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1. EXECUTIVE SUMMARY

In this deliverable, the definition and evaluation of bio-molecular methods for the quantification of
biological contaminations in treatment systems for wastewater reuse is summarized. In details,
complete protocols for the quantitative estimation by Q-PCR of ARGs and pathogens, in water
sample with different contamination level, were defined and evaluated including the following
steps:
Evaluation of sample concentration and DNA recovery protocols for water with different
level of contamination
Evaluation and monitoring of Q-PCR assays performances (amplification efficiencies
sensitivity and precision)
Analysis of the factors affecting Q-PCR sensitivity raw and treated wastewaters (assays
sensitivity, endogenous DNA, QPCR inhibitory compounds)
Definition of Salmonella and ARGs lower quantifiable level by QPCR in water samples with
different contamination level
Assessment of ARGs and Salmonella presence and diffusion in raw and treated wastewater
from W4Cs treatment systems for water reuse
The defined and optimized methods contributed to assess the performance of the different applied
wastewater treatment solutions of the project in terms of required hygienic aspects.
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2. INTRODUCTION

Water reuse is a common sustainable water management motivated by climate change,
urbanization, energy efficiency, and environmental protection. Treated-wastewater (TWW)
irrigation is becoming increasingly prevalent in arid regions of the world, due to growing demand
and decline in freshwater supplies (Fahrenfeld et al. 2013). However, detrimental microbial effects
associated with reclaimed water may hinder the use of recycled water for agricultural irrigation. The
possibility of spreading diseases is a main concern in reclaimed water reuse. A careful examination
of the microbiological quality of water, in any kind of process directed to reclaim water, is very
important to in order to reduce the health risk at an acceptable level (Asano and Cotruvo, 2004).
The spreading of ARGs into the environment has recently raised a great concern for the risk of
transferring antibiotic resistance to pathogens. Spreading of antibiotic resistances (AR)
determinants in the environment, both antibiotic resistance genes (ARGs) and bacteria (ARB),
raised a great concern in the last years for the possible transfer in the environment of antibiotic
resistance to pathogens and for the consequent increase of resistant diseases (Rizzo et al. 2013).
Antibiotic resistance genes (ARGs) which provide to the bacteria the capacity to survive to
antibiotic, can persist in the environment for an extended period of time (Poté et al. 2003) and
spread among bacteria. Antibiotic resistance genes can be in fact associated with mobile genetic
elements, which in turn allow a promiscuous transfer of resistance traits from one bacterium to
another. Together with the pathogens that might be present in the same environment, antibiotic
resistant bacteria can potentially exchange mobile genetic elements to create the perfect microbial
storm (Lupo et al. 2012). Wastewater treatment plants (WWTPs) have been described to possess
the ideal mix of conditions to promote horizontal gene transfer and development of antibiotic
resistant bacteria (Rizzo et al. 2013). Of particular concern is therefore the occurrence of antibiotic
resistance gene in wastewaters and wastewater systems for water reuse in agricultures that can
contain microorganisms of fecal origins such as enteric pathogens. In order to mitigate possible
health effects associated to the use of treated wastewater in agriculture, the spread of antibiotic
resistance should be carefully monitored and mitigate.
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In this contest the definition of sensitive, simple and efficient approaches for the quantitative
estimation and monitoring biological contamination in wastewater treatment systems for water
reuse is a main issue. Bio-molecular methods are based on the detection of DNA/RNA sequences
specific of the targeted gene or microorganism allowing its identification and/or quantification in
complex environmental matrices. Q-PCR was shown to be highly sensible, simple and rapid of
execution. In respect to pathogen detection, Q-PCR overcomes the limit of pathogen low
cultivability, increases detection specificity and sharply reduces the time required for the analysis of
pathogens. Traditional methods for the detection of waterborne pathogenic bacteria are based on the
selective cultivation of the target microorganism and the identification of obtained isolates by
different tests such as biochemical characterization, immunofluorescence, staining etc. The
cultivation-identification approach is complex and time consuming: 48 to 72 h are usually required
for a presumptive identification and even longer is necessary for the specie specific identification.
Furthermore some enteric pathogens are not cultivable or difficult to grow, requiring complex
growth condition (i.e. microaerophilic growth of Campylobacter) and the cultivation approach
might also fail in the detection of bacteria in the viable but non-culturable state (VBNC). In contrast
to cultivation methods, PCR and Q-PCR can also detect viable but non culturable bacteria (VBNCs)
and extracellular virulence genes that, eventually transformed into viable organisms, can be of
health concern. In comparison with other applied molecular methods for ARGs detection, such as
PCR, microarrays and southern blot, Q-PCR provide quantitative data (Rizzo et al. 2013) necessary
for the evaluation of ARGs removal in treatment systems. Additionally in respect to culture based
methods for monitoring antibiotic resistances Q-PCR allows the detection and quantification also
of ARGs present as free extracellular DNA in the environment and thus more susceptible to induce
horizontal gene transfer. However, several well know limitations of Q-PCR, such as the possible
presence of Q-PCR inhibitors in the analysed samples, should be carefully considered. The presence
of Q-PCR inhibitors introduces a number of problems, ranging from reduced amplification
efficiency and reduced assay sensitivity to complete reaction failure. Inhibitors can originate in both
biological and environmental samples and are often co-concentrated or extracted with target
microorganisms and/or nucleic acids. Inhibitory substances primarily disrupt the amplification of
target nucleic acids: 1) by interfering with the extraction of nucleic acid; 2) through the degradation
or capture of nucleic acid; and 3) by inhibiting Q-PCR amplification (e.g., interfering with
polymerase), (Rådström et al., 2008). Overall, inhibition makes interpreting the public health risk of
antibiotic resistance and pathogens in environmental samples more problematic. This may be
particularly true for pathogens, which have a low concentration in these samples, and inhibition
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could result in underestimating exposure and consequently health risk. Consequently, the issue of
PCR inhibition cannot be ignored and sample DNA extracts need to be tested for the presence of
inhibitory substances.
Within the framework of the W4Cs, quantitative Q-PCR detection methods to evaluate presence
and abundance of microbial parameters, critical for the assessment raw and treated wastewater
quality, were defined and tested. Different microbial parameters known to be present at different
level in wastewater, namely 4 ARGs and 1 index pathogen, were selected. In the present document,
methods performances and the results of the microbial analysis are reported for each microbial
parameter and for the different matrices investigated. The detailed optimized protocols ARGs
analysis by Q-PCR was reported in the milestone 2.2.

3. MATERIALS AND METHODS

3.1 Monitored W4Cs wastewater treatment processes

Wastewater samples (raw wastewater, secondary effluent and tertiary effluent) were collected from
two W4Cs wastewater treatment systems the Sequencing Bed Biofilter Granular Reactor (SBBGR
IRSA-2 and the Constructed Wetland (CW UNICT):
1) The SBBGR laboratory scale plant consisted of a 30 L cylindrical plexiglass reactor containing 9
L of wheel shaped plastic elements packed in a zone of the reactor known as bed. The reactor was
equipped with a filling pump for wastewater addition from the bottom of reactor (pump PF in Figure
1), an aerator for air supply in the liquid phase over the bed, a recycle pump (pump PR in Figure 1)
for allowing by means of an external loop the homogenization of the substrate and the distribution
of both substrate and oxygen through the reactor bed, and a motorized valve for effluent discharge
(pump VM in Figure 1). SBBGR system was operated with three treatment cycles per day, each
consisting of three consecutive phases: filling, biological degradation and drawing. The SBBGR
treatment was physically and chemically enhanced by sand filtration followed UV radiation and
peracetic acid (PAA). UV disinfection was performed by means of a low pressure mercury lamp
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having 40 W power and 254 nm emission peak. In detail, the filtered SBBGR effluent collected
during 18-24 h was flowed through the UV lamp by means of a submerged pump. During the tests a
UV radiation dose of about 200 mW/cm2 was used. PAA disinfection was performed on the same
filtered SBBGR effluent used for UV disinfection in order to better compare the two methods. It
was carried by using 1 L Erlenmeyer flask equipped with a magnetic stirrers. A fixed volume of a
1% (w/w) PAA solution was added to each flask and allowed to react for 30 minutes. Three final
concentrations of PAA were used: 1, 2 and 3 mg/L.

Figure 1. Sketch of the lab-scale SBBGR.

2) The horizontal subsurface flow (H-SSF) CW and filtration/UV is located in San Michele di
Ganzaria (Eastern Sicily, Italy), 90 km South-West of Catania. The site is at an altitude of 490 m
above the sea level and it is of coordinates 37°17′0″N and 14°26′0″E (Figure 2).
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Catania

San Michele di
Ganzaria

Figure 2. Location of CW, San Michele di Ganzaria (CT): a) Europe, (b) Sicily

.

The CW is part of the biggest natural wastewater plant of the South Italy, which included four HSSF reed beds, followed by three wastewater storage reservoirs, used for tertiary treatment for
wastewater reuse in agriculture. For this research, the activity was focused on one of the four reed
beds, i.e. H-SSF3 (about 2,000 m2) in operation since 2012, planted with Phragmites australis and
designed with a flow rate of 2 L/s. In order to improve the microbiological water quality, a part of
the CW effluent was treated by a sand filter (SF) + disk filter (DF), followed by a UV disinfection
unit (WEDECO AG, LBX 10) with three UV lamps. Furthermore part of H-SSF3 effluent is treated
by a lagooning (of about 60 m3), (Figure 3).

lagooning

WWTP

H-SSF3
SF

DF

Figure 3. CW- Sketch Layout of natural wastewater treatment plant.
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3.2 Samples and sampling campaigns

W4Cs samples for ARGs and Salmonella analysis were collected during seven sampling campaigns
from January 2014 until October 2014 at the SBBGR system, lab scale and pilot scale, and at the
CW system. Three types of wastewaters were monitored: (i) raw wastewater, (ii) secondary
effluent, and disinfected secondary effluent, namely UV and PAA disinfection for SBBGR,
filtration/UV and lagooning for CW. For W4Cs project 58 samples in total, comprising 14 samples
for both raw wastewater and secondary effluent and 30 samples for disinfected secondary effluent,
were analysed. The level and abundance of ARGs were determined in all the samples, while
Salmonella analysis was conducted in 20 out of 58 samples, including 7 samples for both raw
wastewater and secondary effluent and 6 samples for disinfected secondary effluent.

3.3 Sample processing and DNA extraction

The sample processing and DNA extraction protocol was defined and optimized within W4Cs as
reported in milestone 2.2. For sample concentration and DNA extraction, samples were filtrated on
0.45 µm pore-size polycarbonate membrane filters (diameter: 47 mm, Whatman, UK). The filtrated
volumes were in the range of 50-75 ml for raw influent and of 150-300 ml for secondary and
tertiary effluents depending on the sample filterability. Filters were stored at -20 °C until DNA
extraction.

DNA

was

extracted

directly

from

the

filter

membranes

following

a

phenol:chloroform:isoamyl alcohol protocol (Miller et al. 1999) with minor modifications. In detail,
a cell lysis step by enzymatic treatment was performed in addition to the bead beating approach
described in Miller et al. (1999). For the cell lysis filters were firstly incubated at 37°C for 40 min
with lysozyme (20 mg/ml) (Sigma Aldrich, USA) in lysis buffer (200 mM NaCl, 200 mM Tris, 2
mM NaCitrate, 10 mM CaCl2, 50 mM EDTA, pH 8.0) and successively, incubated at 50°C for 30
min with the addition of Proteinase K (5 mg/ml), (Sigma Aldrich, USA). The quality of the
extracted DNA was analyzed with Nanodrop 2000c (Thermo Scientific, Italy).

Pag. 11

Water4Crops

EU-FP7 Project n° 311933

The extraction of Salmonella DNA from pure culture, used for setting the standard curve, was
performed according to the protocol described above without the additional zirconium beads step
for cell lysis.

3.4 Real time quantitative PCR (qPCR)

The four antibiotic resistance genes detected by PCR (ermB, sul1, sul2, tetA) and Salmonella spp.
were quantified by Q-PCR. Previously described Q-PCR TaqMan assays were utilised for ermB
(Bockelman et al. 2009), sul1 (Heuer and Smalla 2007) and sul2 (Heuer et al., 2008), while tetA
was quantified according to Ng et al. (2001) utilising SYBR Green based Q-PCR. Salmonella ttr QPCR TaqMan assay by Malorny et al., (2004) was selected for the analysis of Salmonella. Primers
and probes sequences as well as the applied Q-PCR conditions are reported in Table 1. Q-PCR was
performed with CFX96 Touch Real Time PCR Detection System (Bio-Rad, USA) in 25 µL volume.
Q-PCR reactions contained 5 µl DNA template, 12.5 µl of 2X Mastermix (SsoAdvanced™
Universal Probes Supermix (Bio-Rad, USA) for ermB, sul1 and sul2 and SYBR Green Supermix
(Bio-Rad USA), primers and probes at the required concentrations (Table 1).
NTCs with no template DNA were included in each Q-PCR assays and serial dilution of the sample
DNA extract corresponding to 500, 50, and 10 ngDNA/ reaction tube were analysed to assess
presence of Q-PCR inhibitions. Each reaction was run in triplicate data were analysed with the
software CFX Manager.

Table 1. Primers, probes and thermal cycling conditions for Q-PCR.
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Primer and probe sequences (5’-3’)

F:GCTACATCCTGCTTGCCTTC
R: CATAGATCGCCGTGAAGAGG

Amplicon

Annealing/Extension

References

size (bp)

temperature (°C)

210

55°C

Ng et al. 2001

92

60°C

Bockelmann
et al. 2009

67

60°C

Heuer and
Smalla et al.
2007

60

60°C

94

60°C

F: GGATTCTACAAGCGTACCTTGGA
R: GCTGGCAGCTTAAGCAATTGCT

ermB

P:FAMCACTAGGGTTGCTCTTGCACACTCAAGTC–
BHQ-1

F: CCGTTGGCCTTCCTGTAAAG

sul1

R: TTGCCGATCGCGTGAAGT
P: FAM-CAGCGAGCCTTGCGGCGG-TAMRA
F: CGGCTGCGCTTCGATT

sul2

R: CGCGCGCAGAAAGGATT
P: FAM-CGGTGCTTCTGTCTGTTTCGCGC-

Heuer et al.
2008

TAMRA

F: CTCACCAGGAGATTACAACATGG

Salmonella
spp.

R: AGCTCAGACCAAAAGTGACCATC
P: FAM-CACCGACGGCGAGACCGACTTTDark Quencer

Malorny et al.
2004

3.5 Q-PCR Standard curve

The quantity of target gene in unknown samples was calculated on the base of a standard curve (Ct
value versus log of initial gene copy number) obtained using known quantities of the plasmid DNA
carrying target genes (i.e. ermB, sul1, sul2, tetA). Plasmid positive controls for sul1 and sul2 were
purchased from DSMZ (plasmids R388 (DSMZ 5189) and RSF1010 (DSMZ 5401) respectively.
Positive controls for ermB and tetA were instead obtained by cloning PCR products ligated into
pGEM®-T Easy plasmid into Escherichia coli cells following the manufacturer’s protocol
(Promega). For standards production, plasmid DNA was extracted using the according to the
QlAprep™ Spin Miniprep Kit (QIAGEN). The concentration of the purified plasmid DNA was
determined using NanoDrop spectrophotometer. The copy number of ARG per µl of plasmid
solution was then calculated as described in Czekalski et al. (2012). Ten-fold serial dilutions of
Pag. 13
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plasmid DNA (gene copy numbers from 102 to 106 per reaction) were amplified in triplicate with
the unknown samples for each qPCR assay.
A pure culture of Salmonella spp. was utilized as standard for the Q-PCR absolute quantification
assay. DNA was extracted and quantified as described above and the number of Salmonella gene
copies (GC) were calculated by the ratio of extracted DNA weight on the Salmonella genome
weight (5 fg) considering that only one copy of the ttr5 gene is present in the genome of this
bacterium. Serially diluted Salmonella DNA, namely ten-fold serial dilutions from 10 to 106
GC/reaction tube, were quantified by Q-PCR .

4. RESULTS

Bio-molecular methods for the monitoring of biological contaminants were defined evaluated and
applied in W4Cs project. A protocol for the recovery and extraction of DNA from untreated and
treated wastewater samples, was optimized; additionally, Q-PCR assays for the quantification of
ARGs diffused in the W4Cs samples were selected and tested on positive control standards and real
water samples, (Milestone 2.2). The performance of the applied bio-molecular methods for
monitoring biological contaminants in wastewater treatment and reuse processes were determined
and are described below. In detail :
- Q-PCR assays amplification efficiencies, and precision
- sample concentration and DNA extraction efficiencies
- Q-PCR inhibition by sample endogenous compound (DNA or other)
- sensitivity of the bimolecular approach for ARGs and pathogen monitoring
were evaluated and the advantage and limits of the use of QPCR methods for gene quantification in
raw and treated wastewater were discussed.

4.1 Q-PCR assays performances

Performances of 5 Q-PCR assays for the quantitative detection of ermB, sul1, sul2, tetA and
Salmonella were monitored during all the analyses performed in W4Cs samples. In particular,

Pag. 14

Water4Crops

EU-FP7 Project n° 311933

standard curve amplification efficiencies, linearity and y intercept were controlled. Moreover,
frequencies of positive NTCs, as well as their effect on standard assays sensitivity were recorded.
Finally, precision of the applied Q-PCR tests was monitored by assessing intra-assay Cq variation
coefficient (CV%), (between 3-5 replicates in single Q-PCR) and inter-assay Cq CV% (between 6
to 8 Q-PCR tests performed in different days by the same operator). Results are reported in tables 2
and 3.

Table 2. Q-PCR assays amplification performances.

Target gene

assay

sul1
Taq-Man

Positive
NTC

Standard
curves

Amplification
performances

GC/ reaction tubeA

(Efficiency %, R2 ,Intercept)

(frequency, Cq

94.8±3.2

1/6

0.99±0.003

(38.6)

50-106

Range)

44.3±0.43
sul2
Taq-Man

102-106A

94.5±1.8

6/6

0.99±0.003

(38.3-39.47)

41.3±0.67
ermB

Taq-Man

103-106A

93.70±6.77

5/6

0.99±0.002

(36.28-37.43)

42.00±1.09
Salmonella

Taq-Man

10-106 B

99.40±5.86

(1C/7)

0.99±0.008

(38.75)

38.45±0.64
tetA

SYBR-green

103-106

88.9±12.4

0/8 D

0.98±0.013
44.94±0.97

A) Lowest standard curve level, 1 log unit (3.3 Cq) < of any positive NTC Cq. C) Only 1 of the three replicates positive.
D) Fluorescent signal in positive control due to unspecific amplification for primer dimer formation

Table 3. Intra and inter assay variation coefficient for Q-PCR tests

Target Gene

Copy number
GC/reaction tube
Pag. 15
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sul1A
(6)

sul2
(6)

ermB
(6)

Salmonella
(7)

tetA
(8)

Intra-assays
CV%B
0.38
0.26
0.35
0.72
2.18
2.33
0.45
0.53
0.43
1.03
1.09
0.56
0.35
0.57
0.58
0.46
0.29
0.30
0.29
0.50
0.47
1.17
2.07
1.33
1.21
1.09
1.00

106
105
104
103
102
5 10
106
105
104
103
102
106
105
104
103
105
104
103
102
101
50
25
10
106
105
104
103

Inter-assays
CV%
0.90
1.24
1.04
1.16
1.19
0.70
3.96
3.64
3.31
3.57
2.21
1.16
1.23
1.62
1.88
1.27
0.74
0.74
0.72
0.21
1.21
1.25
1.32
4.29
2.75
3.03
2.62

(A) intrassay 3-5 replicates; B) average of intrassay %CV measured in each test 6-8 qPCR.

The good performances of the applied TaqMan assays, described in milestone 2.2, were maintained
during the analysis of W4Cs samples. Linear relationships between Cqs and gene copies were
obtained for all the standard curves and amplification efficiencies were always in the acceptable
range 85-100%. Consistently, as shown in the table 3, limited intra and interassay variability were
recorded for all the TaqMan assays. Intra-assay CV% ranged from 0.35 to 2.18 % and in
accordance to previous observation (Ahmed et al 2008), CV% increased at lower gene levels. Interassays CV% in TaqMan was also limited ranging between 0.2-3.96%. Overall, the obtained CVs
were comparable or lower than what previously reported in literature (Ahmed et al. 2009; Smith et
al. 2006). Notably, the y intercept varied between the applied assays indicating different sensitivity.
Salmonella Q-PCR assays showed the higher sensitivity respect to the ARGs assays, with detection
limit of 10 GC/ reaction tube.
Pag. 16
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Contamination was shown to affect the sensitivity of ermB and sul2 TaqMan assays. Positive NTCs
were, in fact, frequently detected for these two genes (table 2) in spite of continuous attempts to
identify and remove possible sources of contaminations. Considering the exponential nature of PCR
amplification, positive NTCs can be accepted, when Q-PCR is not applied for diagnostic, as far as
conditions for data rejection, are established (Smith and Osborne, 2009; Bustin et al 2009).
Consequently, in the case of ermB and sul2 the assays sensitivities were reduced of respectively 10
and 5 times to 103 and 102 GCs/ reaction tube as lowest quantifiable concentration.
Lower amplification efficiencies and higher variability were recorded for the tetA Syber green QPCR assay (tables 2 and 3). As previously reported (Milestone 2.2) this assay is affected by non
optimal design of primers which causes unspecific amplification for primer dimer formation at low
gene copies (from 10-103GC/ reaction tube). Monitoring of the assay performance during W4Cs
analysis showed that, beside reducing the sensibility of the assay, the non optimal design also
influence Q-PCR test amplification efficiency and reproducibility (tables 2 and 3). Based on the
unspecific amplification observed the lowest quantifiable level of tetA was set at 103 GCs/reaction
tube.
In conclusion, good amplification efficiencies and precision were maintained during time with
higher level associated to the Taq-Man assays, nevertheless different assays showed different
sensitivity with lower quantifiable level varying between 10 and 103gC/ reaction tube.

As

previously shown by other authors, positive NTC were for some of the assays with consequent
reduction of assay sensibility.

4.2 Sample concentration and DNA recovery

Efficient sample concentration and DNA recovery is the necessary premise for sensitive Q-PCR
quantification in water samples. As reported in Milestone 2.2 an optimized sample concentration
and DNA extraction protocol was defined within the W4CS project. In particular, i) the use of small
(45mm) 0.2 polycarbonate filter was selected for samples concentration and the maximum filterable
volume was concentrated for each type of water; ii) DNA extraction procedure was modified to
obtain elevated extraction efficiencies and good DNA quality. The protocol was applied for the
concentration and extraction of DNA in 58 water samples with different contamination level and the
method performances are described below. In table 4 the range of filterable volumes, DNA
Pag. 17

Water4Crops

EU-FP7 Project n° 311933

extraction efficiencies, and maximum volume of water that could be analysed in each Q-PCR
reaction are reported for each water type. Additionally, in figure 4 the variation of DNA extraction
efficiencies during time at the two treatment systems is shown (figure 4).

Table 4. Range of filterable volumes, DNA extraction efficiencies and maximum sample volume/QPCR reaction per type of water

filterable volume
(ml)

DNA extraction
efficiency
(ng DNA/ml)

sample volume per
Q-PCR reaction A
(ml)

50

1041.7-4835.2

0.1 – 0.5

Secondary effluent (7)

125-250

27.5-445.9

1.1 – 18.2

Disinfected

150-250

2.3-88

5.7 – 217.4

Raw wastewater (7)

50-100

111.9-2074.3

0.2 – 4.5

Secondary effluent (7)

100-250

16.2-166.8

3.0 – 30.9

Disinfected

150-250

12.2-84.7

5.9 – 41.0

50-150

48.1-914

0.6 – 10.4

water type
(sample n.)

SBBGR
Raw wastewater (7)

Secondary

B

effluent (16)
CWs

Secondary

effluentC (14)
Lagooning D(4)

(A) Maximum volume per reaction tube corresponding to the non-inhibitory DNA concentration of 500ng/reaction
tube; B) PAA or UV disinfection, applied after sample filtration (sand filter); C) secondary effluent after filtration
and-or UV; D) biological enhancement of CW secondary effluent by lagooning
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Figure 4. DNA extraction efficiencies from SBBGR and CW systems samples.

DNA recoveries similar or higher than those previously reported for untreated and treated
wastewaters (Auerbach et al., 2007; Zhang et al., 2009) were obtained on all the W4Cs samples,
confirming the good performances of the DNA extraction method. As expected, a reduction of
DNA content was observed at increased treatment level, however, large variation of DNA content
(up to 1 log) were observed during time for each sample type (Figure 4).
The filterable water volumes ranged from 50 to 250 ml depending on the treatment level, but as
shown in the table 4, only a small aliquot of the samples (10-100 time less of the filterable volume)
could be analysed by Q-PCR. In fact, due to the high content of DNA in the treated or untreated
wastewater, dilution of the extracted DNA was necessary to obtain non inhibitory DNA
concentration (≤ 500 ng DNA/reaction tube) in Q-PCR. According to the obtained data to achieve
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non inhibitory DNA level, raw wastewater samples should be in general diluted (from 2 to 10
times) while secondary and tertiary effluents could be concentrated maximum 10-50 times.
Consequently, unless a purification step for the specific enrichment of the target gene or bacterium
(e.g. immunomagnetic separation) is introduced, no improvement of assay sensitivity can be
obtained by increasing the filtrated sample volume.

4.3 Sample’s endogenous Q-PCR inhibitory compounds

The presence of Q-PCR inhibitors other than endogenous DNA introduces a number of problems,
ranging from reduced amplification efficiency and reduced assay sensitivity to complete reaction
failure. Consequently, sample DNA extracts need to be tested for the presence of inhibitory
substances. Two different approaches were applied to evaluate Q-PCR inhibition in raw secondary
and tertiary treated wastewaters:
evaluation of the effect of dilution of the DNA template, on the quantification of endogenous
gene (ARGs)
evaluation of the recovery of known quantity of spiked gene GCs in undiluted and diluted water
samples (Salmonella).

The dilution approach, also indicated as preferential method for the assessment of PCR inhibition in
the Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE)
(Bustin et al., 2009), is based on the idea that dilution will reduce the effect of potential inhibitors
and thus cause reduction of the expected delta Cq between the undiluted and diluted sample. The
major drawback of this approach is that, requiring dilution, it reduces the sensibility of the assays
and the possibility of detecting low level of target DNA (King et al. 2009). A second approach, the
spiking approach was therefore, applied in case of Salmonella which was only rarely detected and at
low level.

4.3.1 Dilution approach (ARGs)
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As a first test to assess presence of inhibition, Q-PCR was performed for each target ARGs and
sample type with different amounts of template DNA: i) the maximum non-inhibitory DNA level
(500ng/ reaction tube) and the following ii) 10 fold (50 ng DNA/reaction tube) and iii) 50 fold
dilution (10ng DNA/reaction tube). The obtained gene concentrations (GCs/ml) were compared
between less and more diluted DNA and the dilution level necessary to remove inhibition was
determined.
In figure 5 the results of ARGs quantification in raw wastewater secondary and tertiary effluent
obtained with 500, 50 and 10 ng DNA/ reaction tube are shown.

Figure 5. ARGs QPCR quantification in raw and treated wastewater: 500, 50 and 10 ng extracted
DNA per reaction tube.

As shown in figure 5, Q-PCR inhibition was observed at 500 ng DNA/reaction tube in all the
analysed water samples and for all the ARGs. In fact, ARGs could not be detected or were detected
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at lower level at 500 ng DNA compared to 50 and 10 ng DNA. DNA dilution was shown to reduced
Q-PCR inhibition: little or no inhibition was in fact observed at 50 ng DNA as shown by the similar
ARGs concentrations detected at 50 and 10 ng DNA. Consequently, 50 and 10 ng DNA/ reaction
tube were selected for the QPCR analysis in W4Cs samples.
Q-PCR inhibition at 50 ng DNA was successively monitored in each W4Cs sample by comparing
Cq values obtained with 50 and 10 ng of template DNA/ reaction tube. In agreement to Cao et al.
(2012) amplification was considered inhibited if the Delta Cq between two dilutions was 1 Cq (2*
CqSD) less than the expected Delta Cq between dilutions. The percentage of samples inhibited of
the total sample number at 50 ng DNA/reaction tube are shown in Table 5.

Table 5. Percentage of inhibited Q-PCR (50 ng DNA/reaction tube) assays per sample type and
ARGs
CW

SBBGR
raw

recondary

tertiary

raw

secondary

tertiary

wastewater

effluent

effluent

wastewater

effluent

effluent

ermb

43%

57%

44%

86%

57%

79%

sul1

14%

14%

31%

71%

29%

50%

sul2

14%

29%

13%

57%

57%

71%

tetA

57%

43%

38%

86%

86%

86%

Target-gene

Notably, Q-PCR inhibition was frequently observed at 50 ng DNA/reaction tube. Overall,
percentage of samples that inhibits Q-PCR and therefore might produce false negative or
underestimation of the targeted gene level ranged from 14 to 86% of the total sample. Surprisingly,
no reduction of inhibitory effect was observed at increasing treatment level probably due to the
higher sample volume, analysed per reaction tube, of the more purified water in comparison to the
untreated ones. In general, higher level of inhibition (range from 14-57%) was observed in the
samples from the constructed wetland in respect to the SBBGR system (range 29-86%) suggesting a
direct link between sample source and PCR inhibition in W4Cs samples.
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4.3.2 Spiking approach (Salmonella)

Salmonella spp. was not detected or detected at very low level in the analysed samples; therefore
the spiking approach instead of the dilution approach was applied to evaluate Q-PCR inhibition and
exclude false negative results. In details, the raw wastewater undiluted and diluted (5, 10, 50 and
500 ng of extracted DNA/reaction tube) were spiked with 1.0x103 Salmonella GC and the recovery
of spiked gene copies was determined. Q-PCR inhibition is expected to reduced recovery of
Salmonella gene copies in the analysed samples; in particular considering a natural variability of 0.5
cycles of Cq for Q-PCR replicates, a sample was deemed inhibited if 1 cycle shift was observed
between the obtained and expected CQ value. In table 6 the Cq values in diluted and undiluted
samples spiked with Salmonella DNA are reported together with the delta Cq (obtained Cq –
expected Cq). The presence of endogenous Salmonella in the analysed sample was previously
excluded by Q-PCR.

Table 6. Recovery of spiked Salmonella DNA (103GC/reaction tube) in diluted and undiluted
sample DNA
Samples

Sample dilution

Sample Cq

Delta Cq

(ngDNA/reaction tube)

mean (± stand. dev.)

(obtained Cq – expected Cq )

500

37.99 (± )

9.19

raw wastewater

50

28.63 (± 0.53 )

-0.17

SBBGR

10

28.95 (± 0.12 )

0.15

5

28.98 (± 0.10 )

0.18

500

NA

raw wastewater

50

NA

CW

10

29.41 (± 0.30)

0.61

5

28.78 (± 0.15)

-0.02

NA: no amplification; expected 103 copies/ reaction tube Cq 28.8±0.2

In agreement with what observed by the dilution method, the spiking approach showed inhibition at
500ng DNA/reaction tube, reduction of inhibition at lower template DNA concentration and
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different level of inhibition between the CW and SBBGR samples. In details, the spiked DNA was
completely recovered at 50 ng DNA/reaction tube in the SBBGR wastewater while inhibition was
observed in the CW wastewater also at 50 ng DNA reaction tube.
In conclusion, in agreement with what previously observed (Gibson et al.2012), the obtained results
clearly showed that inhibitory compounds, other than endogenous DNA, can largely affect Q-PCR
quantitative detection of target gene in the analysed samples. Consequently, the risk of false
negative results or underestimation of biological contamination might be elevated if PCR inhibition
is not carefully monitored. Q-PCR inhibition was in fact frequently observed in raw and treated
wastewaters: i) false negative results were shown to be very common at high DNA concentration
(500 ng DNA/reaction tube) and ii) also after sample dilution (50- 10 ng DNA/ reaction tube) the
level of the target gene could be underestimated. High variation of inhibition was observed (e.g.
between QPCR assays, in single sampling points during time and in the same water type from
different geographical origin), indicating that inhibition should be checked for each the analysed
samples. According to the obtained data, Q-PCR inhibition could be efficiently removed by sample
dilution but with a consequent reduction of method sensibility (10 to 50 times). Finally, the
necessary analysis of serial dilution of the DNA template for each sample highly increases the cost
of the analysis.

4.3.3 ARGs and Salmonella’s lower Q-PCR quantifiable level in raw and treated wastewaters

The reported results showed that sensitivity of Q-PCR varies between specific assay and that
sample characteristics largely influence the sensitivity of this bio-molecular quantification method.
Considering the defined endogenous DNA concentrations and therefore the maximum volume that
could be analysed per Q-PCR reaction, as well as the determined dilution factor required to remove
Q-PCR inhibition, the lower quantifiable level was estimated for each type of water and target gene.
In detail, the range of lower detectable level for sample type and gene, was calculated based on the
minimum number of copies (assay detection limit) that can be detected and maximum sample
volume that can be analyzed per Q-PCR reaction tube. Considering the results of Q-PCR inhibition
assessment, the maximum volume that could be analyzed per Q-PCR reaction tube was defined as
the sample volume containing 50 ng of DNA and 10 ng of DNA respectively for SBBGR and CW
samples. Results are reported in table 7.
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Table 7. Lower quantifiable gene level per QPCR assay and type of water.

Samples

Salmonella

sul 1

sul2

ermB and tetA

10

5 10

102

103

2 10 2-1 10 3

102-5 10 3

2 103-1 104

2 104-1 105

1.1 102-2.5 103

5.5 102-1.2 103

1.1 103 -2.5 104

1.1 104-2.5 105

5.5 -9 10

2.5-4.5 10 2

5 10-9 102

5 102 -9 103

1.6 10-1.6 102

8 10-8.3102

1.6 102-1.6103

1.6 103-1.6 104

4.5 10-1-1.7 10

2.3-8.7 10 1

4.5-1.7 102

4.5 10-1.7 103

1.2 10-1 102

6 10-5 102

1.2 102-1 103

1.2 103-1 104

Assay detection
limit

A

Raw wastewaterB
SBBGR
CW
Secondary effluentB
SBBGR
CWs
After Disinfection C
SBBGR
CWs

(A): (GC/reaction tube); B: GC/ml; (C): UV or PAA disinfection applied after sample filtration (sand filter)

As shown in table 7, the lower quantifiable gene level is in general close to or higher than the
QPCR assay sensibility. In spite of the high assay sensitivity (10 GC/ reaction tube), Salmonella
lower quantifiable level in raw and treated wastewater raged between 102-103 GCs/ml and 10-102
GCs/ml respectively. Higher sensibility 4.5x10-1 GCs/ml was estimated but only for some
disinfected samples characterised by very low DNA content (2.3 ng DNA/ml). As expected, the
lower gene quantifiable level increased with reduced assay sensitivity, with worst performances
associated to ermB and tetA quantification. In conclusion, sample DNA content and the presence of
Q-PCR inhibitors, were shown to limit the maximum sample volume that can be analysed per
reaction tube, finally determining the overall sensitivity of Q-PCR methods in raw and treated
wastewater. Therefore, in spite of the use of a Q-PCR assay with high sensitivity (i.e. Salmonella
assay), reduction of lower quantifiable level in highly contaminated water could only be achieved
by enrichment of the target DNA (e.g immune-magnetic separation of enrichment in selective
culture media) or by Q-PCR inhibition removal.
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4.4 Q-PCR quantitative monitoring of ARGs and Salmonella in W4Cs treatment systems

The efficiency of the 5 QPCR assays for the quantitative detection ARGs and Salmonella in
wastewater treatment processes was finally determined on the W4Cs samples. Q-PCR was applied
for the quantitative detection of antibiotic resistance genes and pathogens in two treatment solutions
for agricultural wastewater reuse described in the WP2: i) the SBBGR, with tertiary enhancements
and ii) the constructed wetland followed by UV disinfection or lagooning. Totally the 5 target genes
were analysed in 58 samples comprising raw wastewater (14), secondary effluent (14), secondary
effluent after disinfection (30) and secondary effluent after lagooning (4).

4.4.1 ARGs presence and abundance

In table 8, percentages of ARGs detection and quantifications in raw and treated wastewater
samples are shown.

Table 8. Percentage of ARGs detection and quantification in raw and treated wastewater samples
sul1

sul2

ermB

tetA

raw
wastewater
(14)

100 (100)

100 (100)

100 (100)

92.8 (92.3)

recondary
effluent (14)

100 (100)

100 (100)

100 (85.7)

100 (100)
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100 (100)

100 (100)

93.7 (93.3)

100 (87.5)

(A) number of analysed samples :raw wastewater (7), secondary effluent (7), disinfected effluent (6); B) UV and PAA.

In spite of the numerous factors limiting the sensitivity of this approach, QPCR was shown to be an
efficient method for the monitoring ARGs in WWTPs. In agreement with literature data (Du et al.
2014; Czekalski et al. 2012; Munir et al. 2011; Zhang et al. 2009) ARGS were commonly found in
untreated and treated wastewaters and the detected genes could be correctly quantified in almost all
the analysed samples (table 8). Failure of ARGs quantification was only observed for suboptimal
ermB and tetA Q-PCR assays that affected by contamination and unspecific amplification, have
highest detection limit (103 GC/reaction tube). In figure 6 the level of the analysed ARGs in sewage
and treated wastewater at the two monitored treatment systems is shown.
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Figure 6. Level of ARGs in the SBBGR and CW treatment system sewage, secondary and tertiary
effluent. Legend: box represents the 25th (lower hinge) and the 75th (upper hinge) percentiles.
Median value is indicated by the horizontal line inside the box, the whiskers of the box represent the
lower (10th percentile) and the upper (90th percentile) adjacent values and the dots represent the
outside values.
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Q-PCR efficiently quantified ARGs over a wide range of concentrations from 2.06 log GC/ml of
ermB to 9.52 log GC/ml sul1. All the analysed ARGs were abundant in the monitored water with
the highest level usually associated to sul1. Overall, ARGs concentration ranged from 3.0 log
GC/ml of ermB to 9.52 log GC/ml of sul1 in raw wastewater, from 3.06 log GC/ml of ermB to 7.08
log GC/ml sul1 in secondary effluent and from 2.06 log GC/ml of tetA to 6.86 log GC/ml of sul1 in
disinfected effluents. Similar ARGs levels were previously reported in literature for raw and treated
wastewaters (Du et al. 2014; Czekalski et al. 2012; Munir et al. 2011; Zhang et al. 2009). In figure 7
the ARGs logarithmic removal obtained in the two monitored treatment solutions for wastewater
reuse are shown.
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Figure 7. ARGs logarithmic removal obtained in the SBBGR (lab scale and pilot scale) and CW
treatment systems. Legend: frequency (%) of sampling campaigns with observed ARGs removals is
shown above bars.

As summarized in figure 7 the defined and optimized methods allowed assessing the performance
of the applied wastewater treatment solutions of the project in terms of ARGs reduction. Different
removal levels were achieved by the applied treatments. In general, ARGs reduction was observed
during the biological treatment with variable performances during time, while little or no effect was
obtained by tertiary treatments.
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4.4.2 Salmonella spp. presence and abundance

Q-PCR was instead not sensible enough for the monitoring of less concentrated target genes such as
pathogens genes in W4Cs samples. As reported above, Salmonella QPCR assay showed the highest
sensibility with lower detectable of 10 GC/ reaction tube, in spite of this, Salmonella could only be
detected and not quantified in the analysed raw and treated wastewaters. In table 9, the percentage
of positive Salmonella samples and of samples with quantifiable Salmonella level are reported per
sample type.

Table 9. Percentage of Salmonella detection and quantification in raw and treated wastewater
samples.
Positive samples

raw wastewater (7)

71.4(0)

secondary effluent (7)

85.7(0)

disinfected effluent (6)

83.3 (0)

Although frequently detected Salmonella, was always below the Q-PCR quantification limit. In
accordance with what previously defined for raw and treated wastewater (table 7), the lower
detectable limit in Salmonella positive samples was between 102-103 GCs/ml and 10-102 GCs/ml
for raw wastewater and treated effluent, respectively. The sensibility of this bimolecular methods is
therefore not enough to evaluate the achievements of the Italian water quality limits (no Salmonella
in 100ml) required for agricultural reuse of treated wastewater (Italian D.M 185/2003).
Only few papers of Salmonella Q-PCR quantification in wastewater are present in literature (Lee et
al. 2006; Wery et al. 2008; Levantesi et al. 2010). Differently from what we observed, these authors
reports Salmonella concentration below the lower detectable level defined in W4Cs samples. In
particular very low Salmonella level were quantified by Lee at al. (2006) in raw wastewater
(600GC/100ml) at and by Levantesi et al. (2010) in secondary effluent, suggesting that the
endogenous DNA content and inhibitory compounds were present in lower level in their samples.
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In conclusion, Q-PCR efficiently quantified ARGs over more than 6 logs concentration range in
water with different level of contamination, and allowed the evaluation of ARGs performances in
different treatment processes. Q-PCR was instead not suitable for monitoring pathogens, or in
general target genes present at low level, in contaminated water. We showed that beside the
sensibility of the specific QPCR assay, sample characteristics, namely endogenous DNA and
inhibitors compound, finally define the lower detectable level in this type of samples. According to
our results a maximum level of 10-50 ng of DNA could be analysed in each reaction in order to
avoid QPCR inhibition, which corresponded for Salmonella to a lower detectable level ranging
from 10-102 and 102-103 GCs/ml in W4Cs raw wastewaters and secondary effluents respectively.
Nevertheless, in agreement with other authors (Gibson et al., 2012) we observed that sample
inhibition can be extremely variable in each water type, and pathogen lower detectable level by
QPCR might vary accordingly. Nevertheless, papers reporting the use of QPCR for pathogen
detection, usually however, in general target gene concentrations similar to or above the lower
detection limit defined in this project.

5. CONCLUSIONS

Q-PCR efficiently quantified ARGs over a wide range of concentrations (102-109 GC/ml) in water
with different level of contamination.
Q-PCR was instead not sensible enough for the monitoring of less concentrated target genes. The
lower quantifiable Salmonella level in raw and treated wastewater ranged between 102-103 and 10102 GC/ml respectively.
Sample characteristics influenced the QPCR quantification limit that could not be reduced any
further unless inhibiting compounds are removed or target DNA is specifically enriched (i.e.
immunomagnetic separation).
Advantages and limits of QPCR analysis for the quantitative monitoring of biological
contamination in wastewater treatment system were shown:
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- Good performance of the optimized concentration extraction protocols were obtained (high DNA
extraction and sufficient volume could be concentrated on 45mm filters for a large number of QPCR reaction).
-The volume of untreated or treated wastewater samples that can be analysed by QPCR is limited by
the sample DNA content; therefore, concentration of larger sample volume will not improve
sensitivity of the method.
- Inhibitory compounds and endogenous DNA, can largely affect Q-PCR quantitative detection of
target gene in the analysed samples. High variation of inhibition was observed indicating that
inhibition should be checked for each the analysed samples
- Q-PCR inhibition could be efficiently removed by sample dilutions but with a consequent
reduction of method sensibility (10-100 times) and increased cost of the analysis.
-Minimal requirements for an efficient and reliable QPCR quantitative detection of biological
contaminants (filterable volumes, QPCR inhibition monitoring, maximum non inhibitory template
DNA, lower detectable level) were defined for the analysed raw and treated wastewater.
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