B. cepacia genomovar V1, B. ambifaria, B. anthina,
and B. pyrrocinia (9, 42, 43).

To date, the Bce has been investigated by medical and en-
vironmental microbiologists by different methods, including
the development of different selective media (16, 19). Perhaps
not surprisingly, estimations of Bcc populations from these
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studies have varied greatly: agricultural researchers have found
substantial populations of Bec in soil and rhizosphere environ-
ments (16, 22, 33), but medical researchers have isolated Bcc
from the natural environment only rarely (6, 32). The recent
taxonomic changes to the Bcc, coupled with the inherent dif-
ficulty in identifying this organism, have compounded the dif-
ficulties in communicating across disciplines about the pres-
ence of Bce in natural environments.

The conflicting reports of the prevalence of Bec in soil have
become a huge source of controversy as researchers struggle to
regulate the use of Bcc as an agent of biocontrol or bioreme-
diation. If, as some have proposed, Bec is rarely encountered in
soils, then deliberately adding any strain of Bec to soil may well
constitute an unacceptable risk to vulnerable people. If, how-
ever, Bee is commonly found in soils, the risk posed by aug-
menting existing populations through agricultural and engi-
neering applications may be negligible.

Essential to the process of determining the occurrence of
Bcc in soils was the use of the protocols mutually acceptable to
the medical and environmental microbiology communities, in-
cluding rigorous identification procedures that reflect the most
current taxonomy. The objective of the present study was to
determine the environmental prevalence of the Bec. We iden-
tified the presence of Bce in soil samples by a variety of both
culture-based and growth-independent methods to determine
whether Bcc is present in soil environments with which people
may have frequent contact.

MATERIALS AND METHODS

Sampling. Sample locations (n = 91) were chosen to represent a wide range
of soil microbiological habitats within the urban and suburban areas of Phila-
delphia, Pa.; Cleveland, Ohio; and Portland, Oreg. Soil and rhizosphere samples
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TABLE 1. Sample types and results of culture-based and growth-independent efforts to identify Bec

No. of samples

No. PCR positive in ~ 1om Which
No. of one of the Bee- ) Bec was _No. of Bee .No. of Bee Total no.
Sample type ) ific assays/total 1so]ateq on isolates from  isolates from .of Bee
sampies - spec (7}’ selective TBT plates BCSA plates isolates
no. (%) media/total no.
(%)
Grass or turf 25 25/25 (100) 7/25 (28) 24 13 37
Amended soil 22 21/22 (95) 1/22 (4.5) 0 1 1
(compost, potting soil, or heavily enriched gardens)
Nonamended soil 24 23/23% (100) 3/24 (12.5) 17 7 24
(forest floor, bare ground, paths, animal burrows)
Pond or creekside mud 6 5/5¢ (100) 2/6 (33) 3 2 5
Soil clinging to vegetables 2 0/0¢ 1/2 (50) 1 0 1
Nonsoil environments 12 7/12 (58) 0/12 (0) 0 0 0
(sand, bark or sawdust mulch, or horse arena dust)
Total 91 81/87 (93) 14/91 (15.4) 45 23 68

“ Four samples from the 91 sites contained inadequate soil for the DNA extraction procedure; PCRs were consequently not possible. A total of 87 samples were

evaluated by PCR.

were taken from places where people commonly contact soil, such as play-
grounds, gardens, and golf courses (Table 1). A clean hand trowel was surface
sterilized with 10% bleach solution (0.5% sodium hypochlorite), and soil was
placed in a sterile plastic bag and kept cold (48).

Soil samples were examined within 72 h of collection. Precautions were taken
to ensure that soil samples were not contaminated during handling in the lab.
The soil was mixed, and several grams were immediately frozen at —20°C for
later use in the direct extraction of DNA and examination of the extracts with
PCR. Soil water content was determined gravimetrically on 20 g of soil dried at
105°C for 48 h. For culturing, ca. 1 g of soil was placed in a preweighed tube
containing 10 ml of sterile 0.1 M MgSO, buffer. Soil suspensions were sonicated
for 2 min with an ultrasonic cleaner (Model ME 4.6; Mettler Electronics Corp.,
Anaheim, Calif.) to dislodge bacteria from soil particles. Serial dilutions were
plated onto two media selective for Bee: trypan blue tetracycline agar (TBT) (16)
and B. cepacia selective agar (BCSA) (19), both amended with 50 pg of nysta-
tin/ml to inhibit fungal growth. Plates were incubated at room temperature (20
to 22°C) for 4 days (BCSA) or 5 days (TBT).

Soil samples containing plant roots were often divided into “bulk soil” and
“rhizosphere” components. In the case of rhizosphere samples, plant roots were
removed from the soil and shaken to dislodge any loosely adhering soil. The root
was then cut into 1- to 4-cm lengths, placed in a preweighed dilution blank and
sonicated and plated as described above. The root segments were then blotted
dry and weighed.

Soil samples were also obtained from two vegetables purchased at a farm
stand. The vegetables (beets and lima bean pods) and adhering soil were placed
in sterile plastic bags. After transport to the lab, 15 ml of sterile buffer was added
to each of the bags to dislodge the soil, and serial dilutions were made directly
out of the bag.

Isolation of bacteria. The number of bacteria in each major morphology type
(colony color, size, and habit) was noted. Representatives of each recorded
morphology type were isolated on the same media from whence they came.
Isolated colonies were then grown in nonselective broth culture (Luria-Bertani
[LB] medium, King’s medium B broth [KB], and tryptic soy broth) and stored at
—80°C in 7% dimethyl sulfoxide until further analysis. For transport between
laboratories, isolates were grown from frozen stock in 5 ml of nonselective
media. Sterile transport swabs (BBL CultureSwab Plus; Becton Dickinson,
Sparks, Md.) were swirled in the broth to inoculate and mailed by overnight
courier. Bacteria were recovered from transport swabs by culturing onto nonse-
lective (Mueller-Hinton [MH]) agar.

Identification of isolates. Growth and morphology on MH agar were recorded
after 24 to 48 h of incubation at both room temperature (RT; 20 to 22°C) and at
32°C. Bacteria were subcultured from MH agar onto BCSA and checked again
for growth after 24 to 48 h of incubation at RT and at 32°C. Bacteria from MH
agar were stored in LB broth with 15% glycerol at —80°C.

All isolates were tested for oxidase reactivity by using 1% tetramethyl p-
phenylenediamine dihydrochloride. All isolates testing positive with a screening
PCR assay (below) were further assessed for reactivity with lysine decarboxylase,
o-nitrophenyl-B-p-galactoside (ONPG), and for oxidation-fermentation of su-
crose and lactose (Remel, Lenexa, Kans.) as described previously (31). A subset

of isolates was further tested by using the RapID NF Plus kit (Remel) according
to the manufacturer’s instructions.

All isolates were examined with a screening boil-lysis PCR assay that amplifies
DNA from all species within the genus Burkholderia and the closely related
genera Ralstonia and Pandoraea (27). In brief, a loopful of bacteria was recov-
ered from MH agar and suspended in 500 to 1,000 wl of UV-irradiated sterile
water in a 1.5-ml centrifuge tube and pelleted by centrifugation at 5,000 rpm for
5 min. The supernatant was decanted, and the pellet was resuspended in water,
heated at 100°C for 20 min, and allowed to cool to room temperature. After
centrifugation, 5 pl of supernatant was used as a template in a PCR with 16S
ribosomal DNA (rDNA)-directed primers RHG-F (5'-GGGATTCATTTCCTT
AGTAAC-3") and RHG-R (5'-GCGATTACTAGCGATTCCAGC-3") de-
scribed previously (27). PCR assays included a water blank as a negative control;
universal bacterial primers were used as a test for the amplificability of the DNA
in each assay. In extensive previous testing by using known Bcc-positive and
-negative control samples, this assay yielded occasional false positives when
boil-lysis bacterial preparations were used as a template; however, no false
negatives were detected (data not shown). Thus, DNA was purified from all
boil-lysis PCR-positive isolates by using the Easy-DNA kit (Invitrogen, Carlsbad,
Calif.) with modifications described previously (27), and the assay was repeated.
Isolates remaining PCR-positive were assessed for biochemical reactivity (as
described above) and underwent further PCR testing employing 16S rDNA- and
recA-directed Bece-specific primers as described previously (27, 29).

Extraction of DNA from soil samples. Frozen aliquots of all soil samples were
used to provide DNA for a series of PCR assays. DNA was extracted by using the
Bio 101 FastDNA SPIN Kit for Soil (Q-Biogene, Carlsbad, Calif.). Soil samples
were extracted according to the manufacturer’s instructions with the recom-
mended modifications for greater yield. Samples were extracted in duplicate.
Every other extraction included a blank, in which 300 wl of DNA-free water was
substituted for soil, and a spiked sample. Two types of spiked samples were
prepared; some were made by adding Bece cells to autoclaved soil, and some were
made by adding Bcc cells to field soil. DNA was quantified by using a DNA
fluorometer (Model TKO 100; Hoefer Scientific Instruments, San Francisco,
Calif.) and Hoechst 3357 bisbenzamide dye. A standard of calf thymus DNA
(Sigma Chemical Co., St. Louis, Mo.) at 25 ng/ul was used to calibrate the
fluorometer each time it was used. Extracted, purified DNA was standardized to
a concentration of 25 ng/pl and stored in water at —20°C until use.

Soil PCR assays. A variety of previously described (2, 27) 16S rDNA-directed
PCR assays were used to ascertain whether Bcc DNA was present in soil samples.
Soil-extracted DNA samples were first tested with an assay designed to amplify
bacterial DNA (27). Samples testing negative were retested by using more or less
DNA; all negative samples were assayed at least twice. If positive, samples were
tested with PCR with primers RHG-F and RHG-R (described above), which
amplify DNA from all species within the genera Burkholderia, Ralstonia, and
Pandoraea. Samples testing positive were further assessed with PCR assays that
amplified subgroups of genomovars within the Bec (2, 27).

The sensitivity and specificity of all primer pairs were ascertained by using
DNA extracted from a set of 35 known strains, representing Bec genomovars I to
VII, as well as several other bacterial species (Table 2). Strains were grown from
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TABLE 2. Strains used to test sensitivity and specificity of PCR primer pairs

LMG

Strain Other names . “ Origin (source, country)” Genomovar
accession no.

Burkholderia spp.
cep 31 ATCC 25416" LMG 12227 Onion, United States I
cep 80 ATCC 17759 LMG 2161 Soil, Trinidad 1
FC 461 LMG 17997 UTI, Belgium 1
cep 509 LMG 18821 CF, Australia 1
cep 144 ATCC 17616 LMG 17588 Soil, United States I
FC 445 LMG 13010" CF, Belgium 1I
FC 769 CP-Al-1 LMG 18825 CF-e, United Kingdom I
cep781 C1576 LMG 16660 CF-e, United Kingdom 11
c5393 LMG 18822 CF, Canada I
cep 24 PC 184 LMG 18829 CF-e, United States 111
FC 475 BC7 LMG 18826 CF-e, Canada I
FC 505 K56-2 LMG 18863 CF-e, Canada 111
FC 511 LMG 18830 CF-e, Australia I
cep 565 J2315 LMG 16656 CF-e, United Kingdom 111
c5424 LMG 18827 CF-e, Canada 11
c6433 LMG 18828 CF-e, Canada 111
FC 367 LMG 14294 CF, Belgium v
FC 472 LMG 14086 Respirator, United Kingdom v
FC 779 LMG 18888 Clinical, Belgium v
c7322 LMG 18870 CF, Canada v
cep 40 PC 259 LMG 18835 CF, United States \%
FC 369 LMG 10929" Rice, Vietnam \Y%
FC 441 LMG 18836 CGD, Canada \%
Bece 232 CF VI
Bece 305 CF VI
AMMD LMG 19182" Pea rhizosphere, United States VIl
Bee 118 CF, United States VII
Bee 267 CF, Australia VII

Burkholderia gladioli LMG 2216

Burkholderia caribensis LMG 18531"

Ralstonia pickettii LMG 59427

Pseudomonas aeruginosa
Pseudomonas stutzeri
Serratia marcescens

Achromobacter cycloclastes

“ LMG, Laboratorium Microbiologie Ghent Culture Collection, Universiteit Ghent, Ghent, Belgium.
b Abbreviations: CF, cystic fibrosis infection; CF-e, strain that has spread epidemically among patients with CF; CGD, infection of chronic granulomatous disease

patient; UTI, urinary tract infection.

frozen stock overnight in 5 ml of LB broth (strain AMMD was grown in 5 ml of
KB). Cells were centrifuged for 15 min at 14,000 X g and then resuspended in
100 pl of water. DNA was extracted from the pellet by using the Bio 101
FastDNA kit according to the manufacturer’s instructions by using the Cell Lysis
Solution TC. DNA was quantified and stored as described above.

PCR assays were performed with 50-pl reaction mixtures containing 1X PCR
buffer (Promega Corp., Madison, Wis.), 0.06% bovine serum albumin, 2 mM
MgCl, (Promega), each deoxynucleoside triphosphate at a concentration of 0.20
mM (Promega), the forward and reverse primers (each at a concentration of 0.20
mM), and 2 U of Tag DNA polymerase (Promega). The only exceptions were
assays with primer pair PC-SSF-PC-SSR (described below; see Table 3), which
used a cocktail containing 1.5 mM MgCl,. The amount of DNA per assay was 50
ng per reaction vessel in reactions with pure cultures and varied from 50 to 250
ng per reaction vessel in reactions with DNA extracted from soil. Typically, the
reaction was first run with 150 ng of DNA; other amounts were tried if the initial
run was negative.

For each primer pair, the Mg?>* concentration and the optimal annealing
temperature were determined by using DNA extracted from pure cultures. Ther-
mal cycler parameters used were slightly different than those published (2, 27)
and are listed in Table 3. Assays employing primer pairs described by LiPuma et
al. (27) used the following thermal cycler parameters: denatured for 3 min at

95°C, followed by 30 cycles of 1 min at 94°C, 1 min at the annealing temperature,
and 1 min at 72°C. The final extension step was 4 min. Samples were held at 25°C
until removed from the thermal cycler and placed at 4°C. Reactions with primer
pairs described by Bauernfeind et al. (2) had the following parameters: 5 min of
denaturing at 95°C, followed by 30 cycles of 30 s at 95°C, 30 s at the annealing
temperature, and 45 s at 72°C. The final extension step was 7 min; samples were
then held at 25°C. All PCR assays included a positive DNA control (50 pl of
DNA from a pure culture of Bec, which should amplify with the primer pair
used), negative DNA control (50 ul of DNA from a pure culture of Bec or a close
relative which should not amplify with the primer pair used), and a water blank
(includes all ingredients except DNA) (37).

All PCR products were separated from genomic DNA by gel electrophoresis
on 1% agarose gels and visualized with ethidium bromide. A band on the gel was
considered a positive reaction, even if faint. No bands were seen which were not
at the same position on the gel as the positive control. One quarter of all
reactions were repeated to assess reproducibility.

Limit of detection of PCR assays. The limit of detection of the PCR assays was
ascertained by adding Bec to a clay loam (Jory series; 39.5% clay, 39.8% silt, and
20.7% sand). Dry, twice-autoclaved soil (1 g) was placed in a sterile tube, and 300
ul of a broth culture of Pseudomonas aeruginosa containing ca. 4 X 10® CFU was
added to represent “background” bacterial populations. Serial dilutions of broth
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TABLE 3. Primer pairs used in 16S rDNA soil PCR assays
Reference Primer pair Target” érrlrrllgd({.lg‘;;
LiPuma et al. (27) UFPL, URPL Kingdom Bacteria 55
RHG-F, RHG-R Members of the Burkholderia, 55
Pandoraea, and Ralstonia genera
BC-GII, BC-R Genomovar II 54
BC-GV, BC-R Genomovar V and some genomovar II 55
PC-SSF, PC-SSR Genomovars I, II1, IV, and VII 53
Bauernfeind et al. (2) Eub16-1, CeMuVi-16-2 Genomovars I to VII 53
Eub 16-1, Ce-16-2 Genomovars I, III, IV, and VII 56
Eub 16-1, MuVi-16-2 Genomovars II, V, and VII 53

“1In the interest of clarity, genomovar designations have been used instead of species names. Genomovar II, B. multivorans; genomovar IV, B. stabilis; genomovar

V, B. vietnamiensis; genomovar VII, B. ambifaria.

cultures of two Bcc strains (B. vietnamiensis FC 441 [LMG 18836]; B. ambifaria
AMMD [LMG 19182]) were added in amounts ranging from 10 to 10® CFU per
g of soil. The soil-broth mixture was gently mixed and allowed to stand 20 min.
All dilutions of each broth culture were also plated on tryptic soy agar to
determine the actual CFU/ml. Wet soil (300 mg) from each dilution was placed
into an extraction tube and extracted, the DNA was quantified, and PCR assays
were run as described earlier. Controls included a unit with soil, P. aeruginosa,
and 100 pl of sterile water; a unit with soil and 400 pl of sterile water; and two
units with sterile water only.

RFLP screening and DNA sequencing. To verify that Bcc DNA was amplified
in the foregoing PCR assays, selected amplicons were cloned and screened by
restriction fragment length polymorphism (RFLP) analysis. Amplicons were
generated from four soil samples with the primer pair Eub-16-1-CeMuVi-16-2,
which amplifies Bcc genomovars I to VII. Amplicons were purified by ethanol
precipitation and transformed into Escherichia coli JM109 by using the pPGEM-T
Easy Vector System (Promega Corp., Madison, Wis.) according to the manufac-
turer’s instructions. Transformants were screened for inserts by using a-comple-
mentation with X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) and
IPTG (isopropyl-B-p-thiogalactopyranoside); the insert size was determined by
PCR with primer pair Eub-16-1-CeMuVi-16-2.

A total of 120 clones with the correctly sized insert were assessed by RFLP
analysis with Sau96I (Promega). The amplicons from the PCR assay described
above were used as a template. Each reaction vessel included 7.5 ul of water, 2
wl of 10X buffer (Promega), 10 ul (ca. 120 ng) of DNA, and 2.5 U of Sau961. The
reagents were mixed by pipetting and centrifuged briefly to collect the contents
at the bottom of the tube and then incubated in a water bath at 37°C for 16 h. The
reaction was stopped by adding 4 nl of 6X gel loading dye (0.0625 g of bromo-
phenol blue, 0.0625 g of xylene cyanol, and 3.75 g of Ficoll in 25 ml of water) to
each tube and centrifuging the mixture again briefly. DNA fragments were

separated by gel electrophoresis in a 3% agarose gel (Metaphor; BioWhittaker
Molecular Applications, Rockland, Maine) at 4°C and visualized with ethidium
bromide (Fig. 1). The results were compared to a computer digest of published
Bece sequences (Wisconsin Package, version 10.1; Genetics Computer Group,
Madison, Wis.) and to positive controls digested with the clones.

Two clones that had the “Burkholderia” pattern were sequenced from each of
the four soil samples (eight total). Three clones representing non-Bec patterns
were also sequenced. The clones were grown overnight in 3 ml of LB medium,
and vector DNA was prepared by using the Eppendorf Perfectprep Plasmid Mini
Kit (Hamburg, Germany) according to the manufacturer’s instructions. Nucleo-
tide sequence data were obtained by using T7 and SP6 primers. The sequencing
was performed by using Tag dye terminator chemistry and an ABI cycle se-
quencer (Central Services Laboratory, Center for Gene Research and Biotech-
nology, Oregon State University, Corvallis, Oreg.). The resulting sequences were
used to search for similarities among known sequences by using the basic local
alignment tool (BLAST) at the National Center for Biotechnology Information
(Bethesda, Md.).

RESULTS

Isolation of bacteria. Putative Bcc colonies were recovered
from both BCSA and TBT. The mean recovery on BCSA was
6.11og,, CFU per g (dry weight) of soil; on TBT it was 6.2 log;,
CFU per g (dry weight) of soil. The mean population recov-
ered was not significantly different between Portland and
Cleveland and between the two selective media (analysis of
variance; P = (.72). Colony counts from Philadelphia samples

FIG. 1. RFLP assay with Sau96lI digest of 463-bp fragment of r7n gene. The left arrow points to Burkholderia pattern; the right arrow points
to one of the non-Burkholderia patterns. The far left and far right lanes are molecular ladders, with 100-, 200-, and 300-bp bands.
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Colonies from plates (representative morphologies)

1035 Trailsport Swabs
MH agar 251 ()
22 () T 390
RT e 784 (+)
1013 (+)
221 (-)?
BCSA at RT
Screening boitlysis \ 792 (+)
Burkholderia/ Ralstonia/
Pandoraea PCR .
T 920 () —> 251 DNA Pr.epBurkholderta/ 25 ()
93 (+) Ralstonia/ Pandoraea
PCR and Bee - specific
DNA Prep Burkholderial 165 rDNA & rec4 PCR
Ralstonia/ Pandoraea
PCR | \ Bec - specific
78 (+)—> 16S rDNA &recd — 68 (+)
15,69 PCR |
Bec - specific 10 (-)
I6SIDNA & — 15 (--)
recA PCR

FIG. 2. Identification of isolates. See the text for descriptions and
explanation. Superscripts: 1, includes 22 colonies that also did not grow
at RT (none of the remaining 229 were positive in screening PCR); 2,
no colonies were positive in the screening PCR; 3, all 25 colonies grew
on BCSA, had a slow and/or weak oxidase reaction, and had a colony
morphology consistent with Bcc.

on TBT were lower than the TBT counts for other locations
due to rampant fungal growth on the plates. Thus, in the
Portland and Cleveland samples (obtained subsequently), TBT
was amended with nystatin (50 wg/ml) to control fungal
growth, and data from the Philadelphia samples were omitted
from the comparison performed above. Some soil samples
yielded more colonies when plated on TBT; others yielded
more on BCSA. The color and morphology of the isolates were
noted at each step; up to 10 different colony types were ob-
served on each medium.

Rhizosphere samples had higher numbers of CFU per g (dry
weight) of soil than did bulk soil samples. The mean differences
in CFU between rhizosphere and bulk soil samples were 0.80
log CFU per g of soil on BCSA plates and 1.06 log CFU per g
of soil on TBT plates. These differences were statistically sig-
nificant (one-tailed ¢ test assuming unequal variance: P =
0.0004 for BCSA and P = 0.018 for TBT). Overall, the rhizo-
sphere samples did not yield more different types of colonies
than did the bulk soil samples.

Identification of isolates. A total of 1,260 bacterial colonies
was chosen from TBT plates and BCSA plates and streaked for
purity on the same media from which they came. Since the
colonies were chosen as representatives of observed morphol-
ogies, selection was nonrandom. Of the 1,260 isolates originally
selected, 114 did not survive isolation, 88 were not culturable in
any of the nonselective broth media, and 23 died during stor-
age at —80°C. Thus, 1,035 (i.e., 82% of the original total
number of colonies selected) were available for further testing.

Of these 1,035 isolates, 22 could not be recovered from
transport swabs when cultured onto MH agar at either RT or
32°C (Fig. 2). Another 229 that grew at RT did not grow when
incubated at 32°C; ultimately, none of these demonstrating
temperature sensitivity proved to be Bcc. Among the 1,013
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isolates that grew on MH agar at RT, 221 could not be sub-
cultured on BCSA at RT; again, none of these ultimately
proved to be Bec.

Screening PCR (by the boil-lysis method) specific for the
genera Burkholderia, Ralstonia, and Pandoraea was positive for
93 of the 1,013 isolates. As a test of the sensitivity of the
boil-lysis method, the screening PCR was repeated with
genomic DNA prepared from 25 of the 920 PCR-negative
isolates. Although all 25 demonstrated positive growth on
BCSA, slow and/or weak oxidase reaction, and colony mor-
phology consistent with Bcc, none was positive in the repeat
screening PCR with prepared DNA. All 25 were also subse-
quently negative in 16S rDNA and recA-targeted PCR assays
specific for all Bcc species.

All 93 isolates testing positive in the screening PCR assay by
the boil-lysis method were retested by using prepared genomic
DNA as a template. Fifteen of these were negative with repeat
testing and remained negative with Bcc-specific PCR assays.
Among the 78 testing positive with repeat screening PCR, 10
were negative with Bec-specific PCR assays. The remaining 68
isolates were confirmed as members of the Bce by using Bece-
specific 16S rDNA and recA targeted PCR assays (27, 29).
Thus, 6.5% of the isolates screened and 5.4% of those initially
selected from the two selective media ultimately proved to be
Bcce species.

Recovery of Bee. Bec was isolated from 14 of 91 (15%) of
sample sites (Table 1). Bcc was recovered on both BCSA and
TBT. More than twice as many Bcc isolates were recovered
from TBT (n = 45; 66% of total) as from BCSA (n = 23; 34%
of total), although most isolate-positive samples (78%) yielded
results on both BCSA and TBT. The soil samples out of which
Bce was cultured were not significantly different from the oth-
ers with regard to water content.

There was no clear rhizosphere enrichment effect. Bec was
isolated from 3 of 20 (15%) of rhizosphere samples. Similarly,
bulk soil yielded Bee in 14.7% of the samples (13 of 88). In only
one sample was Bcc cultured from a rhizosphere sample when
it was not cultured from the parallel soil sample; in another
sample, Bce was isolated from the bulk soil fraction but not the
rhizosphere. Bee was isolated from the rhizospheres of clover,
grass, and an impatiens. It was not isolated from four other
grass rhizosphere samples, six turf samples, or the rhizospheres
of tomato (in soil and in potting mix), lettuce, dandelion, or
wild geranium or from the rhizosphere of maize after harvest.

Extraction of DNA from soil samples. DNA was extracted
from 87 soil samples. The mean amount of DNA extracted was
3.6 pg of DNA per g (dry weight) of soil; the median was 17 ng
per g (dry weight) of soil. The amount of DNA spanned 5
orders of magnitude (minimum, 0.12 ng of DNA per g [dry
weight] of soil; maximum, 40.3 wg of DNA per g [dry weight]
of soil), but all soil samples yielded at least a small amount of
DNA. Some low values are not surprising given the inhospi-
tality of some sampled environments (e.g., playground sand).
Assuming a typical bacterial population of 10° bacteria per g of
soil and 5 to 8 fg of DNA per cell, the extraction efficiency of
the procedure, with the mean amount of DNA extracted, can
be estimated to be between 28 and 45%.

No DNA was detected in extraction blanks when they were
evaluated with the fluorometer. Spiked samples made by add-
ing bacteria to nonautoclaved soil contained ca. 10 times more
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TABLE 4. Results from RFLP analyses and sequencing

80 A —

60

40 -

20

Percent of samples which gave identical results with repeated assays

Percent of samples positive with a given assay

Genomovars captured by the primer pair

EEE Percent positive
[ Percent reproducibility

Primer pair Target genomovars
Eub-16-1, CeMuVi-16-2 I-VII
Eub-16-1, Ce-16-2 LI, IV, VII
Eub-16-1, MuVi-16-2 11, V, VII
PC-SSF, PC-SSR LI IV, VII
BC-GV, BC-R I,V
BC-GII, BC-R II

FIG. 3. Results of 16S rDNA PCR assays on DNA extracted from
soil samples. “(B)” and “(L)” refer to primers designed by Bauernfeind
et al. (2) and LiPuma et al. (27), respectively. Bars: m, percent samples
determined to be positive by a given assay; E, percent samples that
gave identical results in repeated assays.

DNA than spiked samples constructed by using twice-auto-
claved soil. DNA was successfully extracted from all spiked
samples.

16S rDNA soil PCR assays. All 87 soil samples from which
DNA had been extracted were evaluated by PCR assay, and all
but one was positive for bacterial DNA. This sample was from
the dry sand of a baseball diamond. Three more samples were
found to be negative at the “genus” level by the Burkholderia-
Ralstonia-Pandoraea PCR assay; these samples were from wet
creekside sand, playground sand, and bark mulch. The remain-
ing 83 soil samples were all evaluated with the six Bec-specific
PCR assays (Fig. 3). Overall, 93% of the 87 soil samples from
which DNA had been extracted were positive in at least one of
the Bec-specific PCR assays described by Bauernfeind et al.
(2), whereas 82% were positive in at least one of the assays
described by LiPuma et al. (27). Many of the assays were
initially negative and were repeated with more and/or less
template DNA. The optimum amount of template solution did
vary between samples, as has been observed previously (24).

One-quarter of all of the PCR assays were repeated to assess
reproducibility. Reproducibility here means providing the
same result in repeated assays (positive-positive and negative-
negative). The overall reproducibility was 81%. Fully 72% of
all of the changes were associated with faint bands, suggesting
that in some cases the amount of template DNA, or the

Bece cultured

on selective % Clones with Bcc DNA
Soil sample location . Burkholderia identified in
media from
. RFLP pattern sample
sample
Vegetable garden No 96.4 Yes
Edge of jogging-cycling No 100 Yes
path
Golf course No 90.0 Yes
Flowerbed in botanical No 9.5 Yes
garden

amount of a potentially inhibiting coextracted substance, was
near a threshold concentration for detection.

Limit of detection. The DNA extracted from the limit of
detection experiment was evaluated by using the same PCR
assay scheme. Low amounts (0.17 to 1.17 ng of DNA per g [dry
weight] of soil) of DNA were extracted from the prepared
soils. In all assays, the limit of detection was 10° CFU per g
(dry weight) of soil. The amount of “background” bacteria
present at this level was 4 X 10® CFU per g of soil, or approx-
imately a 1/10* ratio. This is slightly less than the 10° CFU
figure suggested by Cullen and Hirsch (10) as an appropriate
estimate of the bacterial population in a “typical” gram of soil.
Background populations are important, since the effect of di-
luting the target DNA into a larger pool of sample DNA is to
lower the achievable detection sensitivity (24).

There were some slight differences based on the primer pair
used and the strain used. The limit of detection could be
improved to 50 CFU per g (dry weight) of soil by running two
sequential cycles of PCR and by using the product of the first
assay as a template for the second. Similar results were re-
ported by Bell et al. (3) with sequential PCR. No amplification
on any of the blanks was observed in this procedure. However,
it was considered too vulnerable to PCR error to use with the
soil samples (41).

Cloning and RFLP assays. Clones (n = 120) were generated
from four soil samples; each clone contained a vector with a
463-bp insert, which was the amplicon from PCR assays de-
signed to capture Bcc genomovars I to VII. A PCR screen of
these clones revealed that most (97.6%) had the correctly sized
insert. A digest with Sau961 showed that 82.7% of the correctly
sized inserts had the Burkholderia pattern (Table 4). In sum, in
three of the four soil samples, >90% of the evaluated clones
had the Burkholderia pattern. In one soil sample, only 9.5% of
the clones had the Burkholderia pattern. None of these soil
samples yielded isolates identified as Bec.

Of the 96 clones with the Burkholderia RFLP pattern, 8 were
selected for sequencing. Two were selected from each soil
sample. All of the sequences were identified as Bec by using
the BLAST program; species designations are difficult given
the rapidly changing taxonomy and a 463-bp segment. Three
clones displaying non-Burkholderia patterns were also se-
quenced. These were identified as a chimeric sequence, an
unidentified soil clone, and a member of the genus Zoogloea.

DISCUSSION

Advancements in the taxonomy of the B. cepacia complex,
coupled with the inherent difficulty in identifying these species,
have made it difficult to interpret the literature on Bec’s prev-



3756 MILLER ET AL.

alence in the soil environment. This study examined the prev-
alence of the B. cepacia complex in urban and suburban soil
environments where people may contact soil, by using two
different selective media and polyphasic (phenotypic and ge-
notypic) identification protocols. DNA was also extracted di-
rectly from soil samples and examined by using various PCR
assays specific for Bec.

Isolation of members of the Bcc was attempted on two
different selective media, BCSA and TBT. Both are reported
to have good selectivity for Bec; in previous studies, 93.6% of
clinical isolates cultured on BCSA were Bcce (19), whereas 72%
of colonies from environmental samples recovered on TBT
were identified as P. cepacia (16). Our results showed substan-
tially lower selectivity. Only 8.8% of isolates (nonrandomly
selected) from TBT were identified as Bec, as were only 2.9%
of the isolates from BCSA. Overall, 5.4% of 1,260 isolates
originally selected from both media ultimately were identified
as Bcc.

The discrepancy between our results and previous studies
with these media could stem from several issues. First, BCSA
was developed for use in the clinical setting. The diversity of
bacteria present in cystic fibrosis sputum is much more narrow
than in soil; it is not surprising that many soil-living bacterial
species besides Bec can metabolize BCSA. Second, BCSA is a
rich medium, amended with polymyxin B, vancomycin, and
gentamicin. It is possible that the richness of BCSA placed too
much metabolic stress on nutrient-deprived soil populations of
Bee. It could also be that the antibiotics used are either too
selective or not selective enough. Environmental strains of Bcc
may not have, or do not yet express, genes encoding antibiotic
resistance that characterize clinical strains and consequently
weren’t able to grow on BCSA. Butler et al. (6) reported
substantially lower antibiotic resistance by environmental
strains. However, others report the isolation from soil of Bce
with considerable antibiotic resistance (39). Alternatively, it is
possible that a variety of soil-living non-Bcc bacteria are able to
overcome the antibiotic selectivity of BCSA. These other bac-
teria may have overwhelmed any Bcc that were present on the
plates.

TBT was developed for use with environmental strains of B.
cepacia (16) and, in fact, we found that more than twice as
many Bcc isolates were recovered from TBT than from BCSA.
This could be because of the smaller number of antibiotics
used (tetracycline only) or perhaps because of the relative
meagerness of the medium. However, 8.8%, even nonran-
domly selected, is still a far smaller percentage of colonies that
are Bcec than the published values of 72% (16).

A significant problem in evaluating previous reports of me-
dia designed to select Bec from the environment is that the
taxonomy of Bec and, indeed, of the entire genus Burkholderia
has changed rapidly. “B. cepacia” has gone from being consid-
ered a single Pseudomonas species to being a complex of no
fewer than nine species (genomovars) within the genus Burk-
holderia in a few years’ time. It is possible that some research-
ers may not have kept current with this increasing taxonomic
complexity. Add to this the notorious difficulty in identifying
Bcce with widely available biochemical test schemes (38, 40, 44),
and it becomes difficult to know how much confidence to place
in an identification of “B. cepacia” (46; E. Mahenthiralingam,
N. Burton, S. Laevers, and P. Vandamme, Abstr. Int. Burk-
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holderia cepacia Working Group, Bethesda, Md. [http://go.to/
cepacia], 2000).

Some earlier studies have also reported isolating Bcc infre-
quently (6, 32). Together with our results, this suggests that
Bcec from environmental sources is in fact not easy to recover
on these selective media. It may be that other selective media
such as PCAT (1) or non-culture-based methods are necessary
for an accurate assessment of the prevalence of Bcec in the
environment.

Interestingly, although more Bcc was isolated from TBT
than from BCSA, all isolates that were ultimately identified as
Bce were able to grow on BCSA, suggesting that soil strains of
Bce were more capable of growing on BCSA after first growing
on TBT. Reference strains of genomovars I to VII were suc-
cessfully grown on TBT and BCSA, ruling out a categorical
inability of any genomovar to be cultured on these media. It
may be that some genomovars, or some strains, make the
soil-media transition better than others, due to the assumption
of the viable-but-not-culturable (VBNC) state, loss of antibi-
otic resistance, or other factors. Temperature may also be a
useful screening tool, as all of the Bce isolates were capable of
growth at 32°C.

We specifically sampled the rhizosphere in 20 (18.7%) of
107 samples. Bec is a known rhizosphere colonizer; popula-
tions of up to 10° CFU per g of root have been identified on
the roots of peas (22). Other plant hosts known to support Bec
in the rhizosphere include maize (18, 33), tomatoes (39), wheat
and lupine (1), and perennial ryegrass (35). It thus was theo-
rized that populations of Bcc would be enriched by the pres-
ence of a plant root, and that otherwise low—and possibly
undetectable—populations of Bec would be detected in rhizo-
sphere samples, but this was not demonstrated by our results.
The rhizobacteria we used that could grow on the selective
media were more abundant than bacteria in the bulk soil (by
ca. 1 log unit per g of soil). However, Bcc was not isolated from
the rhizosphere any more frequently than from the bulk soil
samples. Other studies blended or ground the roots of plants
and plated the root slurry (1, 5), instead of plating only the
adhering soil, as we did. Blending and plating root slurry would
have recovered endophytic populations in addition to popula-
tions external to the root, and endophytic populations of Bcc
can be substantial (17).

The second half of our study sought to use growth-indepen-
dent methods to detect the presence of Bec in soil samples. An
estimated 90 to 99% of bacteria in soil are not culturable by
conventional methods (10), and it seemed possible that some
Bcc strains might be included in the nonculturable majority.
We thus directly extracted DNA from soils and evaluated the
extracts for the presence of Bcc DNA by two independently
developed sets of 16S rDNA-directed PCR assays. PCR assays
targeting 16S rDNA genes have been used in other studies of
soil bacterial populations (3, 12, 37). Advantages to using these
sequences as a PCR target include the high copy number of rrn
genes (six copies distributed on the three or four replicons
typical of most strains of Bec) (25). There are many published
sequences of this gene, facilitating comparison with sequences
generated in the course of this study. Finally, the primers give
one product of one size with pure cultures, unlike some other
primer pairs which target the recA gene (29). Among the dis-
advantages of the 16S rDNA gene is, principally, its highly
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conserved nature. There may well be other members of the
B-proteobacteria that are similar to Bcc and that were not
tested in the development of the primer pairs we used in this
study. A highly conserved gene is also an unlikely source of
easily gained differentiablity between genomovars within the B.
cepacia complex, which by definition are 98 to 99% homolo-
gous in their 16S rDNA sequences.

The performance of the 16S rDNA PCR assays was very
consistent. Reproducibility of results ranged from good (74%)
to excellent (95%), depending on the primer pair. The results
from the two PCR schemes generally supported one another,
although there were differences between them. For instance,
primer pairs developed by both Bauernfeind et al. (2) and
LiPuma et al. (27) were designed to amplify as a group geno-
movars I and 111, B. stabilis (1V), and B. ambifaria (VII). In
assays with soil extracts, however, these primer pairs did not
perform identically; 76% of samples were positive with the
latter primers, whereas 93% were positive with the former.
These differences could result from various sensitivities or
specificities of the primer pairs to the target DNA or to various
inhibiting contaminants that may have been coextracted with
the DNA.

Most soil samples were positive for one of the Bcc-specific
PCR assays; 82% were determined to be positive by one of the
assays described by LiPuma et al., (27), and 93% were deter-
mined to be positive in at least one of the assays described by
Bauernfeind et al. (2). This is much higher than the results of
isolation from selected media; only 15% of samples yielded
isolates that were identified as Bcc. There are several possibil-
ities for the discrepancy. One possibility is the limit of detec-
tion of plating on selective media, as opposed to the limit of
detection of the PCR assays. It is difficult to know what the
limit of detection of our culturing effort actually was, given the
nonrandom nature of colony selection; the PCR assays had a
limit of detection of 10° CFU per g of soil. Different detection
limits have been seen in clinical studies, where a patient may be
“culture negative” but “PCR positive” for Bce (45). If the
numbers of the desired bacterium are low, they may be impos-
sible to detect via plate culture, since they will be outpaced by
more numerous or faster-growing organisms. It could also be
that the bacteria are culturable but not able to grow with the
selective agents in these two media, as previously discussed.

Alternatively, it could be that the bacteria are viable but not
culturable. Bacteria in the VBNC state are thought to be com-
mon in a substrate-limited habitat such as soil (30). Since it has
been shown that bacteria in the VBNC state do not lose patho-
genicity or virulence (30), the ability to ascertain the presence
of Bec in this state could be very helpful in delineating the risk
posed by environmental populations to susceptible people. It is
also possible that the bacteria were in fact not present in the
soil and that the PCR assays were amplifying Bcc DNA re-
maining from previous populations that had survived degrada-
tion by being adsorbed to soil colloids (4, 13, 36). The likeli-
hood of large amounts of DNA remaining uncorrupted in soil
is, however, not high.

A final explanation for the discrepancy between culture-
based and growth-independent estimations of Bcc prevalence
is that the PCR assays used are not sufficiently specific and are
amplifying non-Bec DNA. This is the case at least part of the
time, as is shown in our cloning and sequencing data; in one
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soil sample, 90% of the tested clones had an RFLP pattern that
corresponded to a member of the genus Zoogloea. This finding
was subsequently confirmed by sequencing. It is important to
note, however, that all four soil samples contained sequences
which were definitely identified as part of the B. cepacia com-
plex. The presence of some non-Bcc patterns in the RFLP
digest was fully expected, since the PCR and cloning tech-
niques we used have been shown to introduce errors (41). Nor
is it particularly surprising, given the highly conserved nature
of the 16S gene, that other bacterial DNA is able to give a
positive signal in these PCR assays. It is thus possible that the
non-Bcc DNA increased the likelihood of a false positive but
that Bcc DNA was also present in many of the samples.

Perhaps the most informative aspect of this study is the
difference between the culture-based and non-culture-based
methods. Bec was isolated from only 15% of soil samples on
the two selective media. In contrast, 76 and 93% of the soil
samples were determined to be positive for Bcc DNA by the
two PCR assay systems. The screening and sequencing portion
of the study demonstrated that Bcc DNA was being amplified
in all four of the tested soil samples and accounted for the
majority of the DNA amplified in three of the four samples.
Also, no Bec was isolated from any of these four samples in
which Bec DNA was conclusively present. The specificity of the
soil PCR assays is not perfect, and it is possible that some
“Bcce-positive” soil samples do not in fact contain Bcc DNA. It
seems clear, however, that although the 16S PCR assays may
overestimate the prevalence of Bce in the environment, cultur-
ing on the currently available selective media underestimates
Bcce populations.

Of the many possible explanations for the difference be-
tween culture-based and non-culture-based results, one of the
simplest is that many Bcc isolates are not culturable on the
media we used. Neither TBT, developed for environmental
research, nor BCSA, developed for use in the medical field,
was effective. It follows that the use of selective media may not
be the best way to estimate the environmental prevalence of
Bcce in soils and, further, that populations of Bcc in soils may be
much higher than was previously estimated. In summary, our
results demonstrate a relatively low recovery of Bcc from se-
lective media but also indicate that Bcc DNA appears to be
frequently encountered in urban soil environments. Assess-
ment of the risk posed by indigenous and introduced Bcc may
proceed much more rapidly with the continued refinement of
growth-independent methods.
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