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Abstract

In this study, we explored whether SYBR Green-based quantitative real-time PCR (qPCR) could be used to determine the copy

number of a plasmid and whether the method was broadly applicable to chromosomally encoded genetic elements often occurring

in multiple copies, such as rRNA genes and insertion sequences (IS). Three different template sources (whole cells, total DNA, and

restriction-enzyme digested total DNA) derived from the bacterium Comamonas sp. strain JS46 were analyzed by qPCR using

primer-pairs targeting plasmid pJS46 and three chromosomally encoded sequences (16S rDNA, ISCsp1, and IS1071). The

difference between threshold cycle values, CT, of amplicons targeting these elements and of an amplicon targeting the single-

copy reference element mnbA (chromosomally encoded) was used to establish DCT. DCT values were then used to derive copy

number. For pJS46, qPCR analyses of whole cells and total DNA underestimated the copy number of pJS46 ~7-fold and ~2.5-fold,

respectively, whereas copy number values derived from qPCR analyses of digested total DNA were comparable to those derived

from Southern blot (SB) analyses. In contrast, for the chromosomally encoded elements, qPCR analyses of all three template

sources gave copy number values that were virtually identical to or differed by ~2 from copy number values derived by SB

analysis. These data indicate that qPCR can be used to estimate the copy number of various genetic elements but that the accuracy

of qPCR-derived values is affected by the template source.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Plasmids are double-stranded, often circular, extra-

chromosomal genetic elements that occur in prokaryotes

as well as some eukaryotic organisms. At the very least,

plasmids harbour genes that control replication and en-

sure their continued maintenance, but in the case of
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larger plasmids additional genes may be present coding,

for example, for proteins involved in conjugation or for

enzymes that confer a selective advantage to their hosts,

such as resistance to heavy metals and operons for

catabolism of exotic carbon sources.

One fundamental feature of a plasmid is its copy

number: plasmids can be described as either low (1–10

copies), medium (11–20 copies), or high-copy number

plasmids (as high or greater than 700 copies per cell).

Various techniques have been described for determining

plasmid copy-number, such as methods based on UV-

spectrophotometry, radiolabelling of nucleic acids, hy-
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bridization of DNA extracts to probes, or measurement

of plasmid-encoded activities (reviewed in Friehs,

2004). Most methods, though, are labour-intensive and

time consuming. A capillary electrophoresis-based

method has been described for rapid determination of

plasmid copy number (Schmidt et al., 1996), but this

technique requires relatively specialized equipment that

is not available in most laboratories. In contrast, thermal

cyclers for quantitative real-time PCR (qPCR) analyses

of DNA are more common and a qPCR-based approach

for determining the number ofmulti-copy genes has been

described. In brief, the threshold cycle value, CT, of the

gene of interest is compared to the CT value of a single-

copy reference gene. The difference in CT values is then

used to derive copy number (Bieche et al., 1998). This

binternal standardQ qPCR-based method was first used to

detect gene-amplification in breast-cancer cell lines and

has been employed to a limited extent in microorgan-

isms. For example, it was used in Listeria monocyto-

genes (with mixed success) to quantify 23S rDNA copy

number relative to the single copy gene hylA (Nogva and

Rudi, 2004) and in Escherichia coli to monitor copy

number variations of mutant ColE1-based plasmids rel-

ative to (presumably multi-copy) 16S rDNA (Tao et al.,

2005).

The objectives of this study were to investigate

whether binternal standardQ qPCR (1) can be used to

determine the absolute copy number of a plasmid and

(2) is broadly applicable for copy number determina-

tion of chromosomally encoded, potentially multi-

copy genetic elements (e.g. rRNA genes and insertion

sequences). Three distinct aspects were investigated:

(1) whether results were the same with three different

qPCR template sources (whole cells, total DNA

extracts, and restriction-enzyme digested DNA

extracts, which, respectively, require greater levels of

sample preparation); (2) whether two methods for

converting qPCR-derived data into copy number

yielded similar values; and (3) for studies with the

plasmid, whether amplicons targeting different regions

of the plasmid provide comparable results. To address

the objectives, we used Comamonas sp. strain JS46

(Nadeau and Spain, 1995), a 3-nitrobenzoate-degrad-

ing bacterium currently being studied in our laborato-

ry. We estimate copy number of pJS46 (a ~2.5 kb

cryptic plasmid) and ISCsp1, IS1071, and 16S rDNA

(three chromosomally encoded elements) using as a

reference gene mnbA (chromosomally encoded, codes

for the 3-nitrobenzoate oxygenase). mnbA is a single-

copy element (Providenti et al., submitted for publi-

cation) and thus a good reference standard for these

studies. ISCsp1 is also present in single copy (Provi-
denti et al., submitted for publication) and thus ideal

for testing the accuracy of the method, while pJS46,

16S rDNA, and IS1071 are all of unknown copy

number but are good targets for addressing the objec-

tives of the study as sequence information is already

available (IS1071) or obtainable (pJS46, 16S rDNA).

2. Materials and methods

2.1. Growth of Comamonas sp. strain JS46 and molec-

ular techniques

Comamonas sp. strain JS46 (Nadeau and Spain,

1995) was grown to mid-log phase at 30 8C in minimal

medium A (Wyndham, 1986) supplemented with 4 mM

3-nitrobenzoate. This ensured retention of the mnb

locus and ISCsp1, which, in the absence of selective

pressure, can be lost because of homologous recombi-

nation between the flanking IS1071 elements of

TnMnb1 (Fig. 1a) (Providenti et al., submitted for

publication). Total DNA was isolated from ~108 cells

using the GenElute Bacterial Genomic DNA kit

(Sigma, Oakville, Ontario, Canada) and DNA concen-

tration was determined spectrophotometrically. Other

DNA manipulations (e.g. plasmid DNA preparations

by alkaline lysis for cloning purposes, agarose electro-

phoresis, Southern blot transfer) were performed

according to standard protocols (Sambrook and Russell,

2001). Restriction enzymes and T4 DNA ligase were

from New England Biolabs (Mississauga, Ontario,

Canada) and used according to manufacturer’s recom-

mendations. Routine non-quantitative PCRs were con-

ducted in a Biometra T3 Thermocycler (Montreal

Biotech, Montreal, Quebec, Canada) in a total volume

of 20 AL using Taq polymerase (Invitrogen, Burlington,

Ontario, Canada). Concentrations of primers, dNTPs,

MgCl2, and DNA template (1 to 0.01 ng) were as

recommended by Invitrogen. The following general

PCR conditions were used: initial denaturation at 95

8C for 3 min; 20 to 30 cycles at 95 8C for 35 s

(denaturation), 55 to 60 8C for 35 s (primer annealing),

and 72 8C for 35 to 90 s (extension); and a final

extension at 72 8C for 10 min. Oligonucleotide primers

were synthesized by SigmaGenosys (Oakville, Ontario,

Canada).

2.2. Sequencing of 16S rDNA and pJS46 and bio-

informatic analyses

The 16S rDNA sequence of Comamonas sp. strain

JS46 was determined as follows: the product of a

PCR with primers 63F and 1387R (Marchesi et al.,



Fig. 1. Physical maps of various genetic elements from Comamonas sp. strain JS46 used in this study, such as: (A) chromosomally encoded

TnMnb1, the putative IS1071-based composite transposon harbouring mnbA and ISCsp1, which interrupts one copy of IS1071; (B) pJS46, a

plasmid harbouring a single open reading frame (repA) tentatively coding for a protein that initiates rolling circle replication; and (C) the

chromosomally encoded gene for 16S rRNA. Indicated in (A) to (C) are the locations of selected restriction enzyme sites relevant to this study and

areas targeted by qPCR primer-pairs. Also indicated in (A) are the coding regions of the putative transposases (tnpA) for ISCsp1 and IS1071 and the

inverted repeats flanking IS1071 (IR-L and IR-R); in (B), an unsequenced region of pJS46; and in (B) and (C), the binding regions of primers used

for PCR-amplification of sections of pJS46 (PJSOUT-1 and PJSOUT-2) and 16S rDNA (63F and 1387R).
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1998a; Marchesi et al., 1998b) (using total DNA from

strain JS46 as template) was cloned into pCR2.1-

TOPO, transformed into E. coli TOP10 (Invitrogen),

and sequenced with vector-specific M13R and M13F

primers. The sequence of all but a small section of

pJS46 (see Fig. 1b) was determined as follows: pJS46

was digested with Sau3AI and the largest fragment

that was generated (~1.6 kb) was cloned into the

BamHI site of pUC18Not.1 (Providenti et al.,

2001), transformed into E. coli DH5a, and sequenced

by primer-walking after initial sequencing with vec-

tor-specific M13R and M13F primers. Primer-pair

PJS-OUT1+PJS-OUT2 (Table 1), which point out-

wards from the cloned section of pJS46 (Fig. 1b),

was then used to PCR-amplify the remainder of

pJS46 and the amplicon was cloned into pCR2.1-

TOPO and sequenced as described above for 16S

rDNA. Sequences were determined by the chain-ter-

minating dideoxy method on ABI Prism Automated

Sequencers (Macrogen, Seoul, Korea).

The 16S rDNA sequence was analyzed against

entries in the Ribosomal Database Project II (Cole

et al., 2003) using the on-line Sequence Match net-
work service at The Center for Microbial Ecology

(Michigan State University, East Lansing, Michigan,

USA; http://rdp.cme.msu.edu/index.jsp). The nucleo-

tide sequence of pJS46 was compared to entries in

GenBank, and potential open reading frames (ORFs)

were compared to entries in the Protein Family data-

base (Bateman et al., 2004) and Clusters of Ortholo-

gous Groups of proteins database (Tatusov et al.,

2001). Comparisons were done on-line using the

BLAST (Altschul et al., 1997) and Conserved

Domains Database (Marchler-Bauer et al., 2003) net-

work service of the National Center for Biotechnolo-

gy Information (Bethesda, Maryland, USA; http://

www.ncbi.nlm.nih.gov).

2.3. qPCR analyses

Oligonucleotide primers for qPCR were designed

with DNAMAN (Version 4.11, Lynnon, Vaudreuil-

Dorion, Quebec, Canada). Criteria used during primer

design were that primers have predicted Tmc63 8C
and that they generate amplicons ~175 bp long.

Primer sequences and GenBank accession numbers

http://rdp.cme.msu.edu/index.jsp
http://www.ncbi.nlm.nih.gov


Table 1

Oligonucleotide primers used in this studya

Primer or

primer-pair

Sequence of primer or primer-pair (5Vto 3V) Amplicon size

and Tm
b

Target Comments on target and/or applications of primer or

primer-pair

MnbA-F+

MnbA-R

GCATAGAGAAAGACGGGCTTCG GCGGTCCCATGTAGATGAATACC 174 bp 86 8C mnbA Primer-pair used to target mnbA, the single copy reference

standard. MnbA-F also used to construct composite Southern

blot probe (see below).

Csp1-F+Csp1-R ACACCTTCAGCCAGAACTTGG GTACCCGGTGGTGTTCTTCGAT 168 bp 87 8C ISCsp1 Primer-pair used for qPCR quantification of ISCsp1.

16S-F+16S-R TACCAAGCCTGCGATCTGTAGC AAAGCAGTTTACAACCCGAGGG 171 bp 85 8C 16S rDNA Primer-pair used for qPCR quantification of 16S rDNA.

Primer-pair also used to generate Southern blot probe.

IS-F+IS-R GCTTGGTCACTTCTGGGTCTTC CTATGCCCGTCTATCGTTACCC 180 bp 85 8C IS1071 Primer-pair used for qPCR quantification of IS1071.

Primer-pair also

used to generate Southern blot probe.

PJS-F1+PJS-R1 ATATCGCTCGCTTCATTGATGC CAGGAAATCATGAATCGCCAAC 176 bp 84 8C pJS46 Primer-pair used for qPCR quantification of pJS46. PJS-F1

also used to construct composite Southern blot probe

(see below).

PJS-F2+PJS-R2 CAACCGACATGGAAAGTCTAGC GTGGCTCGTAAATTCGCATTAG 177 bp 90 8C pJS46 Primer-pair used for qPCR quantification of pJS46.

PJS-F3+PJS-R3 CTGATCGCTAAGCAATCGACG GACAGTCACGAATTGTAGGAAATGA 177 bp 86 8C pJS46 Primer-pair used for qPCR quantification of pJS46.

PJS46-OUT1+

PJS46-OUT2

ACGTTGGACGAGTTTGACGC CGGAAGCACTCGGAGAACTC ~1390 bp n.d.c pJS46 Primer-pair used for amplification of uncloned portion of

pJS46.

Hyb-R GTTGGCGATTCATGATTTCCTGGCGGTCCCATGTAGATGAATACCd 196 bp n.d. mnbA and

pJS46

Hyb-R is paired with MnbA-F and used to generate a portion

of composite Southern blot probe that targets both mnbA and

pJS46.

Hyb-F GGTATTCATCTACATGGGACCGCCAGGAAATCATGAATCGCCAACe 199 bp n.d. mnbA and

pJS46

Hyb-F is paired with PJS-R1 and used to generate a portion

of the composite Southern blot probe that targets both mnbA

and pJS46.

a GenBank accession numbers for sequences used to design the primers are M65135 for IS1071 (Nakatsu et al., 1991), AY639949 for mnbA (Providenti et al., submitted for publication),

AY639948 for ISCsp1 (Providenti et al., submitted for publication), AY819705 for the 16S rDNA, and AY819706 for the sequenced portion of pJS46 (this study).
b Melting points (Tm) are based on melting curve analyses following qPCRs.
c n.d., not determined.
d Note that Hyb-R is the reverse complement of Hyb-F. Furthermore, the first half of Hyb-R is the reverse complement of PJS-R1 and the second half is identical to MnbA-R.
e Note that Hyb-F is the reverse complement of Hyb-R. Furthermore, the first half of Hyb-F is the reverse complement of MnbA-R and the second half is identical to PJS-R1.
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ig. 2. Summary of the two methods for establishing DCT relative to

ingle-copy reference standard mnbA, using as an example qPCR data

om an amplicon targeting pJS46. (A) Three DCT values are obtained

y comparing CT values at each of the three concentrations analyzed.

hree copy number values are then derived using FDCt, where F is the

mplification factor for pJS46 (in this example, F =2). A mean copy

umber value is obtained by averaging the latter three values. (B) A

ingle DCT value is obtained by comparing the y-axis intercepts

erived from the two lines-of-best-fit shown in (A). Copy number

then derived as in (A).
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for the sequences used to design the primers are

listed in Table 1. Relative positions of the targets

for the various qPCR primer-pairs are graphically

displayed in Fig. 1.

qPCRs were conducted in a total volume of 20 AL
using a Chromo4 thermal cycler (MJ Research, Tor-

onto, Ontario, Canada) or a Corbett Research Rotor-

Gene thermal cycler (Montreal Biotech) and the

Finnzyme DyNAmo HS SYBR Green qPCR kit

(MJ Research), as per manufacturer’s recommenda-

tions. Decimally diluted unrestricted or restriction

enzyme-digested total DNA extracts (1, 0.1, or 0.01

ng per reaction; see Results for restriction enzymes) or

whole cells of mid-log phase JS46 (diluted in aqueous

dimethylsulfoxide [20% v/v final concentration] to pro-

mote cell lysis; ~105 to ~103 cells per reaction) were

analyzed using 0.3 AM (final concentration) of the

relevant forward and reverse primer of each primer-

pair. So as to minimize pipetting error, 2 to 4 AL of

template were added to the individual qPCRs. Reac-

tions were initiated with a 15 min incubation at 95 8C
followed by up to 35 cycles at 94 8C for 20 s (dena-

turation), 62 8C for 20 s (primer annealing), and 72 8C
for 20 s (elongation). Fluorescence data acquisition

(~10 s duration) was at 78 8C following the extension

step, and threshold was set to 0.04 relative fluorescence

units (maximum values ranged from 0.25 to 0.3 units).

In template-free negative controls, no amplicons were

generated. One to three independent qPCR trials were

conducted for each template source. In each trial, trip-

licate samples of the three different amounts of template

were analyzed.

Copy number was calculated using FDCt. F is the

amplification factor of the qPCR amplicon and was

empirically determined each qPCR trial using the

software provided with the thermal cycler. F =2 if

the product amplifies at 100% efficiency (i.e. the

amount of amplicon doubles every cycle during the

exponential phase of the PCR). DCT is the difference

in mean CT (threshold cycle) value of the amplicon

targeting mnbA (single-copy reference standard for

these studies) and mean CT value of the amplicon

whose copy number is being estimated. DCT was

determined two ways. (1) By comparing y-axis inter-

cepts from lines-of-best-fit in plots of CT (ordinate)

vs. template concentration (abscissa). Y-intercept

values were obtained from plots generated by the

software provided with the thermal cyclers. (2) By

comparing CT values at each of the three template

concentrations analyzed during each qPCR trial. A

mean copy number was then calculated from the

three derived copy number values using standard
spreadsheet programs. If the standard deviation of

the mean was z20%, the outlier was removed

when determining the average value. The two meth-

ods for establishing DCT values are graphically sum-

marized in Fig. 2.

2.4. Southern blot analyses

Southern blots (SB) of restricted total DNA (~1 Ag
DNA per lane; enzymes described in the Results)

were analyzed using a non-radioactive digoxigenin

(Dig)-based system (Roche Molecular Biochemicals,

Laval, Québec, Canada). Blots were performed at

high stringency (e.g. hybridization at 68 8C; low salt

washes) as per manufacturer’s recommendations

(Roche) with probes specific for IS1071 (180 bp
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long, generated by PCR with primer-pair IS-F+IS-R),

16S rDNA (171 bp long, generated by PCR with prim-

er-pair 16S-F+16S-R), and a composite-probe specific

for both mnbA and pJS46 (350 bp long). The compos-

ite-probe was generated by first conducting two sepa-

rate PCRs with primer-pairs MnbA-F1+Hyb-R and

PJS-F1+Hyb-F then combining ~0.1 ng of each

PCR-product and re-amplifying with primer-pair

MnbA-F1+PJS-F1. Because Hyb-R and Hyb-F are

reverse complements of each other, the 3Vends of the

products of the first two PCRs are complementary to

each other and thus initially prime extension during the

second PCR. Primer sequences are listed in Table 1.

Dig-labelled probes were generated by end-labelling

gel-purified PCR products with Dig-11-ddUTP using

terminal transferase or by incorporating Dig-11-dUTP

during PCR, and probe-positive fragments were visu-

alized by chemiluminescence, as per manufacturer’s

recommendations (Roche). Sub-saturation images of

the blots were captured with a SynGene ChemiGenius

gel documentation system (Perkin-Elmer, Woodbridge,

Ontario, Canada). Band intensity was determined by

line-densitometry analysis of images with a rolling-disk

baseline, using software from the AlphaImager 2200

gel documentation system (AlphaInnotech, San Lean-

dro, CA, USA).

2.5. Nucleotide sequence accession numbers

Accession numbers for novel sequences reported in

this study are AY819705 for the 16S rDNA of Coma-

monas sp. strain JS46 and AY819706 for the sequenced

portion of pJS46.

3. Results

3.1. Analyses of pJS46 and 16S rDNA sequences

For this study, it was first necessary to sequence

cryptic plasmid pJS46 and the 16S rRNA gene of

strain JS46. For pJS46, 2299 bp of the ~2.5 kb

plasmid were sequenced (see more in Discussion),

and while no entries in the nucleotide database showed

significant homology to this portion, an ORF was

uncovered (Fig. 1b) harbouring a Rep_1-protein do-

main (pfam01446). Members of this family initiate

rolling-circle replication (RCR) in various plasmids,

and the ORF in pJS46 was ~30% identical to several

functionally characterized RCR Rep proteins (GenBank

accession number in brackets), such as the one from

pIJ101 (M21778) (Kendall and Cohen, 1988), pJV1

(U23762) (Servin-Gonzalez et al., 1995), and pAP1
(U83788) (Billington et al., 1998). The majority of

the 16S rRNA gene was sequenced and it was 96%

identical to the 16S rDNA of various C. testosteroni

strains, including that of the type strain ATCC 11996.

3.2. qPCR analyses: effect of template source on F and

level of variation within and between trials

qPCR analyses were conducted with three different

template sources (whole cells, total DNA, and restric-

tion enzyme digested total DNA) using seven different

amplicons targeting various loci (Table 1). qPCR-

based quantification requires that amplification factors

(F) for the reference standard and the test amplicons

be equal. Mean F valuesF standard deviation for all

seven qPCR amplicons were 1.65F0.09 with whole

cells, 1.99F0.06 with undigested total DNA, and

1.81F0.07 with digested total DNA. F values within

a template source did not differ significantly

( pz0.26) but did differ significantly between tem-

plate sources ( pV0.01; non-paired and paired 2-tailed

t-tests). Therefore, because the seven amplicons had

very similar amplification kinetics within each template

source, quantitative comparisons were valid. Melting

curve analysis indicated that the test amplicons had

melting points that did not differ by more than 4 8C
from the reference standard (Table 1), suggesting over-

all similar denaturation properties, which likely contri-

butes to the minimal variation in F within a given

template source.

Within each trial and for all qPCR amplicons, mean

CT values routinely varied by V2% for the three repli-

cates analyzed at each of the three template concentra-

tions tested. Furthermore, lines-of-best-fit in plots

relating mean CT values to template concentration

had high correlation coefficients (r2z99.7). Lastly,

between independent trials, little variation was ob-

served in DCT values and thus final derivation of

copy number (V15% difference).

3.3. Copy number values determined by qPCR

qPCR-derived copy number values for pJS46,

IS1071, ISCsp1, and 16S rDNA are summarized in

Table 2. DCT values were established by two different

methods (see Materials and methods and graphical sum-

mary in Fig. 2), but the effect on final determination of

copy number was small (V15% difference between the

two derived values; see Table 2). The only exception

was in copy number determinations of IS1071 with

digested DNA as the template, where a 20% difference

in derived values was observed (Table 2). This slightly



Table 2

Copy number of various genetic elements as determined by qPCR analysisa

Target Primer pair Copy number relative to mnbA using as template source:

Whole cells Total DNA Digested total DNAb

DCT from

interceptc
DCT at each

concentrationd
DCT from

intercept

DCT at each

concentration

DCT from

intercept

DCT at each

concentration

mnbA MnbA-F+MnbA-R 1 1 1 1 1 1

ISCsp1 Csp1-F+Csp1-R 1.1 1.0 1.1 1.2 0.8 0.8

16S rDNA 16S-F+16S-R 1.1 1.2 1.9 1.9 1.4 1.4

IS1071 IS-F+IS-R 4.5 4.0 5.3 5.2 5.3 6.6

pJS46 PJS-F1+PJS-R1 3.9 3.5 12 14 24 25

PJS-F2+PJS-R2 n.d.e n.d. 7.0 7.6 18 19

PJS-F3+PJS-R3 3.2 3.0 8.3 9.4 23 25

a Averages of two to three independent trials are presented, and results varied by V15%.
b Total DNA was digested with SacI, SacII, or EcoRV. Values represent the averages of values derived from single trials with samples digested

with each enzyme (for pJS46) or only the latter two enzymes (ISCsp1, 16S rDNA, IS1071).
c DCT, and thus copy number, was determined using the y-axis intercepts derived from lines-of-best-fit of plots of CT vs. DNA concentration. See

Materials and methods and Fig. 2 for more detail.
d DCT, and thus copy number, was determined at each of the three concentrations analyzed. Copy number values presented in the table are an

average derived from two to three DCT values. See Materials and methods and Fig. 2 for more detail.
e n.d., not determined.
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higher level of variation, though, was exclusively be-

cause of differences between values derived from ana-

lyses of the two independently digested total DNA

samples (see Table 2, footnote [b]) and not because of

differences between values derived from each the inde-

pendent trial.

Derived copy number values for pJS46 varied dra-

matically based on the template source: an average

value of 3.4F0.4 copies was obtained with whole

cells, 9.7F2.7 copies with undigested total DNA,

and 22F3.1 copies with digested total DNA (Table

2). Three different primer-pairs targeting distinct

regions of pJS46 were used (Fig. 1b) and copy num-

ber values obtained with the three were very similar,

except with undigested total DNA, where analyses

with primer-pair PJS-F1+PJS-R1 resulted in a higher

copy number value relative to those obtained with the

other two primer pairs (Table 2). This difference

resulted in the higher level of variation observed

with undigested total DNA (see above).

For the chromosomally encoded elements, less tem-

plate source-dependent variation was observed (Table 2).

With ISCsp1 (single copy element; see Introduction),

template source had virtually no effect on copy number

determination (average value 1.0F0.2). For 16S rDNA

(which is a single copy element based on SB results

presented below), derived copy number values amongst

the three templates differed by ~1, with whole cells

indicating 1.2F0.1 copies and total DNA 1.9 copies.

For IS1071 (which is a multi-copy element based on

SB results presented below), derived copy number
values differed by ~2, with whole cells indicating

4.3F0.4 copies and digested total DNA indicating

6.0F0.9 copies.

3.4. Copy number values determined by Southern blot

analysis

For comparison purposes, the copy number of

pJS46, IS1071, and 16S rDNA was determined by a

hybridization-based method (blots are presented in Fig.

3). The copy number of pJS46 was determined using a

composite probe targeting both mnbA and pJS46 (see

Materials and methods). Total DNA was digested with

EcoRV, EagI, SacI, or SacII, which cut pJS46 once

(resulting in a ~2.5 kb fragment, Fig. 1a) and generate

mnbA-positive fragments of distinct but predictable

sizes (respectively, 2.1, 2.0, 3.8, and 5.7 kb; Fig. 1b).

This controlled for possible bias in copy number deter-

minations that could result from variations in transfer

efficiency of differently sized DNA fragments during

blotting. Based on the relative intensity of the pJS46-

positive band and mnbA-positive band in each lane, the

copy number of pJS46 is ~21, 16, 28, and 31, respec-

tively (Fig. 3a).

The copy number of IS1071, based on a simple

count of probe-positive bands in total DNA digested

with EcoRV, BamHI, SacII, and SalI, is 5, 3, 5, and 5,

respectively (Fig. 3b). Based on a relative-intensity

approach, performed by comparing the intensity of

probe-positive bands in each digest to that of the least

intense band in the respective lane (indicated in Fig. 3b



Fig. 3. Southern blot analysis of restriction enzyme-digested total DNA hybridized with: (A) a composite probe targeting both pJS46 and mnbA; (B)

a probe for IS1071; and (C) a probe for 16S rDNA. Indicated to the left of each blot are the positions of the DNA standards. Sizes are in

kilobasepairs (kb). Indicated above each lane is the restriction enzyme used. In (A), the major band at ~2.5 kb is pJS46 and the lighter bands of

varying size (indicated with a white arrow) harbour mnbA and were used as a quantitation reference during densitometric analyses. In (B), bands

indicated with a white arrow are the lowest intensity band for that lane and were assumed to be at single copy during densitometric analyses (see

Results for details).
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and designated as 1), the copy number is ~6, 5, 10, and

10, respectively. Based on the relative intensity of the

probe-positive bands in the NheI digest, the copy num-

ber is ~4. NheI cuts within the inverted repeats flanking

IS1071 and IS1071::ISCsp1. Two bands are thus gen-

erated regardless of genetic context; a 4.5 kb band

representing single-copy IS1071::ISCsp1 and a 3.1 kb

fragment representing the multiple copies of IS1071

(Fig. 1a).

The copy number of 16S rDNA is 1 based on the

single high-intensity bands observed in blots of total

DNA digested with SacII, NdeI, PstI, and PvuII. Probe-

positive fragments ranged in size from ~2.1 to ~6 kb

(Fig. 3c). The fainter bands visible above the main

bands are likely the result of non-specific hybridization.

Alternatively, during generation of the probe, small

amounts of a non-target sequence were inadvertently

amplified, resulting in a probe that hybridizes to 16S

rDNA as well as the non-target sequence.

4. Discussion

4.1. pJS46: sequencing and sequence analysis

Approximately 90% of pJS46 was sequenced, and

based on comparisons to entries in genetic databases

and copy number determination, it is a novel, medium

copy-number plasmid. A single ORF that putatively

codes for a Rep_1-like protein was detected (see

Results for description of this family), suggesting that

pJS46 may reproduce by a rolling-circle mechanism

(Khan, 2004). Attempts to sequence a ~200 bp portion
of pJS46 have so far failed (indicated in Fig. 1b). There

may be strong secondary structure in this area, possibly

the region of dyad symmetry which acts as the origin of

replication in RCR plasmids (Khan, 2004). Secondary

structure could prevent the sequencing polymerase

from proceeding under the conditions used (extension

temperature of 60 8C). We have successfully amplified

through this region using PCR (data not shown), and

we are currently attempting to complete the sequence of

pJS46 using a higher extension temperature. The full

sequence of pJS46 along with more detailed molecular

analyses of the putative Rep_1-like protein will be

presented elsewhere.

Various plasmids have been described in Comamo-

nas spp., such as the ~75 kb IncP-based plasmids

pBRC40 (Burlage et al., 1990; Wyndham et al., 1988)

and pTSA (Junker and Cook, 1997; Tralau et al., 2001)

and the 15.4 kb cryptic plasmid pPT1 (unpublished,

deposited in GenBank under accession number

AF076997). However, pJS46 is the smallest Comamo-

nas plasmid described to date. Apparently, it is also the

simplest in that it appears to only code for a protein

controlling its own replication.

4.2. 16S rDNA: sequence analysis and copy number

The 16S rDNA sequence of strain JS46 confirms its

original placement within the Comamonadaceae

(Nadeau and Spain, 1995), but additional loci (Stack-

ebrandt et al., 2002; Zeigler, 2003) need to be analyzed

to determine if JS46 represents a new species or simply

a distinct C. testosteroni strain. Based on SB analysis,
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there is a single 16S rDNA in strain JS46 (Fig. 2c),

which is, to our knowledge, the lowest number reported

to date for a member of the order Burkholderiales

(Klappenbach et al., 2001).

4.3. qPCR analyses: effect of template source on F and

copy number derivation

The qPCR analyses conducted in this study were

done using three different template sources: (1) whole

cells, which required the least amount of sample manip-

ulation and presumably introduces no extraction-based

bias of plasmid DNA relative to genomic DNA; (2)

total DNA, which is the most-commonly used template

for qPCR but requires some sample manipulation; and

(3) restriction-enzyme digested total DNA, which im-

proved results for pJS46 (see more below) but required

additional sample processing. F values for the qPCR

amplicons differed significantly between template

sources, with undigested total DNA resulting in average

F values closest to the ideal value of 2. In contrast, with

digested total DNA and whole cells, average F values

were ~10% and 20% lower, respectively (see Results).

Reasons for the lower F values in the latter two were

not explored, but it may be due to the presence of

substances inhibitory to PCR such as salts and, in the

case of whole cells, cellular matter and other nucleic

acids. Within a given template source, though, all

amplicons had similar F values (see Results), indicating

virtually identical amplification efficiencies, an abso-

lute requirement for quantitative analyses.

For the chromosomally encoded loci, template source

had either no effect on derivation of a copy number value

(ISCsp1) or a relatively minor effect (16S rDNA and

IS1071, for which derived values differed by ~1 to 2

copies). In contrast, for pJS46, the effect was profound:

average values derived with whole cells were ~1/3 of

those derived with total DNA, which were in turn ~1/2 of

those derived with digested total DNA (Table 2). Suzuki

et al. also observed delayed CT values when qPCR

targets (normalized so that equal number of copies

were analyzed per reaction) are harboured in supercoiled

plasmid DNAversus linearized plasmid DNA (Suzuki et

al., 2000). Reasons for the template source effect on

qPCR-based derivation of copy number of pJS46 are

not clear. However, agarose gel analyses of undigested

total DNA indicate that most of pJS46 is in a super-coiled

form (data not shown). Furthermore, pJS46 in whole

cells is likely associated with proteins and/or cellular

structures (e.g. plasma membrane). These factors could

decrease accessibility of target sequences to primers and

thus delay initial generation of amplicons, relative to the
reference standard (as discussed above, the amplification

characteristics of chromosomal targets relative to the

reference standard showed little template-source varia-

tion). Lower accessibility of different regions of pJS46

could also explain the differences in copy number values

derived from qPCRs with primer-pair PJSF1+PJSR1

relative to those derived with the other two primer-

pairs targeting pJS46 in analyses of total DNA (see

Results). Purification of DNA combined with lineari-

zation of pJS46 via restriction digestion relieves this

apparent lower accessibility. The effect of genetic con-

text during the early phases of PCR, and more signif-

icantly, non-geometric amplification of amplicons

during the early phases of PCR, were also suggested

as reasons why quantification by binternal standardQ
qPCR can underestimate copy number (Nogva and

Rudi, 2004).

4.4. Comparison of qPCR derived copy number values

to those derived from Southern blot analyses

Relative to values obtained by SB, qPCR analyses of

the multi-copy elements using restriction enzyme

digested total DNA as template resulted in values that

were within the same range (average values for pJS46

were 24F6.8 by SB vs. 22F3.1 by qPCR; for IS1071,

7F2.8 by SB vs. 6F0.9 qPCR). In the case of the

single copy elements (ISCsp1 and 16S rDNA), values

were virtually identical (Table 2 and Results). This

indicates that qPCR analyses of restriction enzyme

digested total DNA generate values that are very similar

to the btrueQ copy number, as determined by the bgold
standardQ hybridization-based method for copy number

determination. It is noteworthy, though, that copy num-

ber determination by SB analysis is itself not free of

ambiguity, as shown here with IS1071 and pJS46.

Signal intensity in blots is dependent on at least two

factors; copy number and sequence identity. Therefore,

genetic elements with partial identity to the probe may

yield non-stoichiometric densitometry values, even

under high-stringency conditions such as the one used

in this study. So, for example, in the blots probed for

IS1071, low intensity bands (in particular, the bands in

the EcoRV, BamHI, SacII, and SalI lane that were

designated as single copy; see Fig. 3b) may in fact

reflect sequences with lower identity, making the

copy number values derived by standard densitometry

analysis (see Results) artificially high. Presumably, this

is not a problem with the other elements targeted in this

study, which likely lack sequence polymorphisms as

they are either single-copy elements (mnbA, 16S

rDNA) or plasmids (pJS46).



Fig. 4. Template-source effect on copy number determination by

qPCR of the various genetic elements analyzed in this study (indi-

cated), relative to values obtained by Southern blot analysis. The

range of copy number values obtained by the two methods is indi-

cated for each element.
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A graph comparing qPCR-derived copy number

values to those derived from SB analysis is presented

in Fig. 4. It summarizes how qPCR-derived values

obtained with the three template sources differ from

those derived by SB analysis (which were conducted

with digested total DNA), and displays the level of

variation observed with both methods.

5. Summary and concluding statements

The results presented here indicate that binternal
standardQ qPCR can be used with prokaryotes to deter-

mine the copy number of various genetic elements. In

summary, we found that:

(1) For plasmids (or at least small plasmids), accurate

qPCR-based copy number results are obtained

with total DNA extracts treated with a restriction

enzyme that linearizes the plasmid.

(2) For chromosomal targets, qPCR-based copy

number analyses can be conducted with whole

cells or total DNA extracts.

(3) DCT and thus copy number values can be

obtained by two methods (Fig. 2). However, be-

cause DCT values obtained from comparisons of

intercepts require the least amount of data analy-

sis and, in effect, average out the variation some-

times observed when establishing DCT at each

individual concentration (see comment in Materi-

als and methods), we feel it to be the better

method for deriving copy number values from
qPCR data. However, regardless of the method

by which DCT is established, qPCR analyses of

at least three different concentrations of template

are recommended as this establishes F for the

amplicon in question, which does not always

equal 2 (an assumption often made by others

employing qPCR to study copy number, e.g.

Tao et al., 2005) and can vary between trials,

which thus impacts derivation of copy number

values.

Hybridization-based methods such as SB should

still be used to complement any qPCR-based analysis

of copy number. For analyses of pJS46 copy number

by SB, we used a composite-probe that hybridized to

both the plasmid and the single-copy reference stan-

dard, an approach similar to methods described previ-

ously (Devine et al., 1989; Titok et al., 2003) but

novel in that the composite-probe was generated by

PCR (see Materials and methods). The inherent bene-

fits of creation of a composite probe by a PCR-based

method include, for example, the ability to avoid time-

consuming assembly of constructs by cloning, the flex-

ibility of targeting any set of sequences, and the oppor-

tunity to incorporate label during PCR.

One particular strength of qPCR-based copy num-

ber determination relative to a hybridization-based

method like SB is the time savings: results are

obtained within 3 h vs. 24 to 48 h. Furthermore, the

qPCR method described here relies on SYBR Green-

based fluorescence. Therefore, standard PCR primers

can be used, which (1) does not require synthesis of

more expensive fluorescently labelled oligonucleotides

such as those used in 5V-nuclease-based qPCR analyses

and (2) obviates concerns regarding the various factors

that impact F values in qPCRs with fluorescently

labelled oligonucleotides (see User Bulletin #2 of

ABI PRISM 7700 Sequence Detection System, avail-

able at http://docs.appliedbiosystems.com/pebiodocs/

04303859.pdf).

The qPCR method explored here has other poten-

tial applications. For example, IS1071 (Nakatsu et al.,

1991) is a widespread insertion sequence associated

with diverse genetic elements and is proposed to be

involved in the mobilization and horizontal dissemi-

nation of catabolic genes for various pollutants

amongst bacteria (Nojiri et al., 2004; Wyndham

et al., 1994). The techniques explored here could be

used to study the dynamics of IS1071 or other similar

unstable or mobile elements in bacterial populations

under, for example, different selective pressures or

stresses.

http://docs.appliedbiosystems.com/pebiodocs/04303859.pdf
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