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The new European regulation on minimum quality requirements (MQR) for water reuse (EU, 2020/741) was
launched in May 2020 and describes the directives for the use of reclaimed water for agricultural irrigation. This
Regulation will be directly applicable in all Member States from 26 June 2023. Since its publication in 2020,
concerns have raised about potential non-compliance situations in water reuse systems. The present study rep
resents a case study where three different water reuse systems have been monitored to establish their compliance
with the MQR. Each water reuse system includes a wastewater treatment plant (WWTP), a distribution/storage
system and an end-user point, where water is used for irrigation of leafy greens. The selected water reuse systems
allowed us to compare the efficacy of water treatments implemented in two WWTPs as well as the impact of three
different irrigation systems (drip, furrow and overhead irrigation). The presence and concentration of indicator
microorganisms (Escherichia coli and C. perfringens spores) as well as pathogenic bacteria (Shiga toxin-producing,
E. coli (STEC), E. coli O157:H7, and Salmonella spp.) were monitored in different sampling points (influent and
effluent of the WWTPs, water reservoirs located at the distribution system and the end-user point at the irrigation
system as well as in the leafy greens during their growing cycle. Average levels of E. coli (0.73 ± 1.20 log cfu
E. coli/100 mL) obtained at the point where the WWTP operator delivers reclaimed water to the next actor in the
chain, defined in the European regulation as the ‘point of compliance’, were within the established MQR (<1 log
cfu/100 mL) (EU, 2020/741). On the other hand, average levels of E. coli at the end-user point (1.0 ± 1.2 log cfu/
100 mL) were below the recommended threshold (2 log cfu E. coli/100 mL) for irrigation water based on the
guidance document on microbiological risks in fresh fruits and vegetables at primary production (EC, 2017/
C_163/01). However, several outlier points were observed among the samples taken at the irrigation point,
which were linked to a specific cross-contamination event within the distribution/storage system. Regarding
pathogenic bacteria, water samples from the influent of the WWTPs showed a 100% prevalence, while only 5% of
the effluent samples were positive for any of the monitored pathogenic bacteria. Obtained results indicate that
reclaimed water produced in the selected water reuse system is suitable to be used as irrigation water. However,
efforts are necessary not only in the establishment of advance disinfection treatments but also in the maintenance
of the distribution/storage systems.

1. Introduction
Water scarcity is becoming a cause of concern across Europe (EU,

2020/741). Currently, one-third of the EU territory suffers from water
stress all year round due to climate change. Agriculture uses about 70%
of water withdrawals from freshwater resources, but this average
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Fig. 1. Description of the water reuse systems included in the study. The water reuse system consisted in two WWTPs, one or two water reservoirs and an irrigation
system. A total of 5/6 sampling points were included for each water reuse system.

risks in fresh fruit and vegetables at primary production (EC, 2017/
C_163/01). This guidance document includes the recommended micro
biological threshold values and the frequency of monitoring for analysis
of the water for indicators of faecal contamination (indicator E. coli) and
the end-user point (where water is use for irrigation), considering the
source and the intended use of agricultural water (e.g. irrigation system,
fresh fruits and vegetables characteristics, intended use of fresh fruits
and vegetables). The suggested values are based on scientific opinions
previously published by the European Food Safety Agency (EFSA)
(EFSA, 2014). This means that different thresholds apply at different
points of the water reuse system, mostly because different approaches
have been applied to the effluents and the irrigation water. In the Eu
ropean regulation, levels of E. coli lower than 1 log cfu/100 mL at the
point of delivery of the reclaimed water to the users, aim to guarantee a
reduction in the prevalence of pathogenic microorganisms in the
reclaimed water in agreement with the tolerable burden of disease of
10− 6 Disability Adjusted Life Years (DALYs) per person per year (pppy)
(Alcalde-Sanz and Gawlik, 2017). However, the E. coli thresholds at the
end-user point (where water is use as irrigation water) included in the
guidance document of the EC are linked to the probability of finding a
pathogen in the irrigation water based on the scientific evidences (EFSA,
2014).
This study represents a practical example of the current situation in
the South East of Spain, known as the European orchard, which repre
sents (in economic terms) 10% of the world production of fruit and
vegetables and 12% at European level and where reclaimed water rep
resents a valuable water source (FAOstat, 2019). Data obtained in this
study were acquired through a 2-year systematic sampling of water
obtained from two WWTPs used to irrigate commercial fields producing
leafy greens. Analyses of bacterial indicators and pathogens were per
formed in 7 growing cycles. Interpretation of the data obtained was used
to determine if current practices are compatible with the new European
regulation.

represents even more in some areas. Water reuse is defined as the use of
treated wastewater for beneficial use (Alcalde-Sanz and Gawlik, 2017).
The European Commission promotes an integrated water management
approach, in which treated wastewater from urban wastewater treat
ment plants (WWTPs) can represent an alternative water source to
alleviate the demand for irrigation water. Thus, water reclamation and
reuse for agriculture irrigation are priority innovation practices (EU,
2020/741). However, the potential use of reclaimed water has remained
mostly unexploited in the EU (Sánchez-Cerdà et al., 2020). Different
factors have been highlighted as potential drawbacks, including 1)
water reuse cost; 2) a general public distrust related to human health
risks, and 3) the lack of harmonization in the regulatory framework to
manage health and environmental risks related to water reuse at the EU
level (Alcalde-Sanz and Gawlik, 2017). Several EU Member States (MS),
including Cyprus, Greece, France, Italy, Portugal, and Spain had previ
ous standards on water reuse in place (EU, 2018). However, a common
legal framework was necessary to avoid the lack of harmony among the
existing standards of different MS, because it could create trade barriers
across Europe for agricultural goods irrigated with reclaimed water and
a perception among end-users that there are various safety levels for
similar irrigation practices (Drewes et al., 2017). For example, the
Spanish legislation on reclaimed water, which was in place since 2007
(Real Decreto 1620/2007, 2007), has been repealed by the new Euro
pean regulation (EU, 2020/741), which include more stringent param
eters. However, the new regulation includes additional barriers, which
make the established thresholds more flexible. The report elaborated by
the European Committee of the Regions' Commission for the Environ
ment, Climate Change, and Energy named “Water Reuse—Legislative
Framework in EU Regions” includes a comparison of different national
legislations with the new European regulation on water reuse, high
lighting the differences among the cover parameters and monitoring
requirements (EU, 2018).
Based on the new regulation, it is clear that WWTPs operators shall
provide a certificate of compliance with the establish conditions to the
end-users of the reclaimed water but it also mentions that other inter
ested parties, beyond reclamation plant operators, are responsible for
ensuring the quality requirements (EU, 2020/741). As already stated by
Sánchez-Cerdà et al. (2020), the compliance point of the plant operators
must be the point of delivery of the reclaimed water to the users. This
means that the final user should take preventive actions to maintain the
quality of the water. In an attempt to help growers to prevent microbial
contamination of fruit and vegetables, the European Commission (EC)
published in 2017 a guidance document to address the microbiological

2. Materials and methods
2.1. Experimental design
Three water reuse systems have been included in this study as it is
illustrated in Fig. 1. Two different WWTPs with tertiary treatments
located in Cartagena and Lorca (Murcia, Spain) were selected due to its
location with respect to the crop fields, which allowed the use of the
reclaimed water as irrigation water using different irrigation systems.
2
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The WWTP located in the Cartagena area used ultraviolet-C light as
tertiary treatment (WWTP_UV-C), while the WWTP located in the Lorca
area used sodium hypochlorite as tertiary treatment (WWTP_NaClO).
The point of delivery of the WWTPs was established after the tertiary
treatment. Reclaimed water was then transferred to the water reservoir,
as part of the distribution/storage system. The number of water reser
voirs varied between the water reuse systems as it is illustrated in Fig. 1.
Three different end-user points (commercial growing fields) were
included in the water reuse systems, and irrigation water was applied
using different irrigation systems including drip, furrow and overhead
irrigation.

quantify culturable E. coli. The homogenate was serially diluted, and 1
mL aliquots were pour plated using Chromocult coliform agar (Merk).
Incubation of the plates and interpretation of results were performed as
explained before for water samples. The limit of detection for E. coli
enumeration in the water samples obtained from the WWTP inlet was 3
log cfu/100 mL (1000 cfu/100 mL) while for the rest of the water
samples (e.g. WWTP outlet, water reservoir and irrigation water), the
limit of detection was 0 log cfu/100 mL (1 cfu/100 mL). In the case of
leafy green samples, the limit of detection was 0.7 log cfu/g (5 cfu/g).

2.2. Meteorological parameters

Clostridium perfringens spores were examined following the protocol
established in the UNE-EN ISO 14189: 2017 standard, using Tryptose
Sulfite Cyclosserine (TSC; Oxoid, Basingstoke, UK) agar and fluorescent
supplement (TSCF; Oxoid) according to the manufacturer's instructions.
To enumerate the spores, aliquots (100 mL) of water samples were
heated at 60 ◦ C ± 2◦ for 15 min. Afterward, samples were filtered
through 0.45 μm membrane filters (Sartorius) using a filter holder
manifold (Millipore). The filters were placed on the TSCF agar plate. The
plates were anaerobically incubated under a CO2 atmosphere (Anaero
Pack® system, Oxoid.) in anaerobic jars at 44 ◦ C for 24 h. After incu
bation, plates were examined under a UV light lamp, and black or light
brown colonies were counted as positive colonies when emitted fluo
rescence. Results are expressed in cfu/100 mL. In all water samples, the
limit of detection for C. perfringens spores was 0 log cfu/100 mL (1 cfu/
100 mL).

2.6. Detection of spores of C. perfringens spores

For each location and growing cycle, weather parameters including
solar radiation, relative humidity (RH), and temperature were acquired
from the nearby climatic stations at ‘Torrepacheco’ (37◦ 44′ 51.81′′ N,
0◦ 59′ 12.02′′ W) and ‘Lorca’ (37◦ 30′ 13.86′′ N, 1◦ 41′ 38.07′′ W), located
10 km far from the WWTPs. The climatological database of Sistema de
Informacion Agraria de Murcia (SIAM) was used (SIAM, 2019).
2.3. Water sample collection
Water sampling was performed in 4–5 different sampling points
depending on the water reuse system as indicated in Fig. 1 (A: WWPT
inlet; B: WWTP outlet; C1: water reservoir close to the WWTP, WWTP
reservoir; C2: the water reservoir at the growing field, Grower reser
voirs; D: irrigation system, Irrigation). A total of 470 water samples were
obtained distributed as follows: 100 samples from A, 100 samples from
B, 100 samples from C1, 75 samples from C2 and 95 samples from D.
Samples were taken between 2 and 4 times along the 7 growing cycles of
the leafy greens from September 2017 to March 2019. At each sampling
point, 5 water samples (2 L each) were collected for microbial analyses
in sterile polypropylene plastic bottles. Additionally, 10-L of water from
B, C1, C2 and D were collected at each sampling day for pathogenic
bacteria analyses. Water samples from the irrigation systems were
collected while the leafy greens were irrigated. In the case of drip and
furrow irrigation, water samples were collected at the point where the
water enters the field. In the case of the overhead irrigation, water was
collected directly from the sprinkler.

2.7. Detection of pathogenic microorganisms
In the case of water samples from the WWTP inlet, the presence of
pathogenic microorganisms was detected using selective culture media
(Truchado et al., 2018). Briefly, serial dilutions of water samples were
cultured on CHROMAgar STEC, CHROMAgar O157:H7 and IBISA
(Oxoid), respectively. Water samples from the WWTP inlet that show
counts above the LOQ (1000 cfu/100 mL) for STEC, E. coli O157:H7 and
Salmonella spp., were confirmed using selective media and latex
confirmation. In the case of Salmonella, green colonies were picked from
the IBISA plates and transferred to broth and confirmed as Salmonella via
LATEX (Oxoid). In the case of STEC and E. coli O157, a single pink and
mauve colony was picked from CHROMagar STEC and CHROMagar
O157 plate, respectively, and confirmed by Latex Confirmation (Oxoid).
For the detection of non-O157:H7 Shiga-toxigenic E. coli (STEC),
E. coli O157:H7 and Salmonella spp. in the water samples from WWTP
outlet, WWTP reservoir, grower reservoirs and irrigation, confirmation
was performed using molecular methods. In this case, 10-L samples were
filtered through Modified Moore Swabs (MMS) as previously described
(Sbodio et al., 2013). The MMS were transferred aseptically into sterile
stomacher plastic bags and transported to the lab in refrigerated con
ditions. Once in the lab, 200 mL of 20 g/L BPW (Scharlab) was added to
the bags, and samples were incubated for 24 h at 37 ◦ C for preenrichment. After incubation, pre-enriched samples were supple
mented with 30% glycerol and maintained at − 20 ◦ C until the analyses
were performed. For the leafy green analyses, the homogenate previ
ously described was supplemented with 125 mL of 20 g/L BPW
(Scharlab). Samples were homogenized by massaging the stomacher
bags by hand. Afterward, bags were incubated for 24 h at 37 ◦ C for preenrichment. Pre-enriched samples were supplemented with 30% glyc
erol and maintained at − 20 ◦ C until further analysis. For STEC and E. coli
O157:H7, 1 mL of these pre-enriched samples was enriched in 9 mL of
brain heart infusion (BHI; Scharlab) broth for 4 h at 37 ◦ C to resuscitate
injured cells. After that, 1 mL of BHI was transferred into 9 mL of
Modified Buffered Peptone Water (20 g/L) supplemented with pyruvate
(mBPWp; Scharlab) and incubated for 24 h at 42 ◦ C. For Salmonella, 1
mL of these pre-enriched samples was enriched in 9 mL of trypticase soy
broth (TSBn; Scharlab) and incubated for 4 h at 37 ◦ C. One mL aliquot

2.4. Leafy greens sample collection
The leafy greens planted in the commercial growing fields included
in this study were whole head lettuces and baby spinach leaves. As in the
case of water samples, a total of 100 leafy green samples were taken
along the 7 growing cycles from September 2017 to March 2019. Each
sampling day, 5 leafy green samples were manually collected using
scissors and following a random zig-zag pattern to cover the entire
growing area. Scissors were wiped with ethanol between samples. Each
sample was stored in a sterile plastic bag and transported to the lab
under refrigerated conditions.
2.5. Culturable E. coli enumeration
The level of culturable E. coli was performed in all water samples.
Depending on the expected E. coli concentration, pour plating (1 mL), or
membrane filtration (10 and 100 mL) was used. Samples were filtered
through 0.45 μm membrane filters (Sartorius, Madrid, Spain) using a
filter holder manifold (Millipore, Madrid, Spain). Chromocult coliform
agar (Merck, Darmstadt, Germany) was used for membrane incubation
and pour plating. Plates were incubated for 24 h at 37 ◦ C before inter
pretation of the results. Dark blue-violet colonies were considered pos
itives for E. coli.
Leafy green (25 g) samples were homogenized in 100 mL of sterile
0.2% buffered peptone water (BPW, Scharlab, Barcelona, Spain) to
3
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Table 1
Spearman rank correlations between E. coli level and weather parameters in each sampling site in different sampling points of the water reuse system.
Spray
Temperature (◦ C)
2

Solar radiation (W/m )
Relative humidity
*
**

Coefficient
Sig
Coefficient
Sig
Coefficient
Sig

Inlet

WWTP outlet

WWTP reservoir

Grower reservoir

Irrigation

Crop

− 0.275
0.241
− 0.148
0.533
− 0.006
0.981

− 0.136
0.689
− 0.136
0.689
0.391
0.235

0.080
0.754
0.264
0.289
− 0.339
0.168

− 0.045
0.894
− 0.464
0.151
− 0.127
0.709

0.221
0.395
− 0.306
0.232
− 0.226**
0.384

− 00126*
0.788
0.198
0.670
0.432
0.333

Significant correlations at P < 0.05.
Significant correlations at P < 0.01.

was transferred into 9 mL of tetrathionate broth base, Hajna supple
mented with 1 mL of iodine solution (TT; Scharlab), and incubated
overnight at 44 ◦ C. RT-PCR analyses were performed to detect the
presence of STEC, E. coli O157:H7, and Salmonella spp. in water (n =
370) and leafy green samples (n = 100) using the Salmonella-STEC
GeneDisc Pack in a Genedisc Cycler (Pall Corporation, Port Washington,
USA) following manufacturer instructions. The limit of detection was
estimated using DNA from E. coli O157:H7 (CECT 4782) and Salmonella
(CECT 4625). Strains were obtained from the Spanish Type Culture
Collection (CECT) (Valencia, Spain). The LOD was determined based on
the concentration that demonstrated a positive result at a particular
dilution. The LOD values for each PCR product were 10.3 cells/μL and
182 cells/μL for pathogenic E. coli and Salmonella, respectively. The
positive samples detected by GeneDisc were cultured and confirmed in
selective culture media, as previously described (Truchado et al., 2018).

2.9. Logistic regression
Bacterial cell concentration (log cfu/100 mL) and prevalence
(number of positive samples / total samples × 100) data were modelled
using logistic regression. The presence/absence of each pathogen (STEC,
E. coli O157:H7, and Salmonella) was examined as a dependent variable
and the concentration of E. coli (log cfu/100 mL) as an independent
variable. The logistic regression model is shown in Eq. (1), where p
stands for the probability of the pathogen of interest being present, x is
the concentration of E. coli (in log cfu/100 mL) and β0 and β1 are the
intercept and the slope coefficients.
logitp = log

p
= β0 + β1 x
p− 1

(1)

Due to identifiability issues for the E. coli model, the models were
fitted using Bayesian regression with slightly regularizing priors (normal
distributions with mean 0 and standard deviation 10 for both the
intercept and the slope of the logistic regression model). The models
were fitted using the Hamiltonian Monte Carlo sampler Stan (Carpenter
et al., 2017) using the interface implemented in the Rstan package (Stan
Development Team, 2019) for R version 3.6.3 (R Core Team, 2020).

2.8. Confirmation of presumptive isolates obtained from cultured-based
methods
A conventional polymerase chain reaction (PCR) method was per
formed for the confirmation of E. coli O157:H7 and STEC isolates, using
a ProFlex™ PCR System (Applied Biosystems® thermal cycler). Strains
were tested by PCR with specific primers for confirming the presence of
stx1, stx2, eae, O157-rfbE and fliC-H7 genes (Table 1). The primer se
quences and main PCR conditions are listed in Table 1. For each PCR, a
positive (reference E. coli O157:H7, ATCC 43895) and a negative (sterile
distilled water) controls were included. Template DNA for PCR was
prepared by boiling method as described elsewhere (Blanco et al., 2003;
Blanco et al., 2004). The PCR products were run on 2% agarose gels
(SeaKem LE agarose, Lonza) in Tris–borate–EDTA (TBE) buffer (89 mM
Tris, 89 mM boric acid, 2.5 mM EDTA) at 130 V for 20–40 min and
visualized on a UV transilluminator (Gel Documentation System, BioRad) after staining with GelRed™ Nucleic Acid Gel Stain (Biotium).
The isolated Salmonella strains were submitted to identification by
MALDI-TOF mass spectrometry, using the Biotyper platform (Bruker
Daltonics, Germany). For that the protocol recommended by the
manufacture has been applied. Briefly, isolated colonies grown on
tryptic soy agar have been spotted onto a target plate and overlayed by 1
μL of 70% formic acid. After drying, sample spots were overlaid with 1
μL of 10 mg/mL of α-cyano-4-hydroxycinnamic acid (HCCA) solution
(Freiwald and Sauer, 2009). Mass spectral analysis has been carried out
using a Microflex LT mass spectrometer and FlexControl V3.0 software
(Bruker Daltonics, Germany). For external calibration 1 μL of a Bacterial
Test Standard (Escherichia coli DH5α) (Bruker Daltonics, Germany) was
spotted onto the same target plate. Spectra were achieved in the mass
range between 2000 and 20 000 Da, applying a laser frequency of 60 Hz,
an acceleration voltage of 20 kV and extraction delay time of 120 ns.
Two colonies have been analyzed for every sample and identification
has been carried out in duplicate by the MALDI BioTyper™ software
(Bruker Daltonics, Germany). For correct species identification, confi
dence threshold scores above 2 are considered as high confidence
identification (Sauer et al., 2008).

2.10. Statistical analysis
E. coli in water and leafy green samples were log10 transformed and
expressed as log cfu/100 mL or gram, respectively. Calculation and
graphical representation of the median and interquartile range (IQR) of
microbial counts were performed using Sigma Plot 13 Systat Software,
Inc. (Addilink Software Scientific, Barcelona, Spain). Samples with the
observed zero count in the enumeration analysis were substituted with
the LOQ (1 cfu/100 mL) before log10 transformation to calculate the
average levels of microorganisms in the water samples. For calculation
and graphical presentation of the median IQR all microbial counts have
been taken into consideration, including samples with the observed zero
count, which was substituted with the LOQ. The parameter log (N/N0)
was used to evaluate the reduction level, where N = number of bacteria
after the disinfection treatment in WWTP and N0 = the number of
bacteria before the disinfection treatment. IBM SPSS statistics 25 was
used for statistical analysis.
Except when stated otherwise, P values below 0.05 were considered
statistically significant. The Kolmogorov-Smirnov test and Levene's test
were used to assess normality and equality of variance, respectively.
When normality could be assumed, an ANOVA test was carried out, and
when significant differences were observed, the Tukey's HSD (Honestly
Significant Difference) test was applied. When data did not follow a
normal distribution, Man-Whitney and Krustal-Wallis tests were used.
The Spearman correlation coefficient was calculated between E. coli
loads and weather parameters, including temperature (◦ C), solar radi
ation (W/m2), and relative humidity (%).
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(above 4 log cfu/100 mL) at the WWTP effluent samples which have
been linked with specific failures of the tertiary treatments in one of the
WWTPs.
Average E. coli levels were 1.2 ± 0.9 log cfu/100 mL and 0.4 ± 0.5
log cfu/100 mL in WWTP and grower's water reservoirs, respectively
(Fig. 2). It was observed that the prevalence of E. coli was higher in water
samples obtained from the water reservoirs when compared to the
WWTP outlet (Fig. 2). The increase in the prevalence as well as in the
E. coli levels from the WWTP effluent to the water reservoirs could be
explained by different hypothesis. Based on the conclusions raised by
Jjemba et al. (2014), monitoring reclaimed water immediately after
treatment does not provide a true representation of quality at the point
of use because storage and distribution cause deterioration in water
quality. Deterioration of water quality during storage in reservoirs and
the distribution network is a major challenge for the industry mostly due
to the presence of high bacterial levels in distribution pipes, poor mi
crobial quality in storage facilities due to sediment or biofilm accumu
lation and animal intrusion (Jjemba et al., 2014). In this study, the
distribution/storage systems consist in open canals and reservoirs,
which might contribute to the deterioration of the water quality.
On the other hand, some authors have described that abiotic factors
such as temperature and solar radiation could play a significant role in
the microbial quality of water stored in reservoirs (Lebaron et al., 2015).
In the present study, there was no correlation between climatic data,
including temperature (◦ C), solar radiation (W/m2) and relative hu
midity (%) during the growing cycle of leafy greens and the E. coli levels
in water reservoirs (Table 1). In agreement with these results, a previous
study conducted in the Region of Murcia (Spain) did not show a sig
nificant correlation between E. coli loads in water samples from a water
reservoir and the climatic conditions (temperature and solar radiation)
(Truchado et al., 2018). Contrarily, other researchers found a correla
tion between weather parameters and E. coli levels in agricultural water
samples (Francy et al., 2013; Weller et al., 2020). Belias et al., 2020
evaluated the impact of weather from three different climatic regions
(California, New York, and Spain) on the die-off rate of E. coli and Sal
monella on spinach and lettuce under field conditions over 2 years. They
found that an increase in relative humidity was associated with a
decrease in microbial die-off. All these results indicate that the direct
comparison of climatic factors with E. coli count is very complex and
may rely on other factors such as geographical location, water source,
time of sampling, and method of bacteria identification (Rodrigues
et al., 2020).
At the end-user point, where reclaimed water was used for irrigation
of commercial crops, levels of E. coli (1.0 ± 1.2 log cfu/100 mL) were
higher than in the effluent water samples. In agreement with these re
sults, a recently published study showed that prevalence and levels
E. coli in reclaimed water used as irrigation water were 83% and 2.51 ±
0.80 log cfu/100 mL, respectively (Rusiñol et al., 2020). Based on the
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Fig. 2. Levels of E. coli (log cfu/100 mL) in each sampling site through the
water reuse system. Box plots show median concentrations (log cfu/100 mL or
g) with the 25th and 75th percentile values of E. coli. The percentage indicates
the presence of E. coli in each sample. Box plots labelled with different letters
show significant differences at P < 0.05.

3. Results and discussion
3.1. The fate of E. coli in water reuse system and irrigated leafy greens
with reclaimed water
Prevalence and levels of E. coli in water and leafy green samples at
each sampling point are shown in Fig. 2. Average levels of E. coli in the
WWTP inlet samples were 7.3 ± 0.3 log cfu/100 mL. These high con
centrations are within the same range as the data reported in previous
studies on sewage (Barrios-Hernández et al., 2019; Chahal et al., 2016;
Servais et al., 2007). Reclamation treatments (primary, secondary and
tertiary treatments) applied in the WWTPs included in this study
significantly reduced E. coli loads in reclaimed water samples. Average
E. coli levels of all the samples from the WWTP effluents were 0.73 ±
1.20 log cfu/100 mL (Fig. 2). The E. coli levels observed in the effluent
samples were below the MQR established for this indicator bacteria
(<10 cfu/100 mL) in the European regulation at the ‘point of compli
ance’, where a reclamation facility operator delivers reclaimed water to
the next actor in the chain (EU, 2020/741). Therefore, the reclaimed
water generated in the WWTPs included in this study complied with the
MQR included in the new European regulation for water reuse in agri
cultural irrigation (EU, 2020/741). Several studies on the use of UV-C
and NaClO as tertiary treatments reported similar reductions (Bischoff
et al., 2013; Makuwa et al., 2020). Fig. 2 shows several outliers points
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Table 2
Pathogen microorganisms in each sampling site.
Samples type

Non-O157:H7 STEC
a

WWTP inlet
WWTP outlet
WWTP reservoir
Grower reservoir
Irrigation
Crop
a
b
c
d

Positive

Confirmed

100/100
2/100
1/100
1/75
14/95
3/100

–
0/2
0/1
0/1
0/14
0/3

E. coli O157:H7
b

Prevalence
100
0
0
0
0
0

c

Salmonella
b

Positive

Confirmed

Prevalence

Positive

Confirmedd

Prevalence

100/100
0/100
0/100
0/75
0/95
0/95

–
–
–
–
–
–

100
0
0
0
0
0

100/100
5/100
1/100
0/75
0/95
0/95

–
5/5
1/1
–
–
–

100
5
1
0
0
0

Positive samples by Genedisc and selective media.
Positive samples by gene: vt1, vt2, and eae.
Prevalence of confirmed positive in samples (%).
Confirmed by MALDITOF.

Commission guidance document to address the microbiological risks in
fresh fruit and vegetables at primary production (EC, 2017/C_163/01),
the MQR for irrigation water at the end-user point, where reclaimed
water is used for agricultural irrigation, should be below 2 log cfu/100
mL if irrigation water is in direct contact with the edible part of the crop
and it is consumed raw. Levels of E. coli levels of about 2 log cfu/100 mL
have been associated with a low probability of finding pathogenic mi
croorganisms in irrigation water (Ceuppens et al., 2015). Truchado et al.
(2018) reported that E. coli levels higher than 2.35 log cfu/100 mL in
irrigation water were able to predictive the presence of pathogens using
cultivable techniques. Fig. 2 shows several outlier points (>2 log cfu/
100 mL) in the water samples taken at the irrigation point. These outline
points have been linked to a specific cross-contamination event within
the distribution/storage system associated to the presence of cattle close
to the open canals used for the distribution of the water. This source of
cross-contamination have been already highlighted as a critical point
because distribution canals are open to the environment, and contami
nation from adjacent farms or wild animals could impact the microbi
ological quality of the water (Mogren et al., 2018). On average, leafy
green samples showed very low level of E. coli (0.3 ± 0.7 cfu/g). How
ever, if we only focused on the E. coli levels of those samples with counts
above the LOQ (0.7 log cfu/g), which represent 21% of the total samples,
E. coli levels were 1.4 ± 0.8 log cfu/g. The observed levels were within
the microbiological limits establish for the European legislation for
ready-to-eat fruits and vegetables (EC, 2073/2005). Similar levels of
E. coli were detected by Tombini-Decol et al. (2019) in baby lettuce after
irrigation with reclaimed water treated with ClO2.
The evaluated water reuse systems included three different irrigation
systems. The data obtained in the irrigated crop when different irriga
tion systems were used showed that when high levels of E. coli are
present in the irrigation water, the use of an irrigation system that allows
the contact between the water and the edible part of the crop increases
the risk of contamination. This has been the case of the furrow irrigation
system (Fig. 3). Previous studies have already demonstrated that furrow
irrigation increases the likelihood of direct contact between water
contaminated with pathogens and the edible parts of crops (Balkhair,
2016; Song et al., 2006).
The results obtained showed that the reclaimed water generated in
the water reuse systems included in this study represents a good alter
native source for irrigation. Despite the potential cross-contamination of
the reclaimed water during distribution and storage, the levels of E. coli
in the reclaimed water, irrigation water and the leafy greens were within
the MQR. Therefore, efforts should be focused on i) the effectiveness of
the reclamation treatments and ii) the whole water reuse system,
including the storage, distribution, and endpoint practices.
The prevalence of enteric foodborne pathogens in water and leafy
green samples are shown in Table 2. All water samples from the WWTP
inlet were positive for pathogenic bacteria, including STEC, E. coli O157:
H7, and Salmonella. These results were confirmed by selective media and
subsequent latex agglutination tests (where applicable). In the rest of the
water samples (WWTP effluents, water from reservoir and irrigation

0
-1
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-2
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b

-5

a
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-7
-8
-9
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Fig. 4. Reduction of E. coli levels after UV-C and chlorine disinfection treat
ments. The 0 log (N/N0) indicates no reduction of E. coli in water. Box plots
show median with the 25th and 75th percentile values of reduction. Box plots
labelled with different letters indicate significant differences among treatments
at P < 0.05.

water) as well as in the leafy greens, results confirmed by conventional
PCR, STEC and E. coli O157:H7 were not found present in any reclaimed
water samples or leafy greens. The prevalence of Salmonella was 5% (5/
100) in the reclaimed water and only in 1% (1/100) of samples taken
from the water reservoirs. Recently, Sharma et al. (2020) also observed a
lower prevalence of Salmonella recovered from reclaimed water than in
other irrigation sources such as pond or river.
In the case of STEC, water and leafy green samples positive after the
GeneDisc tests and selective media were not confirmed by conventional
PCR when the gene vt1, vt2 and eae were analyzed. One possible reason
could be the spontaneous loss of vtx genes from the isolate after the first
sub-cultivation step (Joris et al., 2011). This fact is a limitation of the
present study. To avoid false-negative results, more colonies were
needed to be isolated and analyzed for the presence of vtx genes.
3.2. Efficacy of the tertiary treatment
UV-C light and chlorination are widely used and well-characterized
disinfection processes in WWTP. In the present study, the efficacy of
these tertiary treatments were compared. For that purpose, in each
WWTP between 2017 and 2019, E. coli reductions between the WWTP
influent, as the initial point, and the WWTP effluent (reclaimed water) as
the final point were calculated. Results showed that UV-C and chlorine
disinfection treatments significantly reduced the levels of E. coli in
reclaimed water (Fig. 4). However, E. coli inactivation was slightly
different between UV-C and chlorine, achieving 6.6 and 7.5 log/100
reductions, respectively. Several studies have already demonstrated that
6
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Fig. 5. Levels of C. perfringens spores (log cfu/100 mL) in each sampling site of
the water reuse system Boxplots show median concentrations (log cfu/100 mL
or g) with the 25th and 75th percentile values of C. perfringens spores. Per
centage indicates the presence of C. perfringens spores in each sample. Box plots
labelled with different letters indicate significant differences at P < 0.05.

Table 3
Model parameters of the logistic regression model for each pathogen.

both disinfection treatments are efficient in reducing the levels of E. coli
in the effluent water (Bischoff et al., 2013; Collivignarelli et al., 2018;
Owoseni et al., 2017). UV-C light seems to be less effective for E. coli
than chlorine in agreement with our results (Collivignarelli et al., 2018).
However, there should be taking into account that the efficacy of
disinfection treatments depends on the doses applied and the physico
chemical characteristics of the wastewater (e.g. turbidity, total sus
pended solids, particle size, and chemical and biochemical oxygen
demands) (Hassaballah et al., 2020; Mezzanotte et al., 2007). In general,
the inactivation values obtained in this study demonstrated that both
tertiary treatments reduced E. coli levels ≥5 log cfu/100 mL as stipulated
in the validation of the MQR included in the new European regulation
(EU, 2020/741).

Pathogenic microorganism

Intercept

Slope (1/log cfu/100 mL)

Non-O157:H7 STEC
E. coli O157:H7
Salmonella

− 13.63 ± 2.78
− 23.39 ± 5.51
− 6.05 ± 0.58

2.56 ± 0.48
3.98 ± 0.86
1.27 ± 0.12

The MQR included in the current European regulation indicates that
at least a minimal reduction of 4 log/100 mL is needed to validate a
reclamation technology to produce class A water (CE, 2020). To validate
the efficacy of the reclamation treatments applied in the WWTPs
included in the present study, the use of UV-C and chlorine as tertiary
treatments were compared. Both tertiary treatments reduced the levels
of C. perfringens spores within the limits established in the current
regulation (CE, 2020) (Fig. 6). However, chlorine treatment was more
effective in reducing C. perfringens spores that UV-C light. In agreement
with our results, Nasser et al. (2006) reported that C. perfringens spores
were more sensitive to chlorine than to UV-C irradiation. However,
Nasser et al. (2017) did not find significant differences in the levels of
C. perfringens spores after disinfection of reclaimed water by UV-C (3.6
log) or chlorine (3.3 log). As previously indicated for E. coli, the obtained
reductions for the levels of C. perfringens spores depend on several fac
tors such as the physicochemical quality of the wastewater, the applied
dose, and also the sensitivity of the target microorganism to the
treatment.

3.3. Fate of C. perfringens spores in water reuse system
C. perfringens spores are commonly used as an indicator microor
ganism for parasites because of their similar size and also because they
are widely distributed in sewage (Stelma Jr, 2018). However, as
C. perfringens spores are more resistant to commonly use tertiary treat
ments (e.g. chlorine and UV-C light), more intense treatments are
needed to reduce their levels compared with the ones on parasites
(Momba et al., 2019). The new regulation indicates the use C. perfringens
spores as an indicator for protozoa in water reclamation (EU 2020/
7041). Results showed that all water samples obtained at the inlet of the
WWTP were positive for the presence of spores showing average levels
of about 5 log cfu/100 mL (Fig. 5). Several studies have reported similar
C. perfringens spores' values in WWTP influent samples (Nasser et al.,
2017; Thwaites et al., 2018). After tertiary treatments, average levels of
C. perfringens spores detected were 0.26 ± 0.4 log cfu/100 mL, and only
35% (14/40) of the samples were detected above of the detection limit
(0 log cfu/100 mL) for this indicator microorganisms. Previous studies
have also demonstrated similar levels of C. perfringens spores in water
upon disinfection (Gomila et al., 2008; Park et al., 2016; Rubiano et al.,
2012). Remarkably, the presence and levels of C. perfringens spores
significantly increased in those samples taken from the water reservoirs
and the endpoint of use (Fig. 5). As mentioned for other pathogenic
bacteria, this fact may be due to potential cross-contamination due to
the presence of animals or soil runoff (Harris et al., 2018).

3.4. Logistic regression
Out of 570 observations, the presence/absence test for pathogenic
STEC was positive in 100 samples (18%) for E. coli O157:H7 and 106
(19%) for Salmonella. Table 3 provides the model parameters of the lo
gistic regression model fitted for each microorganism. The model
Table 4
Confusion matrices of the logistic regression models for each pathogen.
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Pathogenic microorganism

False positives

False negatives

Non-O157:H7 STEC
E. coli O157:H7
Salmonella

3 (0.5%)
1 (0.2%)
6 (1%)

2 (0.4%)
0 (0%)
6 (1%)
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Fig. 7. Correlation between pathogenic bacteria and E. coli in all the samples (n = 570).

end-user point, where the water is used for irrigation, was also within
the thresholds established in the Commission guidance document to
address the microbiological risks in fresh fruit and vegetables at primary
production (EC, 2017/C_163/01). The distribution/storage systems
included in the water reuse system affect the microbiological quality of
the water. A punctual cross-contamination of reclaimed water was
observed during the distribution system, which increase the levels of
E. coli (>4 log cfu/100 mL). It is remarkable that pathogenic bacteria
were only detected in 1.3% of the samples (6/470). On the other hand,
the reductions of E. coli and C. perfringens spores in chlorinated treated
effluents were higher than those treated with UV-C light treatment. This
study shows that the current technologies implemented in the WWTPs
produced reclaimed water within the MQR established. Regarding the
potential correlation between E. coli and pathogenic bacteria, results
indicate a good correlation between E. coli concentrations and patho
genic bacteria found in samples, indicating that E. coli can be used as an
indicator for the presence of pathogenic bacteria.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijfoodmicro.2021.109352.

predictions had a good agreement with the data, as shown by the low
number of false-positives and false-negatives (Table 4). Even in the
model with the poorest accuracy (the one for Salmonella) the proportion
of false-positives and false-negatives was lower than the 1%. Hence, we
conclude the concentration of E. coli is a good predictor of the presence
of the pathogenic species studied in our samples based on the logistic
regression model.
Fig. 7 shows the predicted probability of having a positive result in
the presence/absence test for each microorganism as a function of the
concentration of E. coli. These curves can be used as basis to define a
threshold concentration of E. coli as a predictor of the presence of a
pathogenic microorganism in the sample. Using a probability of 0.5
(usually used in logistic regression), results in a threshold of 5.3 log cfu/
100 mL of E. coli for the presence of STEC, 5.8 log cfu/100 mL for the
presence of pathogenic E. coli and 4.8 log cfu/100 mL for the presence of
Salmonella. These threshold values are higher than those previously
described for irrigation water and fresh products following a similar
approach (Truchado et al., 2018). This could be attributed to the fact
that our data is divided in two large clusters: samples with a very high
concentration of E. coli and samples with very low concentration. This
property of the data makes it hard to estimate a threshold concentration
of the indicator microorganism, and is common in data that was not
generated in a laboratory but was obtained in actual processing condi
tions. Nevertheless, it must be highlighted that the goal of this model is
to predict the presence of pathogenic microorganisms in the water
samples of the water reuse systems studied. It is true that there is still
uncertainty regarding the concentration of E. coli that can be used as a
generic threshold in water samples. However, none of the samples
analyzed had a concentration close to that threshold. Therefore, this
source of uncertainty is not relevant for our case study, as illustrated by
the high predictive power of our model (Table 4).
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4. Conclusions
Three water reuse system from an intensive production area of Spain
have been monitored to determine their compliance with the current
European legislation. The microbiological quality of the reclaimed water
generated in the WWTPs included in the current study complied with the
MQR (<10 cfu/100 mL) at the “point of compliance”, where the WWTPs
delivers the reclaimed water to the next actor in the chain (EU, 2020/
741). On the other hand, the microbiological quality of the water at the
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