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Nucleic acid-based techniques represent a promising alternative to cultivation-based microbial water
quality assessment methods. However, their application is hampered by their innate inability to differen-
tiate between living and dead organisms. Propidium monoazide (PMA) treatment was proposed as an
efficient approach for alleviating this limitation. In this study, we demonstrate the performance of
PMA–quantitative polymerase chain reaction (qPCR) for the detection of indicator organisms (Escherichia
coli and Pseudomonas aeruginosa) in a background of a highly abundant and complex microflora. Treat-
ment with 10 lM PMA resulted in the complete or significant reduction of the false positive signal arising
from the amplification of DNA from dead cells.

� 2013 Elsevier Inc. All rights reserved.
Conventional water quality assessment parameters and corre-
sponding detection methods are defined by the European Union
in Council Directive 98/83/EC on the quality of water intended
for human consumption [1]. Similar practices are also used in other
countries (e.g., United States [2], Australia [3]). In general, manda-
tory methods are based on the cultivation of microorganisms and
accordingly are very time-consuming. Some analyses may even re-
quire up to 7 days (e.g., the confirmation of Pseudomonas aerugin-
osa [4]). Another recently recognized disadvantage of cultivation-
based methods is their inability to detect viable but nonculturable
cells [5,6].

During the past few years, extensive discussions regarding the
limitations of conventional and potential of novel nucleic acid-
based methods have evolved [7–10]. Even though nucleic acid-
based methods such as polymerase chain reaction (PCR)1 exhibit
a whole range of advantages such as speed, specificity, multiplexing,
and automation potential, one major disadvantage that remains is
the inability to differentiate between living and dead cells [11].
The inclusion of live/dead differentiation into nucleic acid-based as-
says is an absolute prerequisite for application of these methods for
microbial water quality assessment.
DNA intercalating dyes, such as propidium monoazide (PMA),
may be used for live/dead differentiation. Briefly, PMA is cell mem-
brane impermeable and, therefore, can be used to selectively mod-
ify (i.e., bind to) free DNA and DNA from cells with compromised
membrane integrity. By photo-activation, the PMA molecule forms
a stable covalent nitrogen–carbon bond with a DNA molecule,
resulting in irreversible DNA modification. This modification inhib-
its PCR amplification of DNA from dead cells, allowing selective
PCR amplification of unmodified DNA from viable cells [12,13].
Performance of quantitative PCR (qPCR), including PMA treatment
(PMA–qPCR), has been studied using pure cultures of single water-
borne organisms [12,14–19]. However, a major challenge is a com-
plex microbial community usually occurring in natural samples.
For real-life applications, it is essential to demonstrate that reliable
detection of few relevant organisms in a complex microbial back-
ground can be achieved. Therefore, our aim was to establish and
test a PMA–qPCR assay that allows the detection of viable water
quality indicators (Escherichia coli and P. aeruginosa) in a complex
microbial background.

Overnight cultures of E. coli (DSM 30083) and P. aeruginosa
(DSM 50071) were grown at 37 �C in liquid Luria–Bertani medium
(Sigma–Aldrich, Germany) and Brain Heart Infusion broth (Sigma–
Aldrich), respectively. A 10-fold dilution series was prepared for
each organism, and cultivable cell numbers were estimated by
plating on corresponding agar plates. Heat-killed cells were gener-
ated by heat inactivation at 75 �C for 10 min, and loss of viability
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was also confirmed by plate counting. For the detection and quan-
tification of E. coli and P. aeruginosa, qPCR assays based on the uidA
[20] and regA [21] genes were used. qPCR was performed using
SsoFast Probes Supermix (Bio-Rad, Austria), 0.25 lM probe and
0.5 lM primers, and 2 ll of total genomic DNA as a template. Cy-
cling conditions were as follows: initial denaturation for 2 min at
95 �C, followed by 40 cycles with 5 s at 95 �C and 30 s at 62 �C.

The background microflora was prepared from a well water
sample that was filtered through a 0.45-lm filter (Millipore,
Germany) and subsequently incubated on yeast extract agar
(Sigma–Aldrich) according to the heterotrophic plate count meth-
od [22]. The diversity of obtained bacterial community was deter-
mined by 16S ribosomal RNA (rRNA) gene sequence analysis.
Briefly, primers 8f (50-AGAGTTTGATCCTGGCTGAG-30) and 1520r
(50-AAGGAGGTGATCCAGCCGCA-30) were used for the amplifica-
tion of the 16S rRNA gene [23,24]. Amplicons were cloned using
a StrataClone Cloning Kit (Agilent, Germany) and sent to Agowa
(Germany) for sequencing with T3 (50-AATTAACCCTCACTAAA
GGG-30) and T7 (50-TAATACGACTCACTATAGG-30) primers. The
absence of P. aeruginosa and E. coli from the sample was tested
by cultivation [4] or an enzymatic-based assay (Colilert 18, IDEXX
Laboratories, Germany) and qPCR.

The efficiency of PMA (Biotium, USA) treatment was tested
using artificial bacterial mixtures (Table 1). Each mixture consisted
of a viable background microflora in excess (2–3 log10 more than
the target organism) and either viable, heat-killed, or both cultures
of targeted organism(s). Two different PMA concentrations, 10 and
50 lM, previously reported as optimal concentrations for live/dead
differentiation [18,25] were tested. Briefly, samples were
incubated with PMA in the dark for 5 min on ice, followed by
photo-activation with a 500-W halogen light for 5 min on ice. Sub-
sequently, DNA was isolated with a WaterMaster DNA Purification
Kit (Epicentre, USA) according to the manufacturer’s instructions
Table 1
Sample composition of artificial mixtures containing listed colony-forming unit amounts (a
from conventional qPCR (without PMA) compared with PMA–qPCR (10 lM) in high multi

Sample compositiona Viable

(A) High indicator spike: P. aeruginosa and E. coli in background microflora
Spike CFU Viable cells (P. aeruginosa) 7.0E+05

Heat-killed cells (P. aeruginosa) x
Viable cells (E. coli) 8.0E+05
Heat-killed cells (E. coli) x
Background microflora 1.0E+08

P. aeruginosa qPCR Cq ± SD
PMA (lM) 0 24.74 ± 0.017

10 27.20 ± 0.055

E. coli qPCR
PMA (lM) 0 24.66 ± 0.224

10 26.34 ± 0.131

(B) Low indicator spike: P. aeruginosa and E. coli in background microflora
Spike CFU Viable cells (P. aeruginosa) 5.4E+03

Heat-killed cells (P. aeruginosa) x
Viable cells (E. coli) 1.6E+03
Heat-killed cells (E. coli) x
Background microflora 5.0E+05

P. aeruginosa qPCR Cq ± SD
PMA (lM) 0 26.65 ± 0.279

10 30.05 ± 0.225

E. coli qPCR
PMA (lM) 0 28.90 ± 0.265

10 30.80 ± 0.131

Note. CFU, colony-forming units; Cq, quantification cycle; SD, standard deviation. SDs ar
a Fifty times (50�) lower template amounts were used for qPCR analysis (under the a
b The limit of detection (LOD) of qPCR analysis (10 cells) is considered.
and eluted in 100 ll of sterile water. Finally, 2 ll was used as a
template in qPCR assay.

To reflect the naturally occurring conditions as much as possi-
ble, a background microflora sample was prepared from well
water. The community composition of the sample was analyzed
by 16S rRNA sequence analysis, and the data revealed dominance
of two bacterial phyla: Proteobacteria (89%) and Firmicutes
(11%). The highest diversity was seen in the family of Enterobacte-
riaceae with Citrobacter spp. (53%) as the most abundant bacterial
genus. Additional genera, including Serratia spp. (3%), Klebsiella
spp. (3%), Cedecea spp. (2%), and Hafnia spp. (2%), were detected.
In addition, Bacillus spp. (10%), Aeromonas spp. (3%), and Vogesella
spp. (2%) were found. For some sequences (3%), unambiguous res-
olution down to the genus level was not achieved; however, these
were identified as members of the Enterobacteriaceae, Moraxelle-
ceae, and Bacillaceae families. These findings clearly demonstrate
the complexity and relevance (presence of both Gram-positive
and Gram-negative microorganisms) of the used background
microflora.

The absence of P. aeruginosa and E. coli in the background
microflora sample was confirmed by qPCR and through conven-
tional assays.

In the preliminary study (data not shown), the optimal concen-
tration of PMA for intended application was determined. For this
purpose, a single indicator spike of P. aeruginosa (1.5 � 105 viable,
heat-killed, or both cells) in the background microflora (108 viable
cells) was used. Complete reduction of false positive signal
(�3 log10 units) obtained from the heat-killed cells was achieved.
Better performance was observed with 10 lM than with 50 lM
PMA concentration because the higher concentration showed
stronger cytotoxic effects on viable cells, as reported previously
[18]. Therefore, the following experiments were performed with
10 lM PMA.
s determined by plate count method) and PMA-induced signal/cell number reduction
ple indicator spike (A) and low multiple indicator spike (B)

Mix Dead

7.0E+05 x
7.0E+05 7.0E+05
8.0E+05 x
8.0E+05 8.0E+05
1.0E+08 1.0E+08

Cells Cq ± SD Cells Cq ± SD Cells
3.9E+03 25.49 ± 0.030 2.2E+03 30.37 ± 0.116 5.5E+01
6.1E+02 26.99 ± 0.093 7.2E+02 <LODb <LOD b

1.5E+04 25.45 ± 0.057 8.6E+03 29.33 ± 0.164 5.3E+02
4.5E+03 25.93 ± 0.178 6.1E+03 31.19 ± 0.170 1.4E+02

5.4E+03 x
5.4E+03 5.4E+03
1.6E+03 x
1.6E+03 1.6E+03
5.0E+05 5.0E+05

Cells Cq ± SD Cells Cq ± SD Cells
3.5E+02 26.03 ± 0.131 5.4E+02 27.80 ± 0.327 1.6E+02
3.4E+01 30.40 ± 0.104 2.7E+01 <LODb <LODb

1.2E+02 28.27 ± 0.138 1.8E+02 30.04 ± 0.263 6.6E+01
3.4E+01 31.98 ± 0.178 1.6E+01 <LODb <LODb

e calculated from three independent replicates.
ssumption of 100% DNA extraction efficiency).



Fig. 1. Impact of PMA–qPCR (10 lM) compared with conventional qPCR (without PMA) in a high multiple indicator spike (A) and a low multiple indicator spike (B) of heat-
killed and viable P. aeruginosa and E. coli in a viable background microflora. The background microflora sample was P. aeruginosa and E. coli negative (data not shown). Error
bars represent standard deviations from three independent replicates. The limit of detection of qPCR analysis (10 cells) is considered.
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In case of the high multiple indicator spike (Table 1A and
Fig. 1A), PMA treatment resulted in complete suppression of false
positive signals arising from heat-killed P. aeruginosa cells. For
E. coli, only partial inhibition of qPCR signal from heat-killed cells
could be achieved. There are two possible explanations for this.
First, as shown previously, higher levels of dead cells in the mix-
ture seem to have a negative effect on PMA performance
[18,25,26]. In fact, the reported limit of PMA differentiation capac-
ity lies approximately 104 to 105 dead cells and is close to the
amounts used in this experiment. However, this spike was inten-
tionally set to this elevated level in order to compensate for other
potential biases such as insufficient sample preparation [27,28].
Another explanation could be previously observed species- and se-
quence-dependent differences in the efficiency of PMA binding and
treatment efficiency [29].

To further demonstrate the usefulness of the proposed ap-
proach, low multiple indicator spike was prepared and analyzed.
In this case, the concentration of background microflora was some-
what lower (5 � 105) and representative for naturally occurring
raw waters [30]. Targeted bacteria were also spiked at significantly
lower levels (1.6 � 103 and 5.4 � 103); consequently, also in this
case, high abundance of background microflora was ensured
(Table 1B). As expected, at this lower cell concentration, even bet-
ter PMA performance was observed. Accordingly, complete signal
reduction of false positive signals from heat-killed cells was
achieved for both P. aeruginosa and E. coli (Table 1B and Fig. 1B).
The observed negative effects were also somewhat greater; how-
ever, no false negative results were observed.

At this point, it must be emphasized that the water quality
assessment does not require quantitative determination of the
indicator organisms. Actually, regulatory norms define zero toler-
ance [1–3]. Therefore, it is only important to ensure the correct
detection of presence or absence. The presented data clearly dem-
onstrate that conventional qPCR (without PMA) would always re-
sult in false positive detection of heat-killed bacteria. With
implementation of PMA (10 lM), this could be alleviated in four
of five cases. Only high spike of heat-killed E. coli would be diag-
nosed as falsely positive with the proposed method, and this sam-
ple is, as discussed above, not really representative for intended
application. On the other hand, even in the case of low spike, no
false negatives were observed.

In conclusion, the described PMA–qPCR approach resulted in
the significant suppression of false positive signals arising from
the amplification of DNA from the dead cells in conventional qPCR.
It must be emphasized that these results were achieved in the
presence of abundance (2–3 log10 higher concentration than tar-
geted species) and a complex background microflora. Therefore,
we conclude that, given the careful optimization and validation,
PMA–qPCR can be a valuable tool for monitoring microbial water
quality parameters.
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