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Abstract: In this study, we show that noncoding sequences from amplified fragment length polymorphisms (AFLPs) can pro-
vide robust and sensitive genetic markers suitable for PCR-based discrimination of closely related strains of Bacillus and Pae-
nibacillus, and quantitative PCR (qPCR)-based tracking of the strains in complex natural systems like soil. Quantitative PCR
was accurate in the ~1 � 109 to ~1 � 104 colony forming units (CFU)/g soil range. The detection limit was improved to
~1 � 102 CFU/g when amplicons were analyzed by gel electrophoresis. Studies with laboratory-contained intact soil-core mi-
crocosms indicated that environmental persistence trends vary among different strains. For example, Bacillus circulans ATCC
9500, Bacillus amyloliquefaciens DSL 13563-0, Bacillus licheniformis ATCC 12713, Paenibacillus polymyxa NRRL B-4317,
and 3 Bacillus subtilisstrains (ATCC 6051A, ATCC 55405, and NRRL B-941) died down to below the 1 � 102 CFU/g detec-
tion limit by days 28–105. In contrast, over a 105-day period, B. licheniformis ATCC 55406, Bacillus megaterium NRRL B-
14308, and P. polymyxa strains ATCC 55407 and DSL 13540-4 died down but persisted at levels just above the detection
limit, whereas Bacillus thuringiensis ATCC 13367 experienced a less than 10-fold decrease in cell numbers.

Key words: Bacillus thuringiensis environmental persistence, tracking microbe strains in the environment, qPCR, bacterial
persistence.

Résumé : Dans cette étude, nous démontrons que les séquences non codantes obtenues par AFLPs (amplified fragment length
polymorphisms) peuvent constituer des marqueurs forts et sensibles, appropriés à la discrimination par PCR de souches forte-
ment apparentées de Bacillus et Paenibacillus, ainsi qu’au dépistage par qPCR de souches présentes dans des systèmes natu-
rels complexes comme le sol. La quantification par qPCR était exacte à l’intérieur d’un intervalle de ~1 � 109 à ~1 �
104 UFC/g de sol. La limite de détection a été améliorée jusqu’à ~1 � 102 UFC/g lorsque les amplicons étaient analysés par
électrophorèse sur gel. Des études réalisées en microcosmes expérimentaux contrôlés constitués de sols intacts ont indiqué
que la tendance à la persistance environnementale variait en fonction des souches. Par exemple, les populations de Bacillus
circulans ATCC 9500, Bacillus amyloliquefaciens DSL 13563-0, Bacillus licheniformis ATCC 12713, Paenibacillus polymyxa
NRRL B-4317, et 3 souches de Bacillus subtilis (ATCC 6051A, ATCC 55405 et NRRL B-941) décroissaient pour passer
sous la limite de détection de 1 � 102 UFC/g entre le jour 28 et le jour 105. Par contre, pendant une période de 105 jours, les
populations de B. licheniformis ATCC 55406, Bacillus megaterium NRRL B-14308 et les souches ATCC 55407 et DSL
13540-4 de P. polymyxa décroissaient mais persistaient à des niveaux tout juste au-dessus de la limite de détection, alors que
la population de Bacillus thuringiensis ATCC 13367 diminuait de moins de 10 fois en terme de nombre de cellules.

Mots-clés : persistance environnementale de Bacillus thuringiensis, dépistage de souches microbiennes dans l’environ-
nement, qPCR, persistance bactérienne.

[Traduit par la Rédaction]

Introduction

Studies that investigate the persistence trends of microor-
ganisms released into the environment traditionally use
culture-based methods to track (i.e., selectively detect and
quantify) the strains of interest. Genetically modified deriva-
tives harbouring recombinant constructs are often used as
surrogates, which allows for sensitive and unambiguous
tracking of microorganisms in complex natural systems like
soil. Constructs typically encode resistance determinants
(e.g., against growth inhibitors like antibiotics) and visualiz-
able markers (e.g., bioluminescence, green fluorescent pro-
tein, and b-galactosidase) (for examples see: Trevors et al.
1990; Weir et al. 1995; Providenti et al. 2004). However,
there are various concerns regarding the use of culture-based
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approaches and genetically modified surrogates, such as
(i) the risk that insertion of the recombinant marker alters
the survival characteristics of the microorganism, (ii) re-
stricted regulatory approval for release of marked strains
into the environment because of the potential for horizontal
transfer of the marker, (iii) some microorganisms may be
difficult to mark, and (iv) some microorganisms cannot be
enumerated accurately because they do not always exist as
discrete single cells (Jansson 1995; Providenti et al. 2004;
Hynes et al. 2006).

Alternatives to the use of culture-based approaches and ge-
netically modified surrogates for tracking microorganisms
are real-time quantitative PCR (qPCR)-based methods that
analyse total DNA extracted from environmental samples for
genetic markers intrinsic to the strain of interest. For exam-
ple, Saikaly et al. (2007) evaluated whether Bacillus atro-
phaeus and Serratia marcescens could be tracked in
synthetic building debris and leachate using a SYBR Green-
based qPCR method. These 2 species are surrogates for the
potential biological warfare agents Bacillus anthracis (an-
thrax) and Yersinia pestis (plague), respectively. The markers
for B. atrophaeus (16S-23S rRNA intergenic transcribed
spacer region and recA) and S. marcescens (gyrB, wzm, and
recA) were found to be specific (when tested against 13 other
Bacillus spp. and 7 other Serratia spp., respectively) and
sensitive (detection limit of ~1 � 101 to 1 � 102 cell equiva-
lents per gram of synthetic building debris or per millilitre of
leachate).

Two potential limitations of intrinsic genetic markers such
as those used by Saikaly et al. (2007) are that these genetic
markers may be widely distributed in the environment and
highly conserved at the species level. These limitations
could affect the ability to unambiguously distinguish closely
related strains and consequently impede selective tracking of
microorganisms in complex environments. This concern has
wide implications for science in support of regulatory deci-
sion making and to the emerging field of microbial foren-
sics. From the perspective of supporting regulatory science,
methods are needed to improve the soundness of risk assess-
ment decisions (e.g., to evaluate a microorganism’s persis-
tence trends so as to assess the potential for environmental
or human exposure). From the perspective of microbial for-
ensics, methods are required that can be used to bring to jus-
tice persons who use or intend to use biological material in
such a way as to cause harm, to identify the origin and (or)
transmission route of a microorganism, and to clearly distin-
guish specific microorganisms isolated from a particular
source to others encountered naturally in the environment
(e.g., ascribing the source of pathogenic microorganisms in
food poisoning outbreaks, polluted beaches, or contaminated
drinking water; enhancing enforcement of regulations for
safe use of microorganisms).

We are developing and validating a generalized approach
for sensitively and unambiguously tracking microorganisms
in various environmental systems. The major challenge is
with complex matrices like soil that typically contain thou-
sands of different species of microbes, many of which may
be closely related to a strain of interest. Our current ap-
proach relies on the application of molecular methods that
target noncoding intrinsic genetic markers, which could
obviate many of the concerns regarding the use of potentially

wide-spread and highly conserved markers. Previously, we
demonstrated that markers derived from amplified fragment
length polymorphisms (AFLPs) could be used to track
strains of industrially prominent filamentous fungi such as
Aspergillus niger, Aspergillus oryzae, and Chaetomium
globosum in soil (Hynes et al. 2006). In the present study,
we show that this approach can also be used for sensitive
and selective qPCR-based tracking in soil of a variety of
Bacillus and Paenibacillus (formerly Bacillus) strains. These
bacteria were selected because they represent environmen-
tally ubiquitous spore-forming bacteria with wide applica-
tions in industry and agriculture, and because, despite their
widespread use, little is known about their environmental
fate following release. As models, we used 12 strains on
Canada’s Domestic Substances List (DSL) (Table 1). The
12 strains selected represent 7 distinct species, and for 3
species, 2–3 distinct strains. The DSL is a compilation of all
reported substances (chemicals, polymers, and living organ-
isms) that were in Canadian commerce between 1 January
1984 and 31 December 1986, or added to the list following
notification and risk assessment, in accordance with the
Canadian Environmental Protection Act 1999 (CEPA 1999).
At present, the DSL contains ~26 500 substances, including
47 living organisms. Risk assessment of 44 of these micro-
bial strains and 1 complex microbial culture is being done
by a process described for the Screening Assessment of Liv-
ing Organisms on the DSL Project, which takes into consid-
eration their environmental persistence trends (Environment
Canada 2008a). This process is similar to the Chemicals
Management Plan for categorization and assessment of DSL
chemicals that were nominated based on the 1984–1986
commerce provisions (Environment Canada 2008b).

Materials and methods

Bacterial strains and growth conditions
Bacillus and Paenibacillus strains used in this study

(Table 1) were obtained from the American Type Culture
Collection (ATCC, Manassas, Virginia) or the USA Depart-
ment of Agriculture’s Northern Regional Research Labora-
tory (NRRL, now the National Center For Agricultural
Utilization Research, Peoria, Illinois). Bacteria were cultured
on Luria–Bertani (LB) agar or in LB broth (Difco, Oakville,
Ontario) at 30 8C.

Manipulation and analysis of DNA

DNA manipulation
Standard manipulations of DNA, such as preparation of

plasmid and chromosomal DNA, agarose gel electrophore-
sis, and gel-purification, were performed according to well-
established protocols (Ausubel et al. 1999; Sambrook and
Russell 2001). MseI, T4 DNA ligase, and Taq polymerase
were used according to manufacturers’ recommendations
(New England Biolabs, Mississauga, Ontario; Invitrogen,
Burlington, Ontario).

PCR conditions
Nonquantitative PCR was conducted in a Biometra T3 or

T-Gradient thermocycler (Montreal Biotech, Montreal, Que-
bec) in a total volume of 20 mL using 2–10 ng of DNA, 1–
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Table 1. List of Bacillus and Paenibacillus (formerly Bacillus) strains used in this study and a summary of results from PCR screening studies with the indicated primer pairs.

Primer pairsb

Strain or sample designationa 9500-3-4 13563-4-1 55406-1-1 12713-3-5 4317-5 55407-2-3 13540-1-3 14308-7 6051-3-2 55405-3 941-16 13367-2-3

DSL strains
Bacillus circulans ATCC 9500 + – – – + – – – – – – –
B. amyloliquefaciens DSL 13563-

0 (NRRL B-942)
– + – – – – – – – – – –

B. licheniformis ATCC 55406 – – + – ds – – – ds – – –
B. licheniformis ATCC 12713 – – – + – – – – – – – –
Paenibacillus polymyxa NRRL

B-4317
– – – – + – + – – – – –

P. polymyxa ATCC 55407 – + – – – + – – – – – –
P. polymyxa DSL 13540-4

(NRRL B-510)
– – – – + – + ds – – – –

B. megaterium NRRL B-14308 – – – – – – – + – – – –
B. subtilis ATCC 6051A – – – – – – – – + – – –
B. subtilis ATCC 55405 – – – – – – – – – + – –
B. subtilis NRRL B-941 – – – – – – – – – – + –
B. thuringiensis ATCC 13367 – – – – – – – – – – – +

Non-DSL strains
B. subtilis NRRL NRS-213 – – – – – – – – – – – –
B. subtilis NRRL B-363 – – – – – – – – – – – –
B. subtilis NRRL B-4418 – – – – + – – – + – – –
B. subtilis NRRL B-354 – – – – – – – – + – – –
B. subtilis NRRL B-4378 – – – – – – – – + – – –
B. subtilis NRRL B-14324 – – – – – – – – – – – –
B. subtilis NRRL B-14471 – – – – – – – – – – – –
B. subtilis NRRL B-23049 – – – – – – – – + – – –

Uninoculated soils
A – – – – S – – – S – – –
B – – – – + – – – + – – –
C – – S – + – – – + – – –
D – – S – + – – – + – – –
E – – – – – – – – + S – –

Note: For all primer pairs, the first number is identical to the strain in which the marker was originally identified. +, amplicon of the expected size was detected; ds, amplicon of a different size from the
predicted size was detected; –, no amplicon was detected; S, diffuse DNA smear across the amplicon size range, not considered to be positive nor discussed in text.

aStrain designations per American Type Culture Collection (ATCC), Northern Regional Research Laboratory (NRRL), and (or) the Domestic Substances List (DSL).
bPrimer-pair sequences (forward and reverse) are in Table 2.
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5 U of Taq, the reaction buffer supplied with the enzyme,
0.5 mmol/L of each primer, and 0.5 mmol/L of each dNTP.
PCR conditions involved an initial denaturation step at
95 8C for 5 min, followed typically by 30 cycles of 95 8C
for 35 s (denaturation), 55–60 8C for 35 s (primer anneal-
ing), and 72 8C for 35 s (extension), and ending with a final
extension at 72 8C for 5 min. Quantitative PCR analyses of
total soil DNA extracts were conducted in a Corbett Rotor-
Gene thermocycler (Montreal Biotech) in a total volume of
20 mL using 2 ng of DNA, 0.2 mmol/L of each primer, and
the iQ SYBR Green Supermix kit (BioRad, Mississauga,
Ontario). The qPCR conditions were as follows: initial dena-
turation at 95 8C for 10 min; typically, 40 cycles of 95 8C
for 35 s (denaturation), 55–60 8C for 35 s (primer anneal-
ing), 72 8C for 35–60 s (extension), 78–80 8C for 15 s (fluo-
rescence data acquisition); and melt curve analysis between
72 and 95 8C (fluorescence data acquisition every 1 8C).
Threshold fluorescence was set manually between 0.01 and
0.05, and maximum fluorescence was ~0.3.

Generation, selection, and sequencing of AFLPs
AFLPs were generated as in Vos et al. (1995) with minor

modifications, as detailed in Hynes et al. (2006). In brief,
digestion of genomic DNA with MseI and ligation of
adaptors (generated by annealing oligonucleotides adap-top
5’-GACGATGAGTCCTGAG-3’ and adap-bot 5’-TACTCA-
GGACTCAT-3’) were conducted in 1 reaction. The adap-
tor-ligation reaction was diluted 10-fold for use in the
preselective PCRs conducted with primer M (5’-GAT-
GAGTCCTGAGTAA-3’), and preselective PCRs were then
diluted 10-fold for use in the selective PCRs (conducted
with primers M-CA and M-CAC, which were identical to
primer M but harboured the indicated extra nucleotides at
the 3’ end). Previous work has shown that similarly sized
AFLP fragments from different strains of a single species
can contain significant internal sequence differences
(Mechanda et al. 2004; Wong et al. 2001) and that markers
suitable for soil persistence studies can be generated from
sequences internal to AFLPs (Hynes et al. 2006). Therefore,
for each bacterium, amplicons generated in the selective
PCRs were resolved by agarose gel electrophoresis, and 4
or 5 randomly selected fragments were cloned into pCR2.1-
TOPO (Invitrogen) and sequenced with the vector-specific
primers M13F and M13R using the chain-terminating
dideoxy method on ABI Prism automated sequencers
(Macrogen, South Korea; DNA Landmarks, Quebec).

Analyses of AFLP markers
Candidate markers were identified by first uncovering

AFLP regions that had little or no homology to previously
described sequences and no apparent open reading frames.
To accomplish this, AFLP sequences were compared with
entries in the GenBank nucleotide database using the Basic
Local Alignment Search Tool (BLAST; Altschul et al.
1990) network service of the National Centre for Biotech-
nology Information (Bethesda, Maryland; http://www.ncbi.
nlm.nih.gov). Then, PCR primers targeting candidate
markers were designed using DNAMan (Lynnon Biosoft,
Vaudreuil, Quebec) to have annealing temperatures of
60 8C or greater and to produce amplicons of between 100
and 300 bp in length (Table 2). For Bacillus subtilis strains

ATCC 6051A and NRRL B-941, no suitable amplicons were
identified, and the size range was increased to 400 bp. Oli-
gonucleotide primers were synthesized by SigmaGenosys
(Oakville, Ontario). We previously designated markers as
functionally specific if the primer pairs targeting the marker
did not generate amplicons in PCRs with DNA from unino-
culated soil (Hynes et al. 2006). In this study, we further
evaluated the specificity of markers by determining whether
the markers were present in closely related microbial species
and strains. Functional and strain specificities of markers
were determined by PCR analysis of DNA extracts from
strains listed in Table 1 and 5 uninoculated soil samples (re-
ferred to as soils A–E in Table 1).

Soil persistence studies

Microcosms and sampling
Soil persistence studies were conducted using intact soil-

core microcosms as described in Providenti et al. (2004). In
brief, the cores were ~15 cm long and had a 5 cm internal
diameter; the soil was a sandy loam soil (10% clay, 15%
silt, 75% sand, pH 5.0, total nitrogen 0.12%, and total car-
bon 2.12%); the microcosms were incubated in a growth
chamber (12 h of light : 12 h dark, 22 8C, and 80% relative
humidity) and watered from the top every 2–3 days. Bacte-
rial cultures for inoculation into soil microcosms were
grown to sporulation in LB broth (~24 h), washed with
phosphate-buffered saline (PBS), and resuspended in PBS.
Independent soil cores were then each inoculated with ~1 �
106 to 1 � 109 colony-forming units (CFU) (typically 1–
5 mL of cell suspension). For soil persistence studies, 45 in-
dependent cores were typically inoculated, and the top 3 cm
of soil (~50 g) from 3 independent cores were harvested
within 2–3 h after inoculation (designated as day 0) and at
various intervals thereafter (see Results). The last sampling
was 1 or 2 sampling times following the last date the strain
was detected, or at termination of the experiment (between
days 105 and 180; see Results). The top 3 cm were sampled
to improve the likelihood of detection. For horizontal trans-
port studies, 4–8 cores were divided in 3 equal portions at 6
different time points, ranging from 2 h after inoculation
(time 0) to 17 days post inoculation.

Soil DNA extraction
To ensure even distribution of inoculated strains in

sampled soil prior to DNA extraction, soil samples were
placed in beakers and mixed with sterile water (final con-
centration, 10% m/v) so as to create a homogenous slurry.
Total DNA was then extracted from 0.55 g of soil (wet
mass) using the MoBio Ultraclean soil DNA extraction kit
(Medicorp, Montreal, Quebec), according to the manufac-
turer’s instructions.

PCR-based quantification of cell numbers
Standard curves relating CT (qPCR threshold cycle) to de-

fined titres of bacteria in soil were prepared by seeding 5 g
of soil in a beaker with 0.5 mL suspensions of defined titres
of bacteria in PBS, mixing well to ensure even distribution
of bacteria, extracting total DNA from 0.55 g of soil (wet
mass), and analyzing by qPCR. Standard curves were con-
sidered accurate provided that the R2 values were >0.9 and
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that the efficiency (E) value was between 0.95 and 1.0.
Titres analyzed spanned ~1 � 102 to ~109 CFU/g. At lower
input titres (typically, <1 � 104 CFU/g soil), we found that
the CT values tended to occur at a high cycle number (~35–
40) and were compressed into a small region beyond the lin-
ear portion of the standard curve. Therefore, bacteria at
titres of <1 � 104 CFU/g soil could not be accurately quan-
tified by qPCR. However, in soils with ~1 � 103 CFU/g soil
and ~1 � 102 CFU/g, distinct amplicons of the expected size
and melting characteristics were obtained. Therefore, for
cell-titre determination purposes, soil samples were assumed
to contain 1 � 102 CFU/g if bacteria could not be accurately
quantified by qPCR but an amplicon of the expected size
and melting characteristics was obtained (based on, respec-
tively, agarose gel electrophoresis of qPCRs and melting
analysis). If no amplicon was detected, the soil was assumed
to contain <1 � 102 CFU/g, but to be conservative, the titre
is reported as 1 � 102 CFU/g.

Sequences reported in this article
The nucleotide sequences of AFLP fragments used in

this study have been deposited in GenBank under the
following parenthetical accession numbers: Bacillus circu-
lans ATCC 9500 (GenBank accession No. EU293614);
Bacillus amyloliquefaciens DSL 13563-0 (GenBank acc.

No. EU293613); Bacillus licheniformis ATCC 55406
(GenBank acc. No. EU293615) and ATCC 12713 (GenBank
acc. No. EU296252); Paenibacillus polymyxa NRRL B-4317
(GenBank acc. No. EU293616), ATCC 55407 (GenBank acc.
No. EU293617), and DSL 13540–4 (GenBank acc.
No. EU293618); Bacillus megaterium NRRL B-14308
(GenBank acc. No. EU304452); B. subtilis ATCC 6051A
(GenBank acc. No. EU293621), ATCC 55405 (GenBank acc.
No. EU293619), and NRRL B-941 (GenBank acc.
No. EU293620); and Bacillus thuringiensis ATCC 13367
(GenBank acc. No. EU296253).

Results

Screening AFLP-derived markers

Electrophoretic and in silico analyses
The AFLP patterns were distinct and highly reproducible

for the DSL strains studied. As an example, Fig. 1 shows the
patterns obtained using the selective primer M-CA for 5
DSL strains representing 4 species, and for 1 species, 2 dis-
tinct strains. For each DSL strain, 4 or 5 randomly selected
AFLP fragments ranging in size from ~250 to ~1100 bp
were sequenced. Based on BLAST analyses, these sequences
could be divided into 3 categories: (i) completely novel;

Table 2. PCR primers used in this study, melting temperature, and size of amplicons.

Source Primer Primer sequence (5’–3’) Amplicon Tm (8C)a Amplicon size (bp)
Bacillus circulans

ATCC 9500 9500-3-4F GATGAATCCATGGACAGTGAA 82 281
9500-3-4R CCAGCCACTCTTTATCCTCTG

B. amyloliquefaciens
DSL 13563-0 13563-4-1F TGAAACGGGTGAAGAGCTGGG 81 105

13563-4-1R TCGCGGCCTTCTGTCAGGTT
B. licheniformis

ATCC 55406 55406-1-1F CGGCAAACCCTCCAACGCAT 86 138
55406-1-1R TTTCGCTTCCCGCACAGCCT

ATCC 12713 12713-3-5F TGGCCGGATGACTAGGTTAGG 85 201
12713-3-5R CGCATGGAAGACCTCGTCA

Paenibacillus polymyxa
NRRL B-4317 4317-5F CAGGAGACGTTGAAGCTGGTC 85 187

4317-5R GCGTAATTTCCGACACGACA
ATCC 55407 55407-2-3F TCCGCTCAGCAATGATCCGGT 84 116

55407-2-3R GCGCCAATCTCAACGGCACA
DSL 13540-4 13540-1-3F TGGTTACGAATGGTCGCTTGC 84 274

13540-1-3R GGCACGGTAAACCACAGCAGA
B. megaterium

NRRL 14308 14308-7F GGTTGCCTGGAGAGCCTAACT 85 220
14308-7R AAATTGCGGTCGTCCGTC

B. subtilis
ATCC 6051A 6051-3-2F AACTGCCGATGCCGACAA 85 399

6051-3-2R AGCCCAAACAACGCCAAA
ATCC 54405 55405-3F CTGCGGTCAGTCCGATCATAA 85 226

55405-3R AAACAGGGATTGCGATTACGC
NRRL B-941 941-16F TGCATGCAGACCTCTATCTAA 84 305

941-16R CAACCATTGATTTATGCCTG
B. thuringiensis

ATCC 13367 13367-2-3F TGGCTAAGTTCGATGGCGGA 83 214
13367-2-3R TTCAAAGCTTCCTGTCGCCCT

aAmplicon melting temperature (Tm) was determined empirically following qPCR reactions.
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(ii) harboured unique regions of ~100–250 bp adjacent to, or
flanked by, previously described sequences; or (iii) ‡98%
identical to previously described sequences. Only 1 or 2
fragments derived from each bacterium fell into category
(i) or (ii) and were judged to contain sequences suitable for
further screening. Those in category (iii) were discarded
from our study.

Assessment of functional and strain specificities
Results from PCR analyses with the various primer pairs

and template DNAs are summarized in Table 1. The 12
markers reported in this study could be divided into 3 cate-
gories: (i) functionally specific markers with high strain spe-
cificity (identified in B. circulans ATCC 9500,
B. licheniformis ATCC 55406, B. licheniformis ATCC
12713, P. polymyxa ATCC 55407, B. subtilis ATCC 55405,
B. subtilis NRRL B-941, and B. thuringiensis ATCC
13367); (ii) functionally specific markers with limited strain
specificity in that the marker was also present in at least one
other strain (markers identified in B. amyloliquefaciens DSL
13563-0, P. polymyxa DSL 13540-4, and B. megaterium
NRRL B-14308, which were also detected in, respectively,
P. polymyxa ATCC 55407, P. polymyxa NRRL B-4317, and
P. polymyxa DSL 13540-4); and (iii) markers that do not ap-
pear to be functionally specific and show low strain specif-
icity in that the marker was also detected in more than one
nontarget bacterium (markers identified from P. polymyxa
NRRL B-4317 and B. subtilis ATCC 6051A were detected
in, respectively, 7 and 9 nontarget sources listed in Table 1).
A noteworthy feature of the markers in (ii) from P. poly-

myxa NRRL B-4317 and B. subtilis ATCC 6051A that were
detected in other Bacillus strains is that amplicons from
nontarget B. licheniformis ATCC 55406 could be differenti-
ated from the expected product based on size and melting
properties (data not shown). Two noteworthy features re-
garding markers in (iii) that apparently were not functionally
specific are that amplicons were generated in a seemingly
stochastic fashion (i.e., did not occur with all soil DNA sam-
ples) and amplicons were typically detected after 40–
45 cycles (i.e., beyond the range used for quantification of
the bacteria). This was not the case in our previous study in
that primer pairs targeting markers designated as not func-
tionally specific generated amplicons from soil DNA within
~25 cycles, likely because the markers targeted widely dis-
tributed protein-coding regions (Hynes et al. 2006).

Despite the limited strain and functional specificities of
some primers, all the primer pairs were judged suitable for
the purposes of tracking the respective strains in soil, pro-
vided the necessary controls were used, which included (i)
ensuring qPCRs were within the quantitative range or below
the range at which uninoculated cores showed an amplicon;
(ii) ensuring microcosm studies with strains that may cross-
amplify were not conducted concurrently; and (iii) fre-
quently analysing uninoculated control microcosms (placed
in growth chambers for all experiments) to ensure no detect-
able cross contamination occurred or false positives were
being amplified.

Soil persistence trends of DSL strains and vertical
transport of B. circulans ATCC 9500

Quantification range and detection limits
The qPCR-based quantification was accurate down to ~1 �

104 CFU/g soil. We were able to qualitatively improve the
detection limit to ~1 � 102 CFU/g soil by agarose gel electro-
phoresis-based analysis of qPCR products. In addition, melt-
ing curve analysis confirmed the presence of the expected
amplicon in qPCRs. Figure 2 is an example of typical results
with respect to (i) dynamic range and linearity of standard
curves, (ii) initial persistence trends in soil, and (iii) post-
qPCR analysis of amplicons by gel electrophoresis.

Persistence trends in soil
Figure 3 summarizes the persistence trends in soil. With

B. circulans ATCC 9500, B. amyloliquefaciens DSL 13563-0,
B. licheniformis ATCC 12713, P. polymyxa NRRL B-4317,
and the 3 B. subtilis strains (ATCC 6051A, ATCC 55405,
and NRRL B-941), a decrease to below the detection limit
was observed by days ~25–105. In a second trial with
B. circulans ATCC 9500 and P. polymyxa NRRL B-4317,
both strains were below the detection limit by day 14 (data
not shown). Bacillus licheniformis ATCC 55406, P. polymyxa
ATCC 55407, P. polymyxa DSL 13540-4, and B. megaterium
NRRL B-14308 persisted longer in that they were detected in
at least 1 of 9 soil cores sampled on or after day 105. Interest-
ingly, B. thuringiensis ATCC 13367 persisted at levels ~1 �
105 CFU/g soil for the 105-day period it was monitored.

Vertical transport in soil
Figure 4 summarizes the results of a final set of persis-

tence studies, which tested whether the decrease in cell

Fig. 1. Amplified fragment length polymorphism (AFLP) results
with the following strains: Bacillus subtilis ATCC 55405, Paeniba-
cillus polymyxa ATCC 55407, Bacillus licheniformis ATCC 12713,
Bacillus circulans ATCC 9500, and Paenibacillus polymyxa 13540-
4. Selective primer M-CA was used. The lane marked M contains
DNA size standards (100 bp ladder), and the sizes of select frag-
ments are indicated.
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numbers observed in the top 3 cm of the core (in particular,
the rapid decrease typically observed in the initial 2 weeks)
was due to death or the horizontal transport of bacteria
within soil microcosms, possibly because of watering, which
occurred every 2–3 days and was from the top. A set of soil
cores was inoculated with B. circulans ATCC 9500 and the
top, middle, and bottom layers of cores were sampled over a
17-day period. Cores were removed from tubes by pushing
soil out from the top downwards so as to minimize the pos-
sibility of cross-contaminating the lower layers with cells
from the higher layers. For the period spanning day 0 (2 h
post-inoculation) to day 7, ATCC 9500 was detected pre-
dominantly in the top layer (~98% of total cells on day 0
and ~73% of total cells on day 7), although cells were de-
tected in the middle layer (~2% of total on day 0 and 27%
of total on day 7) and bottom layer (£0.2% of total cells on
day 0 and <0.6% on day 7). By day 14, cells were only de-
tected in the middle layer. By day 17, cell numbers dropped
below the detection limit in all layers. This indicates that the
trend of decreasing cell numbers observed in the previous
set of studies is likely due mostly to death rather than trans-
port within the soil core.

Discussion

Our results indicate that, if released into terrestrial sys-
tems at initial densities of ~1 � 106 CFU/g soil, the follow-
ing microorganisms would, within 1–6 months, likely die
down to or below ~1 � 102 CFU/g soil: B. amyloliquefa-
ciens DSL 13563-0; B. circulans ATCC 9500; B. lichenifor-
mis ATCC 12713 and ATCC 55406; B. megaterium NRRL
B-14308; B. subtilis ATCC 6051A, ATCC 55405, and
NRRL B-941; and P. polymyxa NRRL B-4317, ATCC
55407, and DSL 13540-4. In contrast, B. thuringiensis
ATCC 13367 would likely only experience about a 10-fold
reduction within a 105-day period (Fig. 3). The detection
limit of our qPCR-based method (~1 � 104 CFU/g with
qPCR alone and ~1 � 102 CFU/g when combined with gel
electrophoresis) is comparable to those observed with select-
able Bacillus strains (e.g., for B. thuringiensis DMU67R, a
spontaneous rifampicin-resistant strain, the limit is ~1 �
102 cells/g soil; Pedersen et al. 1995; Hendriksen and Han-
sen 2002). We therefore conclude that qPCR-based analysis
using short AFLP-derived markers (100–400 bp) as targets
is a quick and sensitive method for tracking Bacillus and
Paenibacillus strains in soil. This method is particularly use-
ful for persistence studies with strains that do not possess
any inherent means of selective culturing.

It is noteworthy that if cell numbers for the DSL strains of
B. subtilis, B. circulans, B. amyloliquefaciens, B. lichenifor-
mis, and P. polymyxa strains studied had, for example, expe-
rienced an initial decrease but then remained at a constant
level, one could make the valid argument that qPCR-derived
results might reflect persisting DNA but not necessarily the
presence of live cells. However, because no DNA was de-
tected, this strongly indicates that the microorganisms studied
have died down to or below the detection limit of ~1 �
102 CFU/g soil. Whether any viable and culturable cells of
the introduced DSL strains remain in soil microcosms would
require additional study. With respect to the DSL B. subtilis
and B. licheniformis strains, prior work has shown that spore
samples of B. subtilis, B. licheniformis, and various other
Bacillus species can remain viable for more than 200 years
in dry soil (Sneath 1962), suggesting that viable cells of the
DSL strains may be present. However, because soils were hy-
drated in our studies, we expect that the viability of the
strains was likely reduced. The persistence trends we report
for B. thuringiensis ATCC 13367 are similar to those from a
field studies with B. thuringiensis DMU67R. In the field,
DMU67R experienced a ~20% reduction in viable cell num-
bers over a 1-year period following an initial application rate
of ~1 � l04 CFU/g (Pedersen et al. 1995) and stabilized at a
level approximately 1 order of magnitude lower over a subse-
quent 4-year period (Hendriksen and Hansen 2002). Our
study likewise suggests that B. thuringiensis ATCC 13367
persists in soil microcosms for longer than 105 days. The
field study with DMU67R also found that limited vertical
dispersal of cells occurred, as most DMU67R were detected
in the top 2 cm of soil (Hendriksen and Hansen 2002). This
is similar to what we observed with B. circulans ATCC 9500
in that limited vertical movement down from the region of
inoculation was evident (Fig. 4).

The confidence in and the robustness of data obtained
from qPCR-based tracking methods can be improved by us-

Fig. 2. Sample quantitative (qPCR) results from a soil persistence
study, using soil inoculated with Paenibacillus polymyxa NRRL B-
4317. Extracts were analyzed with primer pair 4317-5F/R, and
PCRs were terminated after 40 cycles. (A) Quantitative PCR results
from standards (&) and soil core microcosms (*). For standards,
total DNA was extracted from 2 independent soil samples amended
with defined titres of the bacterium. Each square represents results
from the independent extract. For soil-core microcosms, micro-
cosms were sampled on days 0, 1, and 2 (d0, d1, and d2, respec-
tively). Each circle represents results from an independent
microcosm. Average numbers of colony forming units (CFU) per
gram of soil (derived from the regression line) are indicated. Unin-
oculated controls (not shown) did not generate amplicons. (B)
Agarose gel analysis of the qPCRs displayed in (A). M indicates
the lane containing DNA size standards (100 bp ladder), and the
sizes of select standards are indicated.
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Fig. 3. Persistence trends for the indicated strains in soil microcosms, based on quantitative PCR (qPCR) analyses of DNA extracted from
soil microcosms sampled at the indicated times. Each point represents the mean (plus standard deviation) of 3 microcosms. For each micro-
cosm, the top 3 cm of soil was sampled to improve the possibility of detecting the strain, the limit for qPCR-based quantification is ~1 �
104 colony forming units (CFU) per gram of soil, and the qualitative detection limit (broken line) is ~1 � 102 CFU/g soil. Amplicons ob-
served on agarose gels with all 3 cores (^); amplicons evident in 2 of the 3 cores (*); amplicons evident in 1 of the 3 cores (~); and
amplicans evident in 0 of the 3 cores (*).
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ing a variety of collateral approaches. In this work, we used
2 nonculture-based post-qPCR approaches to confirm the
presence of predicted fragments: melting characteristics of
amplicons and electrophoretic analysis. Other nonculture-
based collateral approaches that could be used for analysis
of qPCR products include hybridization (in particular, high-
throughput methods like microarrays) and mass spectro-
scopy (determines the base composition amplicons). With
respect to hybridization-based approaches, we have con-
ducted preliminary studies using dot blots, and these showed
that hybridization can be used to confirm the presence of
predicted fragments. With respect to mass spectroscopy, be-
cause of their small size, AFLP-derived markers could be
part of the array of diagnostic markers used for quick identi-
fication and (or) differentiation of select microorganisms
(for example, see Ecker et al. 2008).

The screening process we describe for identifying and as-
sessing the specificity of AFLP-derived markers can be
time-consuming and labour-intensive. However, it is antici-
pated that the screening process can become more efficient
as, for example, next-generation high-throughput sequencing
technologies become more widespread and affordable and
automated systems are applied to routine tasks like sample-
handling and bioinformatic analysis. Similar considerations
are applicable to the environmental persistence studies in
that certain aspects of the microcosm analysis are amenable
to automation (for example, see Panning et al. 2007).

In conclusion, our results indicate that AFLP-derived
markers harbouring noncoding regions provide potentially
robust genetic markers suitable for selectively and sensi-
tively detecting and enumerating microorganisms in the en-

vironment. This study also confirms the importance of
testing the environmental persistence trends of individual
microbial strains so as to build a body of data describing
the environmental fate of different microorganisms, not
only those with industrial or agricultural applications (the
main motive behind this work) but also those that are human
and animal pathogens. This would be in contrast to, for
example, drawing conclusions about a microorganism’s
environmental fate based on data from closely related surro-
gates.
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