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Comparison of droplet digital PCR and quantitative PCR
for the detection of Salmonella and its application for
river sediments
Gulshan Singh, Ayanda Sithebe, Abimbola M. Enitan, Sheena Kumari,
Faizal Bux and Thor Axel Stenström

ABSTRACT
Despite advances in microbial detection that quantitative polymerase chain reaction (qPCR) has led
to, complex environmental samples, such as sediments, remain a challenge due to presence of PCR
inhibitors. Aquatic sediments accumulate particle-bound microbial contaminants and thereby reﬂect
a cumulative microbial load over time. The relatively new droplet digital PCR (ddPCR) has emerged as
a direct quantitative method, highly tolerant to PCR inhibitors and relinquishing the necessity for
calibration/standard curves. Information is virtually absent where ddPCR has been applied to detect
pathogenic organisms in aquatic sediments. This study compared the efﬁcacy of ddPCR with qPCR,
for quantiﬁcation of Salmonella in sediments from the Palmiet River near an informal settlement in
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Durban, South Africa. ddPCR signiﬁcantly improved both analytical sensitivity and detection of low
concentrations of Salmonella as compared to qPCR. The expected copy numbers measured from
both qPCR and ddPCR showed good R2 values (0.999 and 0.994, respectively). The site mostly
affected by the informal settlements exhibited Salmonella in the range of 255 ± 37 and 818 ± 30
Salmonella/g (p  0.0001) in qPCR and ddPCR, respectively. The improved detection of Salmonella in
sediments with ddPCR makes it a promising technical method for the quantiﬁcation of Salmonella in
multifarious environmental samples.
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INTRODUCTION
Pathogenic bacteria can survive longer in aquatic sediments

been applied for the detection and quantiﬁcation of patho-

than in the overlying water column (Luna et al. ; Vignar-

gens in water environmental samples (Li & Chen ;

oli et al. ) and will represent the particle-associated

Singh et al. ). In general, qPCR has several advantages

fraction, accumulating over time. The occurrence and

as compared to classical bacteriological cultivation methods

quantiﬁcation of human pathogenic bacteria in environ-

and identiﬁcation schemes, in terms of speed, detection

mental regimes, like surface water or bottom sediments,

limit, potential for automation, and cost.

still to a large extent rely on quantiﬁcation on selective

The application of qPCR in sediment samples is a chal-

media or enrichment. The direct quantiﬁcation of speciﬁc

lenge mainly due to the presence of PCR inhibitory

target genes, representing the pathogen in question with

substances. Even a small quantity of PCR inhibitors can

quantitative polymerase chain reaction (qPCR) has, how-

delay the Cq (threshold cycles) of complex samples in

ever, progressively been accepted as the gold standard and

qPCR, causing erroneously low estimates of the template
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copy number (Sidstedt et al. ). The alternative, the

standard curve was automatically generated by the CFX

water emulsion technology-based droplet digital PCR

Manager™ Software v3.1. The sample concentrations were

(ddPCR), has emerged as a direct quantitative method

calculated from the generated standard curve.

with the potential of overcoming the inhibitory effects

For ddPCR, Salmonella enterica serovar enteritidis

affecting qPCR (Hindson et al. ). An additional advan-

ATCC 13076 exhibiting the ttr gene was grown in LB

tage with ddPCR over qPCR is the ability to enable the

broth for 16 h at 37 ± 1 C (optical density 0.8 at 600 nm).

absolute quantiﬁcation of DNA concentrations without

A serial 10-fold diluted culture (20 to 2 × 104 CFU mL1 to

external calibrators (Pinheiro et al. ). In digital PCR,

get 2 to 2 × 103 GC/PCR) was spiked, in triplicate, to

the sample is subjected to partitioning into hundreds to

10 mL sterile Milli-Q® (Millipore, Billerica, MA, USA)

millions of individual reaction chambers (depending upon

water. DNA template was prepared from 1 mL spiked

the digital PCR platform) prior to the PCR cycles, so that

samples by extracting genomic DNA using the QIAamp

each contains one or no copy of the sequence of interest

DNA Mini Kit (Qiagen, Germany) as per the manufacturer’s

(Baker ; McDermott et al. ). The partitioning of

instructions. The 5 μL of extracted DNA (range of 2 to 2 ×

the sample in ddPCR into multiple droplets substantially

103 GC/PCR) was used as template in ddPCR for the detec-

reduces the susceptibility to inhibitors (Morisset et al.

tion and quantitative enumeration of Salmonella.

W

). Recent studies have demonstrated the accuracy and

ddPCR was performed on the BioRad QX200 ddPCR

precision of ddPCR in the quantitative detection of bacteria
and viruses in clinical samples (Lui & Tan ; Rački

system. Brieﬂy, ttr gene copies (2 to 2 × 103 copies) were
added with primers and Qx200™ ddPCR™ Evagreen Super-

et al. ; Devonshire et al. ; Zhao et al. ) but

mix to the reaction mixture in a ﬁnal volume of 20 μL in

its environmental application for the detection of, for

accordance with the manufacturer’s instructions (Bio-Rad

example, Salmonella has so far not directly been done,

Laboratories, CA, USA). The reaction mixture was then pro-

except for one study in commercial poultry processing

cessed with 70 μL of droplet generation oil using the droplet

water samples (Rothrock et al. ). This study was, there-

generator (Bio-Rad Laboratories). The droplets generated

fore, undertaken with the objective of comparing the

were then transferred into 96-well plates and PCR ampliﬁca-

enumeration with ddPCR and qPCR for the detection of

tion was performed with a thermal proﬁle of denaturation at

Salmonella targeting the ttr gene in river sediment samples

95 C for 5 min, followed by 40 cycles at 94 C for 30 s, 54 C

collected from sites of the Palmiet River, Durban, South

for 1 min, 4 C for 5 min, 90 C for 5 min on a T100 thermal

Africa.

cycler (Bio-Rad Laboratories). Finally, the plate was loaded

W

W

W

W

W

onto the droplet reader and the data were generated and
analysed using the Quanta Soft analysis software (Bio-Rad

MATERIAL AND METHODS

Laboratories).

Salmonella enterica serovar enteritidis ATCC 13076 was

spp., in a riverine environment, sediment samples were col-

procured from Microbiologics Inc, USA. The primers

lected in triplicate in sterile bags from four sites of the

speciﬁc for the ttr gene targeting Salmonella were adopted

Palmiet River and transported on ice to the laboratory.

For culture-free quantitative enumeration of Salmonella

from Malorny et al. (). The qPCR standard curve for

DNA was extracted from sediments by PowerSoil®

the ttr gene was generated from the puriﬁed DNA extracted

DNA Isolation Kit (Mo Bio, Laboratories) according to

from the reference strain, S. enteritidis ATCC 13076 (2 to

the manufacturer’s protocol. The extracted DNA (5 μL)

6

2 × 10 gene copies (GC/PCR)) according to Jyoti et al.

was used as template in qPCR assays and ddPCR as

(). The qPCR was performed using CFX96 Touch™

described above. Quantitative enumeration of Salmonella

Real-Time PCR Detection System (BIO-RAD, Hercules,

in sediment samples by qPCR was carried out using stan-

CA, USA) using qPCR protocol of initial denaturation for

dard curve prepared by 10-fold diluted genomic DNA of

W

5 min at 95 C, followed by 45 cycles of three steps consisting
W

W

W

of 10 sec at 95 C, 20 sec at 54 C and 20 sec at 72 C. The
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droplet generation followed by PCR ampliﬁcation to detect

were lower again in the downstream site: 341 ± 30.9 and

copies/μL of reaction mixture.

75 ± 4.7 GC/g of sediment in ddPCR and qPCR, respectively (p  0.0001) (Table 1). The higher values at the sites
within the informal settlements is believed to reﬂect

RESULTS AND DISCUSSION

direct discharge of wastes to the river streams from these
communities. The presence of a signiﬁcantly higher

The performance of both qPCR and ddPCR targeting the ttr

amount of Salmonella in the sediments of the Palmiet

gene to detect Salmonella was analysed in water samples

River also reﬂects a higher likelihood of the presence of

spiked with a 10-fold serially diluted culture of S. enteritidis

other pathogens and will pose a health risk to both inhabi-

ATCC 13076. The sensitivity of qPCR assay targeting the ttr

tants and downstream localities.
One limitation of ddPCR in comparison to qPCR is the

gene for detecting Salmonella was assessed and found to be
7

capable of rapidly detecting 2 × 10 down to 20 CFU/PCR in

need to perform dilution of the samples, as concentrations

water samples spiked with the S. enteritidis ATCC 13076. In

above 75,000 copies of the target molecules lead to a signiﬁ-

comparison, ddPCR was able to detect as low as 2 GC/PCR

cant loss of linearity at high concentrations (Hayden et al.

Salmonella with DNA extracted from water samples spiked

). This was also evident in our results, where ddPCR

with the reference strain. Overall, the expected copy numbers

showed higher variability and less precision at the higher

measured from both the methods (qPCR and ddPCR) showed

concentrations (2 × 105 or 2 × 104) while qPCR performed

good linear regression correlation coefﬁcients (R2) values of

well at this range. In order to overcome this problem, the

0.999 and 0.994, respectively, in spiked water samples.

ddPCR was performed on DNA standards ranging from

The performance of ddPCR was further analysed to

2.0 × 100 ttr gene copies to 2.0 × 103 ttr gene copies.

detect targeted bacteria in sediment samples from Palmiet

ddPCR may provide an opportunity to reduce the inhibi-

River sites around an informal settlement in Durban and

tory effects of PCR inhibitors experienced with qPCR, but

subsequently compared with the qPCR. The sensitivity and

the methodology needs to be further tested and applied for

the linear range of ddPCR were comparable to those of

complex environmental samples. In conclusion, for this

qPCR in the case of spiked water samples but were signiﬁ-

ﬁrst comparison related to Salmonella and sediment

cantly more sensitive in the case of sediment samples. This

samples, ddPCR is fully amenable for the quantiﬁcation of

is most probably due to the droplet partitioning in ddPCR,

Salmonella and offers a robust, accurate, high-throughput,

in which, the whole PCR reaction is split into 20,000 dro-

affordable and more sensitive quantitation than qPCR of

plets where ideally each droplet contains one or less

pathogens related to this type of environmental sample.

copies of targeted DNA, effectively reducing the effect of
PCR inhibitors (Baker ).

Table 1

The Salmonella load was found to be signiﬁcantly

|

Comparison of qPCR and ddPCR performances in sediment samples collected
from upstream and downstream of Quarry road informal settlements in Palmiet
River

different in both qPCR and ddPCR for sites around the
informal settlements of Quarry road (p value ¼ 0.0025,

Salmonella a ttr

Salmonella a ttr

unpaired ‘t’ test). The site upstream of the informal settle-

Sampling sites

GC/g in qPCR

GC/g in ddPCR

ment had the lowest load, while for both sites, at the

Site#1 (upstream of informal
settlements)

59 ± 1.4

65 ± 0.77

Site#2 (start of informal
settlements)

355 ± 30

852 ± 35

Site#3 (downstream of river,
within informal
settlements)

255 ± 37

818 ± 30

Site#4 (end of informal
settlements)

75 ± 5.0

341 ± 31

start and further down within the settlement, the values
were in the same range, but varied signiﬁcantly between
the two methods: 852 ± 35 Salmonella GC/g of sediment
with ddPCR and the corresponding qPCR result of 355 ±
29.6 GC/g (p  0.0001) for site #2 and for site #3 in the
same range, 818 ± 29.6 and 255 ± 36.6 GC/g in ddPCR
and qPCR, respectively (site differences were however statistically signiﬁcant, p  0.0001) (Table 1). The numbers

Downloaded from https://iwaponline.com/jwh/article-pdf/393309/jwh0150505.pdf
by guest

a

Values represented (n ¼ 3) ± SD.

508

G. Singh et al.

|

ddPCR for detection of Salmonella

ACKNOWLEDGEMENTS
The support from the South African Research Chairs
Initiative of the Department of Science and Technology
and National Research Foundation of South Africa is
sincerely acknowledged. No conﬂict of interest is declared.

REFERENCES
Baker, M.  Digital PCR hits its stride. Nature Methods 9, 541–544.
Devonshire, A. S., Honeyborne, I., Gutteridge, A., Whale, A. S.,
Nixon, G., Wilson, P., Jones, G., McHugh, T. D., Foy, C. A. &
Huggett, J. F.  Highly reproducible absolute
quantiﬁcation of Mycobacterium tuberculosis complex by
digital PCR. Analytical Chemistry 87 (7), 3706–3713.
Hayden, R. T., Gu, Z., Ingersoll, J., Abdul-Ali, D., Shi, L., Pounds, S.
& Caliendo, A. M.  Comparison of droplet digital PCR to
real-time PCR for quantitative detection of cytomegalo virus.
Journal of Clinical Microbiology 51 (2), 540–546.
Hindson, B. J., Ness, K. D., Masquelier, D. A., Belgrader, P.,
Heredia, N. J., Makarewicz, A. J., Bright, I. J., Lucero, M. Y.,
Hiddessen, A. L., Legler, T. C., Kitano, T. K., Hodel, M. R.,
Petersen, J. F., Wyatt, P. W., Steenblock, E. R., Shah, P. H.,
Bousse, L. J., Troup, C. B., Mellen, J. C., Wittmann, D. K.,
Erndt, N. G., Cauley, T. H., Koehler, R. T., So, A. P., Dube, S.,
Rose, K. A., Montesclaros, L., Wang, S., Stumbo, D. P.,
Hodges, S. P., Romine, S., Milanovich, F. P., White, H. E.,
Regan, J. F., Karlin-Neumann, G. A., Hindson, C. M.,
Saxonov, S. & Colston, B. W.  High-throughput droplet
digital PCR system for absolute quantitation of DNA copy
number. Analytical Chemistry 83 (22), 8604–8610.
Jyoti, A., Vajpayee, P., Singh, G., Patel, C. B., Gupta, K. C. &
Shanker, R.  Identiﬁcation of environmental reservoirs of
nontyphoidal Salmonellosis: aptamer-assisted
bioconcentration and subsequent detection of Salmonella
Typhimurium by quantitative polymerase chain reaction.
Environmental Science & Technology 45 (20), 8996–9002.
Li, B. & Chen, J. Q.  Development of a sensitive and speciﬁc
qPCR assay in conjunction with propidium monoazide for
enhanced detection of live Salmonella spp. in food. BMC
Microbiology 13 (273), 1–13.
Lui, Y. L. & Tan, E. L.  Droplet digital PCR as a useful tool for
the quantitative detection of Enterovirus 71. Journal of
Virology Methods 207, 200–203.
Luna, G. M., Dell’Anno, A., Pietrangeli, B. & Danovaro, R.  A
new molecular approach based on qPCR for the

Journal of Water and Health

15.4

|

2017

quantiﬁcation of fecal bacteria in contaminated marine
sediments. Journal of Biotechnology 157 (4), 446–453.
Malorny, B., Paccassoni, E., Fach, P., Bunge, C., Martin, A. &
Helmuth, R.  Diagnostic real-time PCR for detection of
Salmonella in food. Applied Environmental Microbiology 70
(12), 7046–7052.
McDermott, G. P., Do, D., Litterst, C. M., Maar, D., Hindson,
C. M., Steenblock, E. R., Legler, T. C., Jouvenot, Y., Marrs, S.
H., Bemis, A., Shah, P., Wong, J., Wang, S., Sally, D., Javier,
L., Dinio, T., Han, C., Brackbill, T. P., Hodges, S. P., Ling, Y.,
Klitgord, N., Carman, G. J., Berman, J. R., Koehler, R. T.,
Hiddessen, A. L., Walse, P., Bousse, L., Tzonev, S., Hefner,
E., Hindson, B. J., Cauly 3rd, T. H., Hamby, K., Patel, V. P.,
Regan, J. F., Wyatt, P. W., Karlin-Neumann, G. A., Stumbo,
D. P. & Lowe, A. J.  Multiplexed target detection using
DNA-binding dye chemistry in droplet digital PCR.
Analytical Chemistry 85 (23), 11619–11627.
Morisset, D., Štebih, D., Milavec, M., Gruden, K. & Žel, J. 
Quantitative analysis of food and feed samples with droplet
digital PCR. PLoS ONE 8, e62583.
Pinheiro, L. B., Coleman, V. A., Hindson, C. M., Herrmann, J.,
Hindson, B. J., Bhat, S. & Emslie, K. R.  Evaluation of a
droplet digital polymerase chain reaction format for DNA copy
number quantiﬁcation. Analytical Chemistry 84 (2), 1003–1011.
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