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Abstract

Bacteria can be considered as biological nanofactories that manufacture a cornucopia of
bioproducts most notably recombinant proteins. As such, they must perfectly match with
appropriate plasmid vectors to ensure successful overexpression of target genes. Among
many parameters that correlate positively with protein productivity plasmid copy number
plays pivotal role. Therefore, development of new and more accurate methods to assess
this critical parameter will result in optimization of expression of plasmid-encoded genes. In
this study, we present a simple and highly accurate method for quantifying plasmid copy
number utilizing an EvaGreen single colour, droplet digital PCR. We demonstrate the effec-
tiveness of this method by examining the copy number of the pBR322 vector within Escheri-
chia coliDH5a cells. The obtained results were successfully validated by real-time PCR.
However, we observed a strong dependency of the plasmid copy number on the method
chosen for isolation of the total DNA. We found that application of silica-membrane-based
columns for DNA purification or DNA isolation with use of bead-beating, a mechanical cell
disruption lead to determination of an average of 20.5 or 7.3 plasmid copies per chromo-
some, respectively. We found that recovery of the chromosomal DNA from purification col-
umns was less efficient than plasmid DNA (46.5 + 1.9% and 87.4 + 5.5%, respectively)
which may lead to observed differences in plasmid copy number. Besides, the plasmid copy
number variations dependent on DNA template isolation method, we found that droplet digi-
tal PCR is a very convenient method for measuring bacterial plasmid content. Careful deter-
mination of plasmid copy number is essential for better understanding and optimization of
recombinant proteins production process. Droplet digital PCR is a very precise method that
allows performing thousands of individual PCR reactions in a single tube. The ddPCR does
not depend on running standard curves and is a straightforward and reliable method to
quantify the plasmid copy number. Therefore we believe that the ddPCR designed in this
study will be widely used for any plasmid copy number calculation in the future.

Introduction

Plasmids play an important role in molecular biology and biotechnology, primarily as vectors
for molecular cloning to facilitate the overproduction of recombinant proteins [1], but also as
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sophisticated nanotools for specialized applications in the genome engineering [2]. In a rapidly
growing field of gene therapy and genetic vaccination, naked or lipid-coated plasmid DNA is
also successfully applied to administer therapeutic genes [3] and is considered to be much
safer and easier to use than genetically modified viruses [4, 5]. Moreover, plasmid-oriented
studies provide insights to improve understanding of DNA replication, maintenance and
transfer strategies which are essential to all microorganisms [6, 7]. In this respect, among
many features that characterize these mobile genetic elements, the one which defines the num-
ber of plasmid units that are contained inside one bacterial cell is especially important, both
from a practical and a biological point of view.

Plasmid copy number (PCN) determines the gene dosage which is defined theoretically as
number of genetic units accessible for expression. Therefore, quantification of the plasmid
copy number is crucial in describing an expression system and exerts strong impact on protein
production [8]. Generally, high-copy plasmids are preferred for efficient overproduction of
recombinant proteins that do not affect the host viability, but in case of toxic or unstable pro-
teins, usually low-copy plasmids are used [1].

Numerous methods that have been developed for calculating the plasmid copy number can
be divided into two main categories: the direct and the indirect methods. The latter include the
correlation of plasmid copy number with the activity of an enzyme/protein coded on the plas-
mid [8]. The examples include B-lactamase, luciferase or green fluorescent reporter protein [9-
11]. These methods are prone to errors because the activity of such enzyme/protein, except for
their dependence on PCN, also relies on such factors as the mRNA stability, proteolysis and
protein folding, and these may vary significantly [8]. The direct methods include: (i) agarose gel
electrophoresis followed by densitometry [12, 13], (ii) capillary electrophoresis [14], (iii) CsCl
or ethidium bromide-CsCl gradient centrifugation [15], (iv) high-performance liquid chroma-
tography (HPLC) [16], and techniques based on radiolabelling of the nucleic acids [17]. All of
these techniques are either complicated, time-consuming, have poor reproducibility or can
cause safety problems with handling of radioactively labelled probes [13, 18]. Therefore, there is
a constant need for new and more accurate methods to determine the plasmid copy number.

Development of real-time polymerase chain reaction (qQPCR) for the detection and quantifi-
cation of nucleic acids opened a gate for application of qPCR for PCN determination in bacte-
ria [19]. To calculate the PCN, two single copy genes: one of the bacterial chromosome
(reference gene) and one of a plasmid (target gene) need to be amplified. The calculated copy
ratio of the target gene to the reference gene defines the PCN [20]. Two sensitive and precise
calculation methods: absolute and relative, are available for quantification of PCN by gPCR
[21]. However, both calculations rely on the presence of the external standards. Absolute quan-
tification determines the target gene copy number by relating the PCR signal to a standard
curve. Relative quantification (AACt method) presents the amount of the target gene in rela-
tion to the plasmid (calibrator), where both the target and the reference genes are at a constant
ratio of 1:1 [20, 22]. In summary, the accuracy of the absolute and relative gPCR quantifica-
tion, despite such factors as the sample preparation and the choice of a reference gene, largely
depends on the quality of the standard [19], and this is the main drawback of this method.

Recently, droplet digital PCR (ddPCR) emerged as a new technology that enables process-
ing of ~20,000 up to 1,000,000 separate PCR reactions in a single tube [23, 24]. This method
facilitates the accurate and precise quantitation of nucleic acid targets without the need for cal-
ibration curves and any external standards [23]. By using a droplet generator, it is possible to
partition a fluorescent-dye based PCR assay into a highly uniform, less than one-nanoliter-vol-
ume, water-in-oil droplets. Conventional PCR amplification is then performed in a thermal
cycler in 96-well PCR plates. The end-point measurement of the nucleic acid quantity is per-
formed by placing the plate in a ddPCR droplet reader. The reader sips droplets from each well
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and streams them in a single-file past a two-colour fluorescence detector at the rate of ~1,500
droplets per second. Droplets are annotated as positive or negative based on their fluorescence
amplitude, and the number of positive and negative signals is utilized to calculate the concen-
tration of the target DNA with use of Poisson statistics [23, 25]. The ddPCR allows to perform
either a duplex fluorescent-probe-based PCR assay or, more recently, a single colour fluores-
cent PCR with the use of a nonspecific DNA binding dye (EvaGreen). The technology based
on intercalation of the double-stranded DNA-binding dyes, such as EvaGreen, is simple and
inexpensive, and does not need any additional fluorescent-labelled probes [26]. By differentiat-
ing the length of the target and the reference amplicons, it is also possible to distinguish
between their fluorescent signals and quantify each of them independently in the same tube.

Here, we demonstrate the effectiveness of the ddPCR technology in determination of the
PCN in bacteria. In our report, we used as a model E. coli cells carrying the plasmid pBR322
[27]. We verified the accuracy of the novel digital methodology by comparing the copy number
calculations with the data obtained by real-time PCR. Moreover, we have shown that the DNA
extraction method (the commercial total DNA isolation kit vs mechanical cell disruption) can
affect the PCN assessment, as well as that this parameter depends on bacterial growth phase and
bacterial culture media used. We strongly believe that single colour, droplet digital PCR devel-
oped in this study can be used universally for the PCN determination of any plasmid.

Materials and Methods
Strains, plasmids and DNA isolation procedures

E. coli DH50. [pBR322] cells were cultured in (i) Luria-Bertani (LB) medium (SIGMA Aldrich),
(i) Terrific Broth (TB), comprised of per liter: 12.0 g Tryptone, 24.0 g Yeast Extract, 9.4 g
K,HPO,, 2.2 g KH,PO,, pH 7.2 + 0.2 at 25°C [28], (#ii) M9 minimal medium, comprised of
per liter: 6.8 g Na,HPO,, 3.0 g KH,PO,, 0.5 g NaCl, 1.0 g NH,Cl, 2 mM MgSO,4, 0.1 mM
CaCl,, 1 mM thiamine hydrochloride, and 0.2% (w/v) glucose, pH 7.4 [29] at 37°C with ad-
dition of 100 pug/ml of ampicillin (SIGMA Aldrich). At the mid-logarithmic growth phase
(ODggg of 0.5) or stationary growth phase (ODgg of 1.5, when indicated), 1-ml aliquots were
removed from the culture and the bacteria were harvested by centrifugation. The total DNA
was isolated either with the use of QIAamp DNA Mini Kit (QIA; Qiagen), following the pro-
tocol for bacterial cells (1 h lysis at 56°C), or by the bead-beating (BB) method. For the latter
procedure, the Hybaid RiboLyser (Hybaid, Teddington, UK) was used as a mechanical cell dis-
ruptor. The Zirconia/Silica (BioSpec Products) 1 mm beads (1.0 g) were placed in a screw-cap
2.0 ml sample tubes and bacteria suspended in buffer A (20 mM Tris-HCI pH 8.0, 50 mM
NaCl, 0.1% Triton X-100) were added. Then, the samples were homogenized for 45 s at the 6.5
speed setting and centrifuged (5 min, 20,000 x g). The resulting supernatant, containing the

E. coli total DNA, was aliquoted to avoid repeated freezing and thawing of the samples, frozen
in liquid nitrogen and stored at- 70°C for further analysis. The total DNA concentration after
isolation with QIAamp DNA Mini Kit was measured using a NanoDrop 1000 UV-VIS spec-
trophotometer (Thermo Scientific). The template DNA isolated with the use of the QlAamp
DNA Mini Kit was normalized to 2 ng ul "' and samples were stored frozen until further analy-
sis. Vector pGEM3Zf(+) (Promega) was used for molecular cloning. Recombinant plasmid
PGEM-dxs that was used as a calibrator, was constructed in this study and is deposited in the
Collection of Plasmids and Microorganisms, University of Gdansk, Poland.

Droplet digital PCR (ddPCR) assay conditions

Primers used in the droplet digital PCR were either used previously for bla and dxs qPCR ampli-
fication (Table 1; set A) [20] or designed in this study by using of Primer3Plus programme
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Table 1. Specification of primers used in this study.

A Sequences of primers used for real-time PCR and digital droplet PCR (set A)
Target Primers (5'—3’) Length (nt) Melting temperature (°C) Product size (bp)
bla Forward: CTACGATACGGGAGGGCTTA 20 53.8

Reverse: ATAAATCTGGAGCCGGTGAG 20 51.8 81
dxs Forward: CGAGAAACTGGCGATCCTTA 20 51.8

Reverse: CTTCATCAAGCGGTTTCACA 20 49.7 113
B Sequences of primers used for multiplex digital droplet PCR (set B)
Target Primers (5—3) Length (nt) Melting temperature (°C) Product size (bp)
bla Forward: GCACCTATCTCAGCGATCTG 20 53.8

Reverse: AGTTATCTACACGACGGGGA 20 51.8 69
axs Forward: GCTGGTCGATATGCGTTTTG 20 51.8

Reverse: GGGTACTGGTTTACGATGGG 20 53.8 160

doi:10.1371/journal.pone.0169846.t001

(Table 1B; set B). All primers were purchased form Genomed S.A. (Poland) and were designed
to be 20 bp in length and to have the melting temperature within 2.1°C of each other. The usage
of the set A primer pairs resulted in PCR product amplification with the length of 81 bp and
113 bp for bla and dxs, respectively. The length of the PCR products for multiplex reaction
(primer set B) was design to be 69 bp and 160 bp for bla and dxs, respectively. For each primer
pair, a simplex PCR was performed using E. coli DH5a. [pBR322] total DNA as a template, fol-
lowed by electrophoresis in 1.7% agarose gel to confirm the correct size of the product. For all
20 pl ddPCR reaction mixtures assembled, 2x EvaGreen ddPCR Supermix (Bio-Rad) and prim-
ers at a final concentration of 0.2 uM were included. No template controls (NTC) were used to
monitor contaminations and primer-dimer formation. Reactions were equilibrated for 3 min at
room temperature and dispensed into each well of the droplet generator DG8 cartridge (Bio-
Rad). Each oil compartment of the cartridge was filled with 70 pl of droplet generation oil for
EvaGreen (Bio-Rad), and approximately 20,000 droplets were generated at each well with use of
the droplet generator (Bio-Rad QX200). The entire droplet emulsion volume (40 pl) was further
loaded onto a 96-well PCR plate (Eppendorf). The plate was then heat sealed with a pierceable
foil in the PX1 PCR Plate Sealer (Bio-Rad), and placed in a Mastercycler ep gradient S thermo-
cycler (Eppendorf). The optimal thermal cycling conditions were used: 95°C for 5 min; 35 cycles
of 95°C for 30 s, 58°C for 30 s, 72°C for 1 min; and a final step at 72°C for 1 min. The reaction
mixtures were then held at 4°C until needed. The reactions were optimized with respect to the
primer annealing step (in the temperature range between 50 and 62°C) and 58°C has been cho-
sen as the annealing temperature for further analysis (data not shown). The cycled droplets
were read individually with the QX200 droplet-reader (Bio-Rad), and analysed with QuantaSoft
droplet reader software, version 1.6.6.0320 (Bio-Rad). The error reported for a single well was
the Poisson 95% confidence interval.

Construction of the standard curves for SYBR Green | gPCR

The D-1-deoxyxylulose 5-phosphate synthase gene (dxs, GenBank accession number
AF035440) was amplified by PCR from the E. coli DH50 genomic DNA using forward dxs_F:
5’ -GATCAAGCTTGATATCCTGAGTTCCTTGCGGAATAAAG -3’ and reverse dxs_R: 5’ -CT
AGAAGCTTCCGGTCCTGTITCG -3’ primer set (the HindIII site is underlined). 2 x PCR Mas-
terMix was used for DNA amplification, according to the manufacturer’s instructions (A&A
Biotechnology). The PCR product (0.58-kb) was digested with HindIII and then ligated into
pGEM-3Zf(+) (Promega) previously linearized with the same enzyme. The resulting construct
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(pGEM-dxs), was used to transform E. coli DH5a. [30]. The DNA sequence of the recombinant
clone was verified by sequencing. The pGEM-dxs plasmid contains two separate sequences,
specific for B-lactamase (bla) and dxs target genes. The concentration of the pGEM-dxs was
measured using Qubit dsSDNA BR Assay Kit (Invitrogen), according to the manufacturer’s rec-
ommendations, with the use of Qubit 2.0 Fluorometer (Invitrogen). The theoretical plasmid
copy number was calculated with the use of the ENDMEMO software: http://www.endmemo.
com/bio/dnacopynum.php. Five 10-fold dilutions of the pPGEM-dxs, ranging from 1 x 10’ to

1 x 10° copies pl ™, were used to construct the standard curves for bla and dxs, respectively.
Amplification of the target sequences (dxs and bla) was performed using previously published
primer sets which are listed in Table 1A (Set A) [20]. Real-time PCR amplification and analysis
were performed using a LightCycler 480 instrument with 1.5.0 software version (Roche Diag-
nostics). All real-time PCR runs were performed in triplicate, and each reaction mixture was
prepared with the use of a LightCycler 480 SYBR Green I Master kit (Roche Diagnostics). The
kit contains PCR-grade H,O and 2x concentrated Master mix (the mixture of FastStart Taq
DNA Polymerase, reaction buffer, ANTP mix (with dUTP instead of dTTP), SYBR Green I
dye, and MgCl,). The PCR reaction was performed in a total volume of 10 pl containing 3.0 pl
of PCR-grade H,O, 5 pl of 2x concentrated Master mix, 0.5 pl of each primer (final concentra-
tion 0.5 uM), and 1 pl template DNA at specified concentrations indicated.

The following thermal cycling conditions were used: 95°C for 10 min; 40 cycles of 95°C for
10, 62°C for 10 s, 72°C for 10 s. The fluorescence signal was measured at the end of each
extension step at 72°C. After amplification, a melting peak analysis with a temperature gradi-
ent of 0.1°C s™, from 70 to 95°C, was performed to confirm that only the specific products
were amplified. Finally, the samples were cooled down to 40°C for 30 s. Real-time PCR assays
were optimized with respect to the MgCl, concentration. We found that while no addition of
MgCl, was required for efficient amplification with use of the bla-primer set, in case of the dxs
gene detection it was necessary to supplement the reaction mixture with MgCl, to final con-
centration of 3 mM. Each standard curve was generated by the LightCycler480 SW 1.5 pro-
gramme. The values of the threshold cycles (Cr) for bla and dxs were determined by the “Fit
Points Method” software. The Cr values were plotted against the logarithm of a theoretical
copy number for each pGEM-dxs template dilution. Standard curves for bla and dxs were gen-
erated by a linear regression of the plotted points. For each standard curve, PCR amplification
efficiency (E) was calculated by the programme according to the equation: E = 10~/5°P°_ 1
(100% efficiency = 1).

Absolute and relative quantification by real-time PCR

Absolute and relative quantification methods were used to quantify the PCN [19, 20, 22]. Both,
bla and dxs are single-copy genes of pBR322 and E. coli chromosomal DNA, respectively.
Therefore, the plasmid copy number can be determined as the copy ratio of bla to dxs: PCN =
[copy number of bla]/[copy number of dxs]. Absolute quantification calculates the copy num-
ber of bla and dxs genes by relating the PCR signal (Cr value) of a sample to the standard
curve. A relative quantification presents the amount of the target gene (in our case the bla
gene) relative to the dxs gene and to pGEM-dxs, which contains both, the target (bla) and the
reference (dxs) sequences with a constant ratio of 1:1. The target/reference ratios of all samples
were normalized by the target/reference ratio of the pPGEM-dxs. For the AACr calculation, the
amplification efficiencies (E) of the target and the reference must be approximately equal [22].
The results are expressed as a fold ratio of the normalized bla gene amounts. The relative
amount of bla = (1 + E) -**“T, where AACy = ACy of the sample (the total DNA extracted
from E. coli [pBR322]) — ACr of the calibrator (pGEM-dxs); ACt = Crt of bla — Cr of dxs.
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Efficiency of chromosomal and plasmid DNA purification with QlAamp
DNA mini columns

Chromosomal and plasmid DNA were isolated from E. coli DH50. and E. coli DH50 [pBR322]
with the use of Genomic and Plasmid DNA mini kits, respectively (A&A Biotechnology).
DNA concentrations were measured by NanoDrop 1000 UV-VIS spectrophotometer (Thermo
Scientific). Genomic DNA in the following amounts: 2110 ng, 1855 ng and 3922 ng, were
paired with 524 ng, 1100 ng and 1684 ng of plasmid DNA, respectively in three independent
experiments. The suspensions of genomic and plasmid DNA were mixed separately with

100 pl of a lysis buffer (Qiagen). DNA isolations were performed using the QTAamp DNA
Mini Kit following manufacturer’s instructions (Qiagen). Concentration of the eluted DNA
was measured by ND-1000 Spectrophotometer and the ratio of the recovered to loaded DNA
was calculated.

Statistical analysis

The statistical significance was assessed by the two tailed Student unpaired  test with use of
GraphPad Prism 5.0 software with a P value <0.05 (95% confidence interval).

Results
PCN determination by droplet digital PCR

Droplet digital PCR is a novel technology that provides an absolute quantification of the target
DNA with high precision, accuracy, and sensitivity. The DNA templates were isolated either
with the QIAamp DNA mini kit or by the bead-beating method and diluted as presented on

S1 Fig. Primer pairs used for bla and dxs amplification are listed in Table 1 (set A). Each mea-
surement was done in two replicates (named blal, bla2 and dxs1, dxs2; see Fig 1). The template
DNA was obtained from two independent E. coli DH5a [pBR322] cultures (Experiment 1

and Experiment 2). The concentrations (copies/pl) of bla and dxs of total DNA isolated either
with the QIAamp DNA mini kit or by the bead-beating method are shown on Fig 1A and 1B,
respectively. The error reported for a single well was the Poisson 95% confidence interval. Rep-
resentative 1D droplet plots show well defined clusters of bla and dxs positive droplets (blue
colour) and cluster of droplets with no DNA (grey colour) (Fig 1C). Each droplet in the emul-
sion represents an independent nano-PCR. The threshold for positive and negative droplets
and the concentrations of bla and dxs has been established automatically by the QuantaSoft
droplet reader software. No primer-dimers were detected. The plasmid copy number is calcu-
lated by dividing the concentration of bla (copies pl™') by dxs (copies pl™"). The plasmid copy
numbers are presented on Fig 1D. The values for pBR322 vary between 19.85 and 21.73 copies
per chromosome for the total DNA template isolated by the QIAamp DNA plasmid mini kit
(average of 20.5), and between 6.92 and 7.49 copies per chromosome for the total DNA iso-
lated by the bead-beating method (average of 7.3).

Single colour, multiplex droplet digital PCR

The EvaGreen fluorescence is influenced by differences in the size of the amplicons [31]. The
fluorescence amplitude of positive droplets increases with the amplicon length, as multiple dye
molecules bind the same PCR product. Variation in the fluorescence signal intensity of Eva-
Green, due to the size of DNA present in each droplet, was utilized for multiplexed detection.
Optimal, 0.2 uM concentration of primers was also used, as primers concentration may influ-
ence the amplitude of droplets in EvaGreen based ddPCR [31]. We designed two pairs of
primers which resulted in amplification of 69 bp and 160 bp DNA fragments for bla and dxs,
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Fig 1. Quantification of pBR322 plasmid copy number by digital droplet PCR. E. coli DH5a total DNA isolated
by the bead beating method (A) and the QlAamp DNA mini kit (B), from two independent bacterial cultures in a
logarithmic growth phase (Experiment 1 and 2), served as a template for the bla and dxs ddPCR amplification with
the use of primer set A (Table 1A). Each experiment was run in two replicates (bla1, bla2 and dxs1, dxs2). Error
bars indicate the 95% confidence limits as determined from the Poisson distribution. (C) Columns A01 and EO1
represents single wells of ~ 20,000 droplets after ddPCR amplification of bla and dxs, respectively. (D) Estimated
pBR322 copy number by digital droplet PCR. The plasmid copy number of pBR322 was calculated by dividing the
copy number of bla by the copy number of dxs. Average PCN from four measurements was determined to be 20.5
for QIA and 7.3 for the bead-beating method.

doi:10.1371/journal.pone.0169846.9001

respectively (Table 1B). Following amplification in the EvaGreen-containing reaction mix-
tures, positive droplets encapsulating the 160-bp DNA fragment (dxs) had higher fluorescence
amplitude than those obtained for bla (Fig 2A). The 2D droplet plot revealed four different
clusters of droplets: with no DNA (grey), bla positive (blue), dxs positive (green) and a small
fraction of double positive droplets (orange) (Fig 2B). Manual thresholds were drawn to assign
those clusters, but this factor did not significantly affect the results of the calculated DNA con-
centration. In parallel, we verified the presence of the two correctly sized PCR products by
electrophoresis in a 1.7% agarose gel (Fig 2C). The table presented in Fig 2D shows the calcu-
lated plasmid copy number for each reaction carried in separate tubes (tubes no. 2 and 3) and
for a multiplexed reaction (tube no. 1). This experiment was repeated with a DNA material iso-
lated from an independent E. coli DH50. [pBR322] culture. The results indicated 247 copies pl’
" of bla and 36.6 copies pl™" of dxs, which gave 6.7 copies of pBR322 for the BB DNA template
isolation. Subsequently, for the QIAamp DNA mini kit template DNA extraction, we obtained
242 copies I of bla and 12 copies pl-1 of dxs which resulted in 20.17 copies of pBR322.

Validation of droplet digital PCR method by real-time PCR

To validate the droplet digital PCR methodology, we used real-time PCR as it became a "gold
standard" in plasmid copy number determination. Total DNA was isolated from E. coli DH5a
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Fig 2. Quantification of pBR322 plasmid copy number with a single colour, multiplex, digital droplet PCR.
(A) Column represents a single well of ~ 20,000 droplets containing E. coliDH5a total DNA template with
multiplexed bla and dxs. (B) Representative droplet digital plot for PCR amplification of bla (blue colour), dxs (green
colour) and double positive droplets (orange) in a multiplexed reaction for both targets. Grey colour represents
droplets with no DNA. (C) E. coliDH5a total DNA served as a template for PCR amplification of bla (69 bp), dxs (160
bp), and a multiplexed reaction for both targets. PCR products were run in a 1.7% agarose gel. DNA marker- pUC19
DNA/Mspl (Hpall) (Thermo Scientific). (D) Estimated pBR322 copy number by multiplex (tube no. 1) and single
(tubes no. 2 and 3) droplet digital PCR. The plasmid copy number of pBR322 (PCN) was calculated by dividing the
copy number of bla by the copy number of dxs.

doi:10.1371/journal.pone.0169846.g002

[pBR322] using QIAamp DNA Mini Kit (Qiagen). The chosen strain’s genetic background
was endA” because the presence of endonuclease A may negatively influence the quality of iso-
lated DNA [32]. Non-optimized standard curves for bla and dxs are shown in S2 Fig. Both
standard curves were linear, with average slopes of —3.32 and —3.54 for bla and dxs genes,
respectively. Based on the standard curve slopes, amplification efficiencies of 1.0 and 0.92 were
calculated for bla and dxs, respectively (S2 Fig). Because of differences in amplification effi-
ciencies, the real-time PCR optimization was required. Different approaches, like supplemen-
tation of PCR reaction with organic compounds or genetic recombination proteins, have been
used to improve the PCR efficiency and specificity [33, 34]. In our hands, we found that sup-
plementation of a gPCR mixture with MgCl, (3 mM) caused an increase in dxs amplification
efficiency to E = 1.0 (Fig 3A). The experimentally defined Cr values correlated with the tem-
plate dilutions. The fit of the model was satisfactory; the coefficient of determination (R*) was
0.999 for the triplicate reaction. A sensitive method for assessing if two amplicons have the
same efficiency is to look at how ACry varies with template dilution. Each of the 10-fold dilu-
tions of a calibrator (pGEM-dxs) served as a template for amplification of bla and dxs genes in
separate reactions. For three reaction replicates, the average Cr was calculated for both, bla
and dxs, and the ACt (Ct bla — Cr dxs) was determined. The plot in Fig 3B represents the log
pGEM-dxs template dilution versus ACr. The slope of the lane is 0.0228 which proves that the
efficiencies of the target and reference genes are similar, and the AACy calculation for the
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Fig 3. Construction of the standard curves for bla and dxs. (A) The standard curves were calculated with
serial 10-fold dilutions of pGEM-dxs, ranging from 1 x 10%to 1 x 10° copies pl™!. Each standard dilution was
amplified by gPCR using bla and dxs primer sets (n = 2). For each gene, the determined C+ values were
plotted against the logarithm of their known initial copy number. A standard curve was generated by linear
regression through these points. (B) Validation of the AAC+ calculation. The AC+ deviation of blavs. dxs was
calculated for each dilution and plotted (n=2). Average AC+ = average + SD (n=10).

doi:10.1371/journal.pone.0169846.9003

relative quantification of bla may be used. Real time PCR amplifications of the bla and dxs
genes from the total DNA isolated from three separate cultures of E. coli DH50. [pBR322] were
performed simultaneously. The total DNA was isolated using QIAamp DNA Mini Kit (Qia-
gen). For absolute quantification, standard curves were generated with pGEM-dxs calibrator
containing one copy of the dxs and bla specific sequences. The Cr values of each curve served
for calculation of the absolute copy number of bla and dxs in the E. coli total DNA samples.
The plasmid copy number of pBR322 was calculated by dividing the copy number of bla by
the copy number of dxs. The total DNA samples from three independent cultures indicated
similar plasmid copy numbers of 20.2, 22.7 and 21.7 (Table 2A). For relative quantification,
the ACr of the pPGEM-dxs was given as 0.57 + 0.07 by averaging the ACr values determined
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Table 2. Estimated plasmid copy number by (A) absolute and (B) relative quantification after DNA isolation by QlAamp DNA Mini kit.

A

Culture

1 2 ng/pl
0.2 ng/pl

2 2 ng/ul

3 2 ng/pl

B

Culture

1 2 ng/pl
0.2 ng/pl

2 2 ng/pl

3 2 ng/pl

& Average + SD (n = 3).
® Average (coefficient of variation) (n = 3).

Absolute quantification

Cc® Copies® (copies/ul) PCNP

bla dxs bla dxs

13.80+ 0.03 17.60+0.03 1.64 x 107 (1.9%) 8.10 x 10° (2.1%) 20.2 (0.1%)
17.27 +0.03 21.04 +0.03 1.52 x 10° (1.9%) 7.59 x 10* (1.9%) 20.0 (0.1%)
13.76 + 0.06 17.74 £0.06 1.68 x 107 (3.8%) 7.40 x 10° (4.4%) 22.7 (0.5%)
13.52+0.03 17.44+0.02 1.98 x 107 (1.9%) 9.10 x 10° (1.4%) 21.7 (3.4%)
Relative quantification

Ca2 ACt sample Calibrator® AACH? PCNP

bla axs

13.80+0.03 17.60 £ 0.03 -3.80£0.07 0.57 +0.07 -4.37 £0.07 20.7 (4.8%)
17.27 £ 0.03 21.04 £0.03 -3.77£0.00 0.57 +0.07 -4.34 +0.00 20.3 (0.0%)
13.76 £ 0.06 17.74 £ 0.06 -3.98 £0.06 0.57 +0.07 -4.55+0.02 23.4 (2.4%)
13.52+£0.03 17.44 £0.02 -3.92+0.09 0.57+£0.07 -4.49 +0.09 22.5 (5.4%)

¢ Calculated from the serial dilutions of the quantitative standard sample used for standard curve construction. Average + SD (n = 10).

doi:10.1371/journal.pone.0169846.t002

from the 10-fold dilution series (Fig 3B and Table 2B). Because the amplification efficiency of
both, bla and dxs, was 1.0, the plasmid copy number was determined by the 24T equation.
The results obtained from three independent total DNA samples were 20.7, 23.4 and 22.5 cop-
ies per chromosome. Moreover, 10 fold dilution of the total DNA template at concentration of
0.2 ng/ul gave a similar pBR322 copy number to what was obtained for the undiluted sample:
20.2 vs 20.0 and 20.7 vs 20.3 for absolute and relative quantification, respectively (Table 2A and
2B, culture 1).

The effect of DNA isolation method on plasmid copy number
determination

The accuracy of PCN determination strongly relies on the precise ratio of chromosomal DNA
to plasmid DNA [35-37]. Therefore, for the total DNA isolation from bacterial cells we de-
cided to use a mechanical cell disruptor based on the bead-beating technology. A recent report
on the comparative analysis of DNA extraction methods has shown a significant superiority of
the mechanical cell disruption over other lysis procedures [38]. The method is based on dis-
ruption of cells by zirconia beads added to the suspension of cells. For plasmid copy number
determination, 10-fold dilutions of the DNA template were used. The results of absolute quan-
tification are shown in Table 3. The total DNA samples of pBR322 from three independent cul-
tures, at logarithmic growth phase, showed similar plasmid copy numbers of 6.6, 6.9 and 7.2.
However, these numbers were significantly lower than those calculated for DNA templates iso-
lated by the QTAamp DNA mini kit. It is commonly known that the extraction protocols may
suffer from inadequacies, including DNA retention on the mini column surfaces [39]. There-
fore, we assessed the efficiency of chromosomal and plasmid DNA purification by the QIAamp
DNA minij kit. Chromosomal and plasmid DNA, each at a known amount, were mixed sepa-
rately with the lysis buffer and loaded onto the QIAamp DNA mini columns. The DNA recov-
ery was calculated as percentage of the eluted DNA compared to the load. The result obtained
showed that only 45.4% to 48.7% of the initial amount of E. coli chromosomal DNA was pres-
ent in the eluate. The same applied to the plasmid DNA, where 81.37% to 92.27% of DNA
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Table 3. Estimated plasmid copy number by absolute quantification after DNA isolation by the bead-beating method.

Culture
LB ODggo = 0.5
1 107"
1072
2 107"
3 107"
LB ODggo=1.5
1 107"
1072
2 107"
3 107"
TB ODggo = 0.5
1 107"
1072
2 107"
3 107"
M9 ODggo = 0.5
1 107"
1072
2 107"
3 107"

(o5
bla

15.92+0.05
19.29 +0.02
17.05+0.01
17.93 +0.01

16.62 £ 0.04
20.40+0.19
17.02£0.03
13.62 £ 0.02

15.97 +0.02
19.49 + 0.04
17.23 +0.04
16.58 + 0.02

16.29 £ 0.05
19.97 £0.07
16.87 £0.03
15.64 £ 0.01

Copies® (copies/pl) PCN®

dxs bla dxs

18.09 £ 0.01 3.84 x 10° (4.7%) 5.81 x 10° (4.3%) .6 (6.2%)
21.52+0.01 3.83 x 10° (1.0%) 5.46 x 10* (0.4%) .0 (4.5%)
19.28+0.05 1.78 x 10 (0.5%) 2.55 x 10° (3.2%) .9 (4.4%)
20.21+0.04 9.66 x 10° (0.5%) 1.34 x 10° (2.9%) 2(2.4%)
19.79 +0.08 2.38 x 10° (2.9%) 1.80 x 10° (5.5%) 13.2 (1.0%)
23.76+0.01 1.79 x 10° (5.5%) 1.17 x 10* (0.5%) 15.2 (5.9%)
20.30 + 0.04 1.80 x 10° (2.1%) 1.27 x 10° (2.8%) 14.7 (0.8%)
17.05+0.02 1.86 x 107 (1.4%) 1.19 x 10° (1.6%) 15.6 (1.2%)
18.16+0.10 3.72 x 10° (1.5%) 5.52 x 10° (6.8%) .7 (5.4%)
21.58 +0.07 3.32 x 10° (2.4%) 5.23 x 10* (4.7%) .3 (2.4%)
19.20+0.04 1.57 x 108 (3.4%) 2.70 x 10° (3.0%) .8 (0.0%)
18.76 £ 0.02 2.44 x 10° (1.2%) 3.64 x 10° (1.4%) 7 (2.6%)
19.96 +0.08 2.99 x 10° (3.4%) 1.59 x 10° (5.2%) 18.8 (0.5%)
23.55+0.06 2.40 x 10° (4.7%) 1.34 x 10* (3.9%) 17.4 (2.4%)
19.63 +0.06 2.00 x 10° (1.8%) 2.00 x 10° (4.0%) 10.0 (4.8%)
18.47 +0.05 4.64 x 10° (0.4%) 4.45 x 10° (3.5%) 10.4 (3.4%)

(P=0.0651 for LB and TB; P<0.0001 for LB and M9 medium at ODgqo = 0.5; Student t test).

& Average + SD (n = 3).
b Average (coefficient of variation) (n = 3).

doi:10.1371/journal.pone.0169846.t003

was recovered (Fig 4). The statistical significance was marked by the asterisk on Fig 4, with
P<0.02; Student ¢ test.

Because, the plasmid copy number changes in response to bacterial growth phase [40] and
the culture medium employed [41], we cultivated bacteria in three different culture media:
Luria-Bertani, Terrific broth and M9 minimal medium. The total DNA was isolated form E.
coli DH5a. cells by the bead-beating method. The plasmid copy number also varies in response
to bacterial growth phase [40], therefore we isolated total DNA from bacteria in mid-logarith-
mic and stationary growth phase (LB, ODggo = 0.5 and ODggg = 1.5, respectively). The results
obtained are shown in Table 3 (absolute quantification). The pBR322 copy number in LB when
compared to terrific broth are similar (average 6.9 vs 6.4; P = 0.0651), and higher in bacterial sta-
tionary growth phase (6.9 vs 14.5; P<0.0001), as well as in the M9 minimal medium (6.9 vs 13.1;
P<0.0001). These differences might be explained by the mechanism of plasmid DNA replica-
tion in E. coli DH50. during amino acid starvation (which is the case in stationary growth phase
and during bacterial growth in M9 minimal medium). In the initiation process of E. coli plasmid
DNA replication, a persistent hybrid is formed between the DNA template and the preprimer
RNA II. The hybrid is necessary for subsequent primer generation that is elongated by the DNA
polymerase I. On the other hand, the hybrid formation between RNA II and the DNA template
might be blocked by the antisense RNA I molecule and in consequence no replication occurs.
During amino acid starvation large amount of uncharged tRNA molecules are present in the
bacterial cell. Uncharged tRNAs are able to bind both the RNA I or RNA II what prevents their
interaction, but do not block the primer formation. Therefore, the uncharged tRNA abolishes

PLOS ONE | DOI:10.1371/journal.pone.0169846 January 13,2017 11/17



@° PLOS | ONE

Quantification of Plasmid Copy Number

120 - chromosome
W pBR322
100 - * *

[o
o

DNA recovery [%]
D
o

H
o
[;— g

20

1 2 3
Samples

Fig 4. Efficiency of genomic and plasmid DNA recovery with the QlAamp DNA mini kit columns.
Genomic and plasmid DNA were isolated from E. coliDH5a and E. coli DH5a [pBR322] with the use of
Genomic and Plasmid DNA mini kits, respectively (A&A Biotechnology). DNA concentrations were measured
by NanoDrop 1000 UV-VIS spectrophotometer (Thermo Scientific). Genomic DNA in the following amounts:
2110 ng, 1855 ng and 3922 ng, was coupled with 524 ng, 1100 ng and 1684 ng of plasmid DNA, respectively.
Then, 100 pl of the lysis buffer (Qiagen) was added separately to genomic and plasmid DNA and the nucleic
acids isolation was performed according to the QIAamp DNA mini kit manufacturer’s manual. The level of
isolated DNA is indicated as a percentage relative to the unprocessed sample. The diagram represents three
independent experiments. Error bars represent standard deviation (n = 3); (* P<0.02; Student ttest).

doi:10.1371/journal.pone.0169846.9004

the inhibitory role of RNA I and promotes the initiation of plasmid DNA replication what
results in higher PCN in bacterial cells starved for amino acids [42]. The relative quantification
calculations are shown in S1 Table and precisely reflect the absolute measurements.

Discussion

To produce recombinant proteins or non-proteinous recombinant products appropriate
expression system needs to be chosen. Among different parameters describing expression vec-
tors, such as structural and segregational plasmid stability, plasmid copy number is an essential
feature with strong impact on system productivity. In the present study, we developed a
method for plasmid copy determination based on droplet digital PCR and EvaGreen, a next-
generation DNA binding dye. This method is compatible with an approach that calculates the
PCN parameter as a number of plasmid copies per chromosome [8]. However, there is also an
alternative approach that estimates the PCN as a number of plasmid copies per cell [43]. It is
important to stress that the results obtained with both approaches can differ. In the case of
PBR322 present in fast growing bacteria (log phase), the number of plasmids per cell was cal-
culated to be 39-55. However, in a parallel experiment the plasmid copy number per chromo-
some in the same phase of growth was estimated as 15-32 [44]. From those experiments it can
be concluded that the average number of plasmid copies per cell is always higher than that cal-
culated per chromosome. This phenomenon can be explained by multiple openings of the rep-
lication forks during bacterial exponential phase of growth that lead to the decrease of the
plasmid per chromosome ratio and in consequence lower the plasmid copy number [18, 45].
Therefore, in the literature, depending on the methodology used, two different ranges of the
pBR322 copy number exist: 15-20 [20] and 30-70 [46], and our results correspond to the
lower PCN ranges. Apart from the different PCN calculation strategies (per chromosome or
per cell), another source of variations in the PCN determination is the method used for DNA
purification [37]. Real-time PCR requires only a small amount of the template DNA, but
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different efficiencies in the total DNA isolations can lead to the PCN miscalculation. Indeed,
the most commonly used method for qPCR template purification is DNA isolation with the
use of commercial kits or multi-step procedures involving cell disruption, often with the use of
lysozyme, enzymatic protein digestion, DNA extraction with phenol-chloroform, precipitation
and rehydratation [13, 20, 43]. However, it is already known that each step added to the DNA
purification procedure increases the probability of the sample loss [37]. Therefore, for efficient
DNA isolation, we replaced the multi-step DNA isolation procedure by a simple, mechanical
disruption of bacterial cells by the bead-beating method. In our hands, the bead-beating
seemed to be a simple and fast strategy to isolate total DNA that was ready to be used in the
qPCR experiments. In recent years, the bead-beating method was successfully used for efficient
DNA isolation for various applications [47-49]. For example, among five different mechanical
cell disruption methods, including sonication, nebulization, homogenization, microfluidiza-
tion, and bead milling (bead-beating; BB in this paper), the bead milling was found to be the
most efficient for intact plasmid extraction from bacterial cells, with the recovery yield reach-
ing over 90% [47]. Moreover, it was shown that only bead-beating was effective for isolating
DNA from such difficult samples as Bacillus globigii (B. subtilis subsp. niger) endospores or
Fusarium moniliforme conidia [48]. In our hands, two different methods used for DNA isola-
tion gave two different ranges of the pBR322 copy number (Tables 2 and 3 and S1 Table). For
the E. coli bacteria in the log-phase, the pBR322 PCN was in a range of 6-7 for the bead-beat-
ing method, and 20-23 for the QIAamp DNA Mini kit used for DNA isolation. It is a common
knowledge that there is a difference in efficiency of isolation of plasmid or chromosomal
DNA, especially when the DNA binding columns are used. We have shown that in defined
experimental settings, when mixture of genomic and plasmid DNA was loaded onto a purifica-
tion column, on average only 46.54% of the initial amount of E. coli chromosomal DNA was
present in the eluate. The same applied to as much as 87.38% of the plasmid DNA (Fig 4). This
difference may distort the ratio of the plasmid to chromosomal DNA and lead to over-estima-
tion of the plasmid copy number. Problems with the multi-step DNA isolation procedures
were also noticed by other scientists [18, 37, 43]. In many laboratories, the researchers had
started to prepare DNA for the PCN determination by heating the cell samples at 95°C [43],
and different heating protocols were tested for an optimal template preparation [18, 37]. In
our project, we performed the direct comparison between a multi-step procedure and a simple,
mechanical cells disruption method for DNA extraction. Similar analyses had not been per-
formed by others so far.

Besides using different DNA isolation methods to calculate the pBR322 copy number, we
successfully applied DNA endogenous controls independent, droplet digital PCR technology
to evaluate the obtained results. The ddPCR methodology does not rely on the use of standard
curves for absolute quantification of nucleic acids. The ddPCR is also less susceptible to PCR
inhibitors often co-extracted with nucleic acids from environmental samples and shows better
reproducibility at low target concentrations than qPCR [37, 50]. Moreover, the method dem-
onstrates improved detection of low copy number DNA target, because the large-scale parti-
tioning involved with ddPCR removes the potential competition with extraneous DNA targets
for primers or other reagents [23]. Droplet digital PCR has been used before to calculate the
plasmid copy number of Pseudomonas putida KT2440 plasmid pA-EGFP_B [37] or a set of six
certified reference plasmid solutions (ERM-AD623a—f) from the Joint Research Centre-Insti-
tute for Reference Materials and Measurements (JRC-IRMM, European Commission, Bel-
gium) [51]. However, in both cases specific, dual colour, oligonucleotide probe dependent
ddPCR was performed. Oligonucleotide probe dependent ddPCR technique requires optimi-
zation of the particular reaction and the optimized reaction cannot be adapted to evaluate
copy number of unrelated plasmid. In contrast to oligonucleotide probe dependent ddPCR,
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the EvaGreen single colour ddPCR designed in this study can be more widely used. Obtained
ddPCR results fully confirmed the absolute and relative qPCR calculations. With the use of
ddPCR, we also observed the same dependency of PCN on the total DNA isolation method
used. Moreover, we show a possibility of performing the detection of both, the target (bla)
and the reference (dxs) genes, in a single tube by differentiating the amplicon length (Fig 2).
ddPCR is a simple, straightforward method for PCN calculation. It allows performing thou-
sands of PCR reactions in a single tube which significantly increases the precision of PCN cal-
culations. Therefore, we propose ddPCR as the preferred method of choice for determination
of plasmid copy number.

Conclusions

To our knowledge, for the first time, we applied a single colour ddPCR (with the use of Eva-
Green) for determination of the plasmid copy number. Because, the B-lactamase is a common
selection marker present in many expression systems, and E. coli is a popular bacterial host, we
believe that ddPCR method developed in this study can be easily adopted by other researches
to evaluate plasmid copy number. Moreover, with a little effort the designed method can be
optimized to be used for other selection markers (such as genes encoding resistance to chlor-
amphenicol or tetracycline) and different bacterial hosts.

Supporting Information

S1 Fig. Optimization of the amount of DNA template used for ddPCR.
(PDF)

S2 Fig. Non-optimized standard curves for bla and dxs.
(PDF)

S1 Table. Estimated plasmid copy number by relative quantification after DNA isolation
by the bead-beating method.
(PDF)

Acknowledgments

We are grateful to Mikolaj Mikicki for his excellent help with the experiments and to Dr. Mar-
cin Holysz, Department of Biochemistry and Molecular Biology, Medical University of Poz-
nan, Poland for critical reading of the manuscript.

Author Contributions
Conceptualization: MP TK.
Data curation: MP TK.

Formal analysis: MP TK.
Funding acquisition: TK.
Investigation: MP MW.
Methodology: MP TK.

Project administration: MP TK.

Resources: TK.

PLOS ONE | DOI:10.1371/journal.pone.0169846 January 13,2017 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169846.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169846.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169846.s003

@° PLOS | ONE

Quantification of Plasmid Copy Number

Supervision: TK.

Validation: MP TK.

Visualization: MP TK.

Writing - original draft: MP TK.

Writing - review & editing: MP TK.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Rosano GL, Ceccarelli EA. Recombinant protein expression in Escherichia coli: advances and chal-
lenges. Front Microbiol. 2014; 5: 172. doi: 10.3389/fmicb.2014.00172 PMID: 24860555

Kolisnychenko V, Plunkett G 3rd, Herring CD, Feher T, Posfai J, Blattner FR, et al. Engineering a
reduced Escherichia coligenome. Genome Res. 2002; 12: 640—-647. doi: 10.1101/gr.217202 PMID:
11932248

Herweijer H, Wolff JA. Progress and prospects: naked DNA gene transfer and therapy. Gene Ther.
2003; 10: 453-458. doi: 10.1038/sj.gt.3301983 PMID: 12621449

Prazeres DM, Ferreira GN, Monteiro GA, Cooney CL, Cabral JM. Large-scale production of pharma-
ceutical-grade plasmid DNA for gene therapy: problems and bottlenecks. Trends Biotechnol. 1999; 17:
169-174. PMID: 10203776

Williams PD, Kingston PA. Plasmid-mediated gene therapy for cardiovascular disease. Cardiovasc
Res. 2011; 91: 565-576. doi: 10.1093/cvr/cvr197 PMID: 21742674

Werbowy O, Boratynski R, Dekowska A, Kaczorowski T. Genetic analysis of maintenance of pEC156, a
naturally occurring Escherichia coli plasmid that carries genes of the EcoVIll restriction-modification
system. Plasmid. 2015; 77: 39-50. doi: 10.1016/j.plasmid.2014.12.002 PMID: 25500017

Werbowy O, Kaczorowski T. Plasmid pEC156, a naturally occurring Escherichia coli genetic element
that carries genes of the EcoVIl restriction-modification system, is mobilizable among enterobacteria.
PLoS One. 2016; 11: e0148355. doi: 10.1371/journal.pone.0148355 PMID: 26848973

Friehs K. Plasmid copy number and plasmid stability. Adv Biochem Eng Biotechnol. 2004; 86: 47-82.
PMID: 15088763

Miller CA, Cohen SN. The partition (par) locus of pSC101 is an enhancer of plasmid incompatibility. Mol
Microbiol. 1993; 9: 695-702. PMID: 8231803

Coronado C, Vazquez ME, Cebolla A, Palomares AJ. Use of firefly luciferase gene for plasmid copy
number determination. Plasmid. 1994; 32: 336—341. doi: 10.1006/plas.1994.1074 PMID: 7899520

Vogel M, Wittmann K, Endl E, Glaser G, Knuchel R, Wolf H, et al. Plasmid maintenance assay based
on green fluorescent protein and FACS of mammalian cells. Biotechniques. 1988; 24: 540-542, 544.

Projan SJ, Carleton S, Novick RP. Determination of plasmid copy number by fluorescence densitome-
try. Plasmid. 1983; 9: 182—190. PMID: 6344110

Pushnova EA, Geier M, Zhu YS. An easy and accurate agarose gel assay for quantitation of bacterial
plasmid copy numbers. Anal Biochem. 2000; 284: 70-76. doi: 10.1006/abio.2000.4668 PMID:
10933858

Schmidt T, Friehs K, Flaschel E. Rapid determination of plasmid copy number. J Biotechnol. 1996; 49:
219-229. PMID: 8879172

Womble DD, Taylor DP, Rownd RH. Method for obtaining more-accurate covalently closed circular
plasmid-to-chromosome ratios from bacterial lysates by dye-buoyant density centrifugation. J Bacteriol.
1977; 130: 148-153. PMID: 323223

Coppella SJ, Acheson CM, Dhurjati P. Isolation of high-molecular-weight nucleic acids for copy number
analysis using high-performance liquid chromatography. J Chromatogr. 1987; 402: 189—199. PMID:
3654865

Adams CW, Hatfield GW. Effects of promoter strengths and growth conditions on copy number of tran-
scription-fusion vectors. J Biol Chem. 1984; 259: 7399-7403. PMID: 6736011

Skulj M, Okrslar V, Jalen S, Jevsevar S, Slanc P, Strukelj B, et al. Improved determination of plasmid
copy number using quantitative real-time PCR for monitoring fermentation processes. Microb Cell Fact.
2008; 7: 6. doi: 10.1186/1475-2859-7-6 PMID: 18328094

Klein D. Quantification using real-time PCR technology: applications and limitations. Trends Mol Med.
2002; 8: 257-260. PMID: 12067606

PLOS ONE | DOI:10.1371/journal.pone.0169846 January 13,2017 15/17


http://dx.doi.org/10.3389/fmicb.2014.00172
http://www.ncbi.nlm.nih.gov/pubmed/24860555
http://dx.doi.org/10.1101/gr.217202
http://www.ncbi.nlm.nih.gov/pubmed/11932248
http://dx.doi.org/10.1038/sj.gt.3301983
http://www.ncbi.nlm.nih.gov/pubmed/12621449
http://www.ncbi.nlm.nih.gov/pubmed/10203776
http://dx.doi.org/10.1093/cvr/cvr197
http://www.ncbi.nlm.nih.gov/pubmed/21742674
http://dx.doi.org/10.1016/j.plasmid.2014.12.002
http://www.ncbi.nlm.nih.gov/pubmed/25500017
http://dx.doi.org/10.1371/journal.pone.0148355
http://www.ncbi.nlm.nih.gov/pubmed/26848973
http://www.ncbi.nlm.nih.gov/pubmed/15088763
http://www.ncbi.nlm.nih.gov/pubmed/8231803
http://dx.doi.org/10.1006/plas.1994.1074
http://www.ncbi.nlm.nih.gov/pubmed/7899520
http://www.ncbi.nlm.nih.gov/pubmed/6344110
http://dx.doi.org/10.1006/abio.2000.4668
http://www.ncbi.nlm.nih.gov/pubmed/10933858
http://www.ncbi.nlm.nih.gov/pubmed/8879172
http://www.ncbi.nlm.nih.gov/pubmed/323223
http://www.ncbi.nlm.nih.gov/pubmed/3654865
http://www.ncbi.nlm.nih.gov/pubmed/6736011
http://dx.doi.org/10.1186/1475-2859-7-6
http://www.ncbi.nlm.nih.gov/pubmed/18328094
http://www.ncbi.nlm.nih.gov/pubmed/12067606

@° PLOS | ONE

Quantification of Plasmid Copy Number

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Lee C, Kim J, Shin SG, Hwang S. Absolute and relative QPCR quantification of plasmid copy number in
Escherichia coli. J Biotechnol. 2006; 123: 273-280. doi: 10.1016/j.jbiotec.2005.11.014 PMID: 16388869

Pfaffl MW. Quantification strategies in real-time RT-PCR. In Bustin S.A. (ed.), The real-time PCR Ency-
clopaedia A-Z of quantitative PCR, 1stedn. International University Line, La Jolla, CA. 2004; p. 87—
112.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25: 402—408. doi: 10.1006/meth.2001.1262
PMID: 11846609

Hindson BJ, Ness KD, Masquelier DA, Belgrader P, Heredia NJ, Makarewicz AJ, et al. High-throughput
droplet digital PCR system for absolute quantitation of DNA copy number. Anal Chem. 2011; 83: 8604—
8610. doi: 10.1021/ac202028g PMID: 22035192

Dobnik D, Stebih D, Blejec A, Morisset D, Zel J. Multiplex quantification of four DNA targets in one reac-
tion with Bio-Rad droplet digital PCR system for GMO detection. Sci Rep. 2016; 6: 35451. doi: 10.1038/
srep35451 PMID: 27739510

Pinheiro LB, Coleman VA, Hindson CM, Herrmann J, Hindson BJ, Bhat S, et al. Evaluation of a droplet
digital polymerase chain reaction format for DNA copy number quantification. Anal Chem. 2011; 84:
1003-1011. doi: 10.1021/ac202578x PMID: 22122760

Miotke L, Lau BT, Rumma RT, Ji HP. High sensitivity detection and quantitation of DNA copy number
and single nucleotide variants with single color droplet digital PCR. Anal Chem. 2014; 86: 2618-2624.
doi: 10.1021/ac403843j PMID: 24483992

Bolivar F, Rodriguez RL, Greene PJ, Betlach MC, Heyneker HL, Boyer HW, et al. Construction and
characterization of new cloning vehicles. Il. A multipurpose cloning system. Gene. 1977; 2: 95-113.
PMID: 344137

Sambrook J, Fritsch F, Maniatis T. Molecular cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY. 1989.

Miller JH. Experiments in Molecular Genetics. Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY. 1972.

Inoue H, Nojima H, Okayama H. High efficiency transformation of Escherichia coliwith plasmids. Gene.
1990; 96: 23-28. PMID: 2265755

McDermott GP, Do D, Litterst CM, Maar D, Hindson CM, Steenblock ER, et al. Multiplexed target detec-
tion using DNA-binding dye chemistry in droplet digital PCR. Anal Chem. 2013; 85: 11619-11627. doi:
10.1021/ac403061n PMID: 24180464

Taylor RG, Walker DC, Mclnnes RR. E. colihost strains significantly affect the quality of small scale
plasmid DNA preparations used for sequencing. Nucleic Acids Res. 1993; 21: 1677-1678. PMID:
8479929

Stefanska A, Kaczorowska AK, Plotka M, Fridjonsson OH, Hreggvidsson GO, Hjorleifsdottir S, et al.
Discovery and characterization of RecA protein of thermophilic bacterium Thermus thermophilus
MAT72 phage Tt72 that increases specificity of a PCR-based DNA amplification. J Biotechnol.
2014;182-183: 1-10.

Stefanska A, Gaffke L, Kaczorowska AK, Plotka M, Dabrowski S, Kaczorowski T. Highly thermostable
RadA protein from the archaeon Pyrococcus woesei enhances specificity of simplex and multiplex PCR
assays. J Appl Genet. 2016; 57: 239-249. doi: 10.1007/s13353-015-0314-5 PMID: 26337425

Beuselinck K, van Ranst M, van Eldere J. Automated extraction of viral-pathogen RNA and DNA for
high-throughput quantitative real-time PCR. J Clin Microbiol. 2005; 43: 5541-5546. doi: 10.1128/JCM.
43.11.5541-5546.2005 PMID: 16272483

Francesconi A, Kasai M, Harrington SM, Beveridge MG, Petraitiene R, Petraitis V, et al. Automated and
manual methods of DNA extraction for Aspergillus fumigatus and Rhizopus oryzae analyzed by quanti-
tative real-time PCR. J Clin Microbiol. 2008; 46: 1978—1984. doi: 10.1128/JCM.02246-07 PMID:
18353931

Jahn M, Vorpahl C, Turkowsky D, Lindmeyer M, Buhler B, Harms H, et al. Accurate determination of
plasmid copy number of flow-sorted cells using droplet digital PCR. Anal Chem. 2014; 86: 5969-5976.
doi: 10.1021/ac501118v PMID: 24842041

Salonen A, Nikkila J, Jalanka-Tuovinen J, Immonen O, Rajilic-Stojanovic M, Kekkonen RA, et al. Com-
parative analysis of fecal DNA extraction methods with phylogenetic microarray: effective recovery of
bacterial and archaeal DNA using mechanical cell lysis. J Microbiol Methods. 2010; 81: 127—134. doi:
10.1016/j.mimet.2010.02.007 PMID: 20171997

Mumy KL, Findlay RH. Convenient determination of DNA extraction efficiency using an external DNA
recovery standard and quantitative-competitive PCR. J Microbiol Methods. 2004; 57: 259—268. doi: 10.
1016/j.mimet.2004.01.013 PMID: 15063066

PLOS ONE | DOI:10.1371/journal.pone.0169846 January 13,2017 16/17


http://dx.doi.org/10.1016/j.jbiotec.2005.11.014
http://www.ncbi.nlm.nih.gov/pubmed/16388869
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1021/ac202028g
http://www.ncbi.nlm.nih.gov/pubmed/22035192
http://dx.doi.org/10.1038/srep35451
http://dx.doi.org/10.1038/srep35451
http://www.ncbi.nlm.nih.gov/pubmed/27739510
http://dx.doi.org/10.1021/ac202578x
http://www.ncbi.nlm.nih.gov/pubmed/22122760
http://dx.doi.org/10.1021/ac403843j
http://www.ncbi.nlm.nih.gov/pubmed/24483992
http://www.ncbi.nlm.nih.gov/pubmed/344137
http://www.ncbi.nlm.nih.gov/pubmed/2265755
http://dx.doi.org/10.1021/ac403061n
http://www.ncbi.nlm.nih.gov/pubmed/24180464
http://www.ncbi.nlm.nih.gov/pubmed/8479929
http://dx.doi.org/10.1007/s13353-015-0314-5
http://www.ncbi.nlm.nih.gov/pubmed/26337425
http://dx.doi.org/10.1128/JCM.43.11.5541-5546.2005
http://dx.doi.org/10.1128/JCM.43.11.5541-5546.2005
http://www.ncbi.nlm.nih.gov/pubmed/16272483
http://dx.doi.org/10.1128/JCM.02246-07
http://www.ncbi.nlm.nih.gov/pubmed/18353931
http://dx.doi.org/10.1021/ac501118v
http://www.ncbi.nlm.nih.gov/pubmed/24842041
http://dx.doi.org/10.1016/j.mimet.2010.02.007
http://www.ncbi.nlm.nih.gov/pubmed/20171997
http://dx.doi.org/10.1016/j.mimet.2004.01.013
http://dx.doi.org/10.1016/j.mimet.2004.01.013
http://www.ncbi.nlm.nih.gov/pubmed/15063066

@° PLOS | ONE

Quantification of Plasmid Copy Number

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Akasaka N, Astuti W, Ishii Y, Hidese R, Sakoda H, Fujiwara S. Change in the plasmid copy number in
acetic acid bacteria in response to growth phase and acetic acid concentration. J Biosci Bioeng. 2015;
119: 661-668. doi: 10.1016/j.jbiosc.2014.11.003 PMID: 25575969

Smith MA, Bidochka MJ. Bacterial fitness and plasmid loss: the importance of culture conditions and
plasmid size. Can J Microbiol. 1998; 44: 351-355. PMID: 9674107

Wrobel B, Wegrzyn G. Replication regulation of ColE1-like plasmids in amino acid-starved Escherichia
coli. Plasmid. 1998; 39: 48—62. PMID: 9473446

Carapuca E, Azzoni AR, Prazeres DM, Monteiro GA, Mergulhao FJ. Time-course determination of plas-
mid content in eukaryotic and prokaryotic cells using real-time PCR. Mol Biotechnol. 2007; 37: 120—
126. PMID: 17914172

Lin-Chao S, Bremer H. Effect of the bacterial growth rate on replication control of plasmid pBR322 in
Escherichia coli. Mol Gen Genet. 1986; 203: 143—149. PMID: 2423846

Rocha EP. The replication-related organization of bacterial genomes. Microbiology. 2004; 150: 1609—
1627. doi: 10.1099/mic.0.26974-0 PMID: 15184548

Lee CL, Ow DS, Oh SK. Quantitative real-time polymerase chain reaction for determination of plasmid
copy number in bacteria. J Microbiol Methods. 2006; 65: 258—267. doi: 10.1016/j.mimet.2005.07.019
PMID: 16181694

Carlson A, Signs M, Liermann L, Boor R, Jem KJ. Mechanical disruption of Escherichia colifor plasmid
recovery. Biotechnol Bioeng. 1995; 48: 303—315. doi: 10.1002/bit.260480403 PMID: 18623491

Kuske CR, Banton KL, Adorada DL, Stark PC, Hill KK, Jackson PJ. Small-Scale DNA Sample Prepara-
tion Method for Field PCR Detection of Microbial Cells and Spores in Soil. Appl Environ Microbiol. 1998;
64: 2463-2472. PMID: 9647816

de Boer RF, Ott A, Kesztyus B, Kooistra-Smid AM. Improved detection of five major gastrointestinal
pathogens by use of a molecular screening approach. J Clin Microbiol. 2010; 48: 4140—-4146. doi: 10.
1128/JCM.01124-10 PMID: 20861334

Morisset D, Stebih D, Milavec M, Gruden K, Zel J. Quantitative analysis of food and feed samples with
droplet digital PCR. PLoS One. 2013; 8: €62583. doi: 10.1371/journal.pone.0062583 PMID: 23658750

Corbisier P, Pinheiro L, Mazoua S, Kortekaas AM, Chung PY, Gerganova T, et al. DNA copy number
concentration measured by digital and droplet digital quantitative PCR using certified reference materi-
als. Anal Bioanal Chem. 2015; 407: 1831-1840. doi: 10.1007/s00216-015-8458-z PMID: 25600685

PLOS ONE | DOI:10.1371/journal.pone.0169846 January 13,2017 17/17


http://dx.doi.org/10.1016/j.jbiosc.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25575969
http://www.ncbi.nlm.nih.gov/pubmed/9674107
http://www.ncbi.nlm.nih.gov/pubmed/9473446
http://www.ncbi.nlm.nih.gov/pubmed/17914172
http://www.ncbi.nlm.nih.gov/pubmed/2423846
http://dx.doi.org/10.1099/mic.0.26974-0
http://www.ncbi.nlm.nih.gov/pubmed/15184548
http://dx.doi.org/10.1016/j.mimet.2005.07.019
http://www.ncbi.nlm.nih.gov/pubmed/16181694
http://dx.doi.org/10.1002/bit.260480403
http://www.ncbi.nlm.nih.gov/pubmed/18623491
http://www.ncbi.nlm.nih.gov/pubmed/9647816
http://dx.doi.org/10.1128/JCM.01124-10
http://dx.doi.org/10.1128/JCM.01124-10
http://www.ncbi.nlm.nih.gov/pubmed/20861334
http://dx.doi.org/10.1371/journal.pone.0062583
http://www.ncbi.nlm.nih.gov/pubmed/23658750
http://dx.doi.org/10.1007/s00216-015-8458-z
http://www.ncbi.nlm.nih.gov/pubmed/25600685

