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Soil amendment with organic fertilizers is an effective approach to improve soil fertility. However, organic
fertilizers may contain pollutants such as trace elements (TEs) and antibiotics (ABs), which, once deployed in
arable soil, can be taken up by vegetables and have adverse effects on crops and human health. This study as
sesses the presence of 15 TEs and 16 ABs in lettuce grown in a greenhouse facility and amended with 3 different
organic fertilizers (sewage sludge (SS), organic fraction of municipal solid waste (OFMSW), and swine manure
(SM)) at 3 different fertilization doses. The results show that lettuces amended with SS resulted in the lowest
content of TEs. Although 11 ABs were detected in the SM and SS fertilizers, only 3 ABs were detected in lettuce
leaves. The concentrations of detected ABs in lettuce ranged from 0.67 ng/g fw (lincomycin) to 14.2 ng/g fw
(ciprofloxacin) in SS. The organic fertilization dose did not affect the lettuce uptake of TEs or ABs. Moreover, the
use of SS resulted in the highest lettuce yield of the organic amendments. The total hazard quotients (THQs)
obtained for TEs and ABs were less than 1 for all the studied fertilization treatments. The highest THQs for TEs
were observed in lettuce amended with SM (0.11–0.16), whereas the highest THQs for ABs were observed in SS
treatments (0.06–0.09). The results thus suggest that consumption of lettuces amended with organic fertilizers
would not pose a risk to human health due to the presence of studied TEs or ABs, but potentially harmful
combined effects cannot ruled out.

1. Introduction
Over the past century, the world population has quadrupled, and it is
estimated that it will grow by more than a third in the period between
2017 and 2050 (Elferink and Schierhorn, 2016). This scenario would
require an increase in food production of around 70% by 2050 (FAO,
2011). Around 90% of this growth in crop production would be
accounted for by higher yields, greater cropping intensity, and agricul
tural land expansion (FAO, 2009). As agriculture becomes more
dependent on plant nutrients, fertilization must be used to replenish the
soil’s depleted stores of them (mainly N, P, and K). Between 30 and 50%
of yield growth may be attributable in one way or another to commercial
fertilizers (Blanco, 2011).
Indeed, organic amendments such as manure, organic waste,
compost, and biochar could be a reliable and effective approach to
enhance soil fertility in a circular economy/sustainable agriculture
framework. The organic fertilizers most often used in the context of the

circular economy are animal-based waste (manure), compost (plant
sources or food waste), and urban waste (sewage sludge and household
waste) (Chew et al., 2019). Manure has been used on farms across the
planet for centuries. The organic fraction of municipal solid waste
(OFMSW) refers to a mixture of treated (digested or composted) waste
from parks, gardens, and kitchens (Campuzano and Gonz�
alez-Martínez,
2016). It can be converted into valuable organic matter through the
activity of microorganisms during the composting or digestion pro
cesses, which can naturally decompose the waste and transform it into
usable compost. The OFMSW is also rich in organic components such as
carbohydrates, proteins, lipids, and organic acids, making it a potential
source of fertilization (Paritosh et al., 2017). Sewage sludge (SS) is a
form of organic waste with a high concentration of phosphorus.
Nevertheless, these amendments may pose a potential human health risk
if they are applied in farming activities, since they contain biological and
chemical contaminants. The presence of a wide range of contaminants,
including trace elements (TEs), organic pollutants, potential human
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pathogens, and emerging pollutants such as antibiotics (ABs) and anti
biotic resistance genes (ARGs), has already been reported in some of
these organic fertilizers (EMA, 2009; Mao et al., 2015; Wohde et al.,
2016; Xie et al., 2018).
The application of fertilizers may affect the presence of TEs and ABs
in food crops. Morera et al. (2002) found a positive correlation between
the sludge application rate and the overall mean percentage of metals
extracted in non-residual fractions of soils. Other studies have reported
that the presence of TEs and ABs could lead to changes in plant
morphology and physiology. Reis et al. (2014) compared the effects of
inorganic and compost fertilization on Lactuca sativa L. grown in a
greenhouse and found greater growth (plant height, stem diameter, and
chlorophyll content) to be related to the presence of compost. Boxall
et al. (2006) reported a conceptual model for veterinary pharmaceutical
uptake in vegetables (i.e., lettuce and carrot roots) grown in
manure-amended soils. Moreover, several reports demonstrate that a
variety of crops can uptake ABs, including sulfonamides, fluo
roquinolones, tetracyclines, and trimethoprim, from manure-amended
soil (Dolliver et al., 2007; Kumar et al., 2005; Mullen et al., 2019;
Wang et al., 2016). Vertical transport of veterinary antibiotics has been
evaluated in manure-amended soils, but they accumulate on the soil
subsurface (Gros et al., 2019). In a review of 169 compounds in SS and
450 wastewater treatment trains, Verlicchi and Zambello (2015) re
ported that, following anaerobic digestion, some ABs (fluoroquinolones
and macrolides) are the predominant class of pharmaceuticals in SS.
Therefore, the application of biosolids in soils can cause phytotoxicity
and can contaminate human and animal food chains (Sidhu et al., 2019).
However, an integrated assessment including both TEs and ABs, as one
of the most important classes of contaminants of emerging concern, and
their impact on agronomical and human health has not yet been carried
out.
The novelty of this manuscript stands on being the first study where
the plant uptake and human health implications of TEs and ABs were
monitored in lettuces following the application of three organic fertil
izers under real agricultural practices. Accordingly, the assessment of
the occurrence and accumulation of 15 TEs and 16 ABs (fluo
roquinolones, sulfonamides, tetracyclines, a lincosamide, and a macro
lide) in lettuce crops grown with different organic amendments (SS,
OFMSW, and SM) compared with chemical fertilization (CF) under real
agriculture conditions. Moreover, the potential effects on the crop yield
and morphological response of plants grown with and without organic
fertilization will be assessed. Finally, the human health risk associated
with the consumption of lettuces amended with the aforementioned
organic fertilizers will also be assessed.

�, Osona, Spain),
swine manure (SM) (Cooperativa Agraria, Torello
digested SS from a wastewater treatment plant (WWTP) surrounded by
�-Viladecans, Spain), and
industries in the nearby city of Barcelona (Gava
OFMSW from a composting plant (Torrelles del Llobregat, Spain). This
OFMSW was obtained from a mixture of pruning waste from the nearby
�n
area and organic waste from the Hospital Universitari Vall d’Hebro
kitchen. The organic fertilizer parameters are shown in Table 2-SI.
Chemical fertilizer was obtained from reagent grade chemicals
(NH4NO3, P2O5, and K2O), so no TE impurities such as heavy metals are
expected.
The experimental set-up consisted of 4 treatments at 3 fertilization
doses of SS (primary and secondary sludge with anaerobic digestion),
OFMSW (composted municipal organic food waste composted with
wood waste), SM (solid fraction), and chemical fertilization (CF) as a
control. This resulted in 12 treatments with 5 repetitions each, for a total
of 60 randomly distributed containers planted with lettuce. The esti
mated nutrients to be added (N, P, K) were based on previously reported
studies for lettuce crops (80–100 kg of N per ha; 30–50 kg of P2O5 per ha;
and 160–210 kg K2O per ha) (García-Serrano Jim�enez et al., 2009).
According to the chemical composition of the soil, nitrogen was selected
as the limiting nutrient (Table 1-SI). The amount of organic fertilizer
added per pot was calculated to ensure the same quantity of total ni
trogen in all treatments (100 kg of N per ha). Based on this value, 3 doses
were tested: dose 1 (half the optimal N dose), dose 2 (optimal N dose) as
the reference nitrogen dose, and dose 3 (twice the optimal N dose).
Batavia lettuce (Lactuca sativa L. cv. Maravilla de Verano) was
planted in the pots. The total duration of greenhouse cultivation was 57
days, from October 8 until harvesting on December 4, 2018. Finally, drip
irrigation was applied through a connection to a reservoir containing
mainly rainwater combined with groundwater.

2. Material and methods

2.2.2. AB extraction from soil and organic fertilizers
The ABs were selected based on their occurrence in organic fertilizers
and wastewater. Table 3-SI shows the physicochemical properties of
these ABs. The reagents used are detailed in Section 1-SI. ABs were
extracted from the soil matrix following the extraction procedure
described earlier (Berendsen et al., 2015). A 0.5 g portion of freeze-dried
soil or fertilizer matrix was weighed in a 50 mL glass tube with 25 μL of a
mix of surrogates at 2 ppm and left to equilibrate for 1 h. Four mL of
McIlvain-EDTA buffer and 1 mL of ACN were added to the sample, which
was then vortexed and centrifuged at 2500 rpm for 15 min. Two mL of
lead acetate (200 mg/L) was added to the sample to remove proteins,
and it was centrifuged again for 15 min. The supernatant was transferred
to a clean vial and diluted by adding 13 mL of 0.2 M EDTA solution. A
polymeric reverse-phase Strata-X (200 mg/6 mL) SPE cartridge was
conditioned with 5 mL MeOH and 5 mL water. Following the percolation
of the crude extract, the cartridge was washed with 5 mL of water and
dried. The cleaned extract was eluted with 5 mL MeOH followed by
evaporation of the solvent under a gentle N2 stream and dissolved in
200 μL of mobile phase (H2O/ACN, 95/5, v/v) before analysis in the
UPLC-MS/MS. The final extracts were filtered through a 0.22 μm pore
nylon filter and injected into a UPLC-MS/MS. The UPLC-MS/MS

2.2. Analytical procedures
2.2.1. TE extraction
TE extraction from the soil was adapted from Llorente-Mirandes
et al. (2010). A 0.1 g dried powdered sample was weighed in the PTEE
microwave digestion vessels, and 8 mL HNO3 (1:1) and 2 mL of 31%
H2O2 were added to perform the microwave digestion (Milestone, Sor
isole, BG, Italy). The following digestion program was run: 15 min from
room temperature to 90 � C, 10 min maintained at 90 � C, 20 min from 90
�
C to 120 � C, 15 min from 120 � C to 190 � C, and 20 min maintained at
190 � C. After cooling to room temperature, the digested samples were
kept at 4 � C until analysis. Digestion blanks were also prepared in each
sample digestion series.

2.1. Experimental design
This experiment was conducted in a glass greenhouse facility located
�polis-UPC agriculture experimental station (41� 170 19.3"N,
at the Agro
2� 020 43.5"E) in Viladecans (Barcelona, Spain). Lactuca sativa L. was
selected as the horticultural vegetable, and a total of 60 units were
placed individually in 2.5 L amber glass pots (15 cm diameter, 20 cm
high) with an inverted bottle shape fitted with a bottom outlet con
nected to drainage tubing (0.5 cm diameter) and filled with 2.3 kg of soil
sieved to 2 mm (Hurtado et al., 2016). The soil used was collected from
the agricultural area located in the Llobregat River Delta (41� 170 N,
2� 020 E). The soil had a loam-clay texture (40% sand, 35% silt, 25%
clay), a pH of 8.5, and an electrical conductivity of 0.24 dS m 1. The
total organic carbon content was 1.27% and the nitrogen content
(Kjeldahl) was 0.09% of the soil dry weight. The Olsen phosphorous
concentration was 33 mg/kg, whereas the Kþ, Ca2þ, Mg2þ, and Naþ
cations were 344, 7014, 362, and 91 mg/kg of the soil dry weight,
respectively (Table 1-Supplementary Information (SI)).
Three types of organic fertilizers were evaluated: solid fraction of
2
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methodology is described elsewhere (Tadi�c et al., 2019).

RfDs were used to evaluate the human health risk, except for Co, Rb, and
Hg, for which this value was not available. Therefore, the risk assess
ment was evaluated for 12 out of the 16 TEs.

2.2.3. AB extraction from lettuce
25 μL of a surrogate standard (4 μg/mL) was added to a 5 g wet
weight sample and left to equilibrate for 1 h. A vegetable sample was
then extracted with 10 mL of methanol in an ultrasonic bath for 15 min.
The extracts were centrifuged for 15 min at 3000 g following a previ
ously described methodology (Tadi�c et al., 2019). Two extraction cycles
were required. The supernatants were decanted and combined in a glass
vial and evaporated under a gentle nitrogen stream at a temperature of
40 � C until they had been reduced to 1 mL. The concentrated extracts
were then diluted with 10 mL of water to perform the SPE clean-up step.
The SPE cartridges (polymeric reverse phase Strata-X cartridge, 100
mg/6 mL) were first preconditioned with 6 mL of methanol and 6 mL of
water. After sample loading, the polymeric cartridge was washed with 1
mL of water with 5% methanol. The cartridges were then dried under a
nitrogen stream, followed by elution with 2 mL of a mixture of methanol
and ethyl acetate (1:1, v:v). The eluted fraction was evaporated to
dryness and reconstituted in 1 mL of mobile phase (H2O/ACN, 95/5,
v/v). The final extracts were filtered through a 0.22 μm pore nylon filter
and injected into a UPLC-MS/MS. The analytical quality parameters
used for the determination of ABs in lettuce tissues are shown in tables
4-SI and 5-SI.

2.4.2. Human health risk of ABs
The EDI (μg/kg/day) was calculated according to the aforemen
tioned equation for TEs, where DI (g/day) and BW (kg) are the daily
intake of the edible part of vegetables and body weight, respectively. In
this case CM (μg/g) indicates the 95th percentile value for the concen
tration of each AB in vegetables.
The potential risk was estimated using the hazard quotient (HQ)
approach (SPN, 2003; WHO, 1997). The HQ is the ratio between the EDI
and threshold levels considered acceptable daily intakes (ADIs). The ADI
(μg/kg/day) values used were taken from a list based on microbiological
and toxicological endpoints previously compiled by Wang et al. (2017).
The ADIs for the ABs detected in the lettuce samples were as follows:
0.15 μg/kg/day for ciprofloxacin, 25 μg/kg/day for lincomycin, and 1.7
μg/kg/day for azithromycin. The THQ is estimated as the sum of the
individual HQs. If the THQ is less than 1, the risk is generally deemed to
be acceptable.
2.5. Data analysis
The experimental results were statistically evaluated using the SPSS
v. 26 package (Chicago, IL, US). All data sets were checked for normal
distribution using the Kolmogorov–Smirnov test to ensure that para
metric statistics were applicable. The overall comparison of the occur
rence of chemical contaminants between fertilizer products was
performed with a paired-sample t-test (dependent samples), whereas the
comparison of the concentration of each chemical contaminant between
plots was analyzed with an independent-samples t-test. Statistical sig
nificance was defined as p � 0.05. Principal component analysis (PCA)
was performed on the concentration of TEs and ABs in the lettuce
samples, as well as on the lettuce morphological and physiological pa
rameters through the use of a correlation matrix.

2.3. Morphological and physiological parameters
The length and number of lettuce leaves were measured at the end of
the experiment for each mesocosm. Chlorophyll content in leaves and
weight were measured in situ. Chlorophyll was gauged by a chlorophyll
meter (Opti-Sciences, Hudson, NH, USA). Lipid extraction was carried
out in the laboratory by adding 15 mL of ethanol/hexane (1:1, v/v) to a
glass tube with 3 g of fresh sample. The sample was then sonicated for
15 min and centrifuged at 2500 rpm for 15 min. It was further filtered by
a 0.22 μm nylon filter (Scharlab, Barcelona, Spain). The solvent was
removed by purging and drying with nitrogen gas, and the sample
remaining in the tube was weighed and operationally defined as lipid
content.

3. Results and discussion
3.1. Occurrence of TEs and ABs in soil and organic fertilizers

2.4. Human health risk assessment

Table 6-SI shows the TE content for each type of fertilizer used. The
total average TE concentration was greatest in the SS (2043 mg/kg dw),
followed by the agricultural soil (1221 mg/kg dw), the SM (1058 mg/kg
dw), and, finally, the OFSMW (838 mg/kg dw). The most abundant TEs
in the soil and organic fertilizers were Cu, Zn, B, Sr, Mn, and Ba. The TE
levels were compliant with Catalan Law 5/2017 for agricultural soil.
Likewise, the use of the different organic fertilizers was compliant with
the limits set by the European Commission under Directive 86/278/EEC
and with Spanish Royal Decree 1310/1990 for agricultural use.
According to the requirements of Spanish law for fertilizers of animal
and vegetable origin (Royal Decree 506/2016), SM is Class C and subject
to a maximum yearly dosage. The high concentration of Cu and Zn found
in this fertilizer is consistent with the fact that these TEs are often added
to livestock diets as supplements or growth factors, but barely assimi
lated by the animals. Therefore, up to 90% of the ingested Cu and Zn is
excreted (Berenguer et al., 2008). Nevertheless, SS showed greater
concentration of Cu and Zn than SM (Table 4-SI). The high concentration
of Cu may be explained by the impact related to industrial activities in
the surrounding area of the WWTP.
The soil used in this study was quite rich in TEs and showed greater
concentrations of Co, Mn, As, and Pb than the organic fertilizers assessed
for soil amending. Only the SS fertilizer exceeded the concentration of
most of the TEs analyzed in the soil, and it was the only case in which
soil concentrations of TEs increased when the fertilizer was applied. This
is consistent with previous studies carried out in the area, which have
shown that soil from the Llobregat Delta is very heterogeneous. In some

2.4.1. Hazard quotient for TEs
The potential risk to human health associated with the consumption
of TEs in vegetables was assessed using the hazard quotient (HQ)
approach, as described in Margenat et al. (2019):
HQ ¼

EDI
RfD

Where RfD is the reference dose, i.e., the maximum tolerable daily
intake (μg/kg bw/day) of a specific metal without appreciable risk, and
EDI is the estimated daily intake (μg/kg bw/day), calculated as follows:
EDI ¼

DI � CM
BW

where DI represents the daily intake in g fw per day. The DI for fresh
vegetables in Spain used in the calculations was taken from the EFSA’s
Comprehensive Food Consumption Database (87 g of fresh lettuce per
day for adults and 38 g for children). The average body weights of a
Catalan male adult (20–65 years old) and child (4–9 years old) were
used, i.e. 70 and 24 kg, respectively. CM is the 95th percentile value for
the concentration of each TE in lettuce (μg/g fresh weight (fw)), and BW
is the body weight (kg) of the target individual.
The total hazard quotient (THQ), calculated as the sum of all the HQs
for all the chemicals to which an individual might be exposed, was also
evaluated. The risk assessment for Cr was conducted using the RfD of the
Cr3þ form, due to its predominance in lettuce (Asfaw et al., 2017). Oral
3
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The sum of the average concentrations of the TEs analyzed in lettuce
leaves from dose 2 ranged from 13 mg/kg fw in the CF to 29 mg/kg fw in
the lettuce amended with SM (Table 1). The concentration of Cu and Zn
in lettuce amended with organic fertilizers was statistically greater than
in those grown with the CF. This is surprising since the concentration of
Cu in soil was greater than in the SM and OFMSW amendments (Table 1SI). This suggests that Cu plant bioavailability in these organic fertilizers
is greater than in soil. On the other hand, the use of the SM and OFMSW
fertilizers resulted in a significantly greater concentration of Sr, Ba, Cr,
and Mo in lettuce leaves than the use of CF and SS. Despite the greater
concentration of these TEs found in the SS amendment in comparison
with the other organic fertilizers (Table 1-SI), the concentrations of
these TEs were greater in lettuce amended with the SM and OFMSW
fertilizers. This may indicate that the organic matter composition of the
SS had a greater interaction with these elements and, therefore, lower
plant bioavailability (Zeng et al., 2011). The concentrations of individ
ual TEs in lettuce leaves were similar to those found in other studies,
where SS or organic manure were used (Zubillaga and Lavado, 2002), as
well as to those reported in previous field-scale studies in lettuce irri
gated with reclaimed water (Margenat et al., 2018). It is worth noting
that the Pb and Cd concentration values found in lettuce were always
compliant with European Commission regulation No. 181/2006 for leaf
vegetables (0.30 mg/kg fw for Pb and 0.20 mg/kg fw for Cd).
Although there were differences between the TE composition of the
organic amendments, no statistical differences were found between
fertilization doses. In other words, a greater dosage of any of the fer
tilizers applied did not imply a greater accumulation of TEs in the
cultivated lettuce. This may be due to the fact that the control soil had a
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3.2. Effect of organic fertilizers and dose on the occurrence of TEs in
vegetables
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cases, as in this study, autochthonous sand soil is used for construction
and backfilled with building demolition debris from the nearby city of
Barcelona (Custodio, 2012).
Regarding the soil’s physicochemical properties (Table 2-SI), the pH
was in the same range in the soil and fertilizers, so it was not expected to
cause differences between treatments. However, fertilization enhances
the organic matter content in soil and may influence the uptake of TE by
plants. TEs are expected to be more strongly linked to soil organic matter
and, thus, in the short term, their incorporation into the plant can be
diminished (Rieuwerts et al., 1998). The organic matter content was up
to 92 times higher in the SM than the soil (1%, dw), but also greater than
in the OFMSW (42%, dw) and SS (41%, dw). However, in the medium
term, once the organic matter begins to degrade, TEs can be released and
uptaken by plants (Smith, 2009).
Five families of antibiotics were analyzed including fluo
roquinolones, sulfonamides, tetracyclines, macrolides, and lincosa
mides. The concentrations of the 16 ABs ranged from undetected to
9831 � 2200 ng/g dw in the organic fertilizers (Table 7-SI). Nine ABs
were identified in the SM, 6 in the SS, and only 1 in the OFMSW. ABs
were not identified in the unamended soil. Ciprofloxacin was the most
abundant AB in the SS (9317 ng/g dw), whereas the other detected ABs
were below 250 ng/g dw. Conversely, 2 ABs (lincomycin and azi
thromycin) and 1 degradation intermediate (8-(hydroxyquinoline))
were detected in the SM above 3000 ng/g dw. These results are
consistent with other published studies on SM, where fluoroquinolones,
tetracyclines, and sulfonamides were detected at levels between 400 and
46000 ng/g dw (Xie et al., 2018) and with the average values reported
by Wohde et al. (2016). With regard to the SS composition, McClellan
and Halden (2010) performed a survey study in 94 U.S. WWTPs and
found that of the 72 pharmaceuticals and personal care products
monitored, ciprofloxacin was the most abundant AB with an average
concentration in SS of 6800 � 2300 ng/g dw. No information is available
on the occurrence of ABs in OFMSW, which was the organic amendment
with the lowest AB concentration (Table 7-SI).

(0.003–0.005)
0.004
(0.002
0.005)
0.004
(0.003–0.004)
0.003
(0.005–0.011)
0.007
(0.003–0.005)
0.004
(0.004–0.008)
0.005
(0.006–0.014)
0.010
(0.006–0.009)
0.008
(0.006–0.014)
0.010
(0.009–0.015
0.013
(0.010–0.014)
0.012
(0.004–0.006)
0.005

As
Hg

(0.001–0.001)
0.001
(0.001–0.001)
0.001
(0.02–0.05)
0.04
(0.01–0.03)
0.02

Mo

(0.2–0.7)
0.6
(0.5–0.6)
0.6
(0.01–0.01)
0.01
(0.0–0.01)
0.01

(0.05–0.07)
0.06
(0.05–0.07)
0.06

Ba
Cd

(2.5–3.7)
3.3
(2.9–3.7)
3.4

(3.2–6.0)
4.8
(2.5–3.2)
2.9

Co

(0.03–0.05)
0.04
(0.002–0.004)
0.003
(2.2–3.5)
2.9
(2.3–2.8)
2.5

B

(0.6–0.8)
0.7
(0.6–0.7)
0.6

Zn
Cu

CF dose 1

(2.2–4.1)
2.8
(1.6–2.4)
1.9

Sr

Mn

Cr
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Table 1
Minimum, maximum and average concentration (mg/kg, fw) of the selected TEs in lettuce samples (n ¼ 5). Dose 1 (half of the optimal N dose), dose 2 (optimal N dose) acting as a referential nitrogen dose and dose 3 (twice
the N optimal dose).
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high concentration of TEs, making differences between doses difficult to
clearly discern. Similarly, Kidd et al. (2007) found that repetitive ap
plications of SS in crops did not lead to an increase in TEs (Cu, Zn, and
Mn) in plant shoot (Alyssum serpyllifolium, Cistus ladanifer, Zea mays)
concentrations and concluded that metal leaching losses are greater than
the transfer of metals into plant tissue and/or the food chain in the case
of crops. The present results are also consistent with those of Castro et al.
(2009), who observed that in lettuce leaves, the continued addition of
organic fertilizers (SS and OFSMW) did not have an accumulative effect
of TEs compared with inorganic fertilizers. Therefore, the application of
fertilizers should also be considered to entail an increase in organic
matter, which may reduce plant uptake of some elements as previously
described by Rieuwerts et al. (1998). Additionally, it is worth noting that
the soil used in this study was being exposed to the organic fertilizers for
the first time, and, thus, the interaction between TEs from the organic
fertilizers and the soil may have been stronger and somewhat reduced
the plant bioavailability of the TEs. Further organic amendment cycles
should be studied to elucidate this effect.

were also observed in crop morphology and yield between treatments
(Fig. 1). For instance, leaf length ranged from 16.7 to 30.7 cm, the
number of leaves ranged from 19 to 48, and the fresh weight showed
considerable variability, ranging from 18 to 290 g/unit (Table 3). Let
tuce yields and morphological values were similar to those found in
other greenhouse conditions (Hurtado et al., 2017). These results show
that lettuces amended with SS had similar morphological parameters (i.
e., fresh weight, leaf height, number of leaves) to those amended with
CF, while the other organic fertilizers (OFMSW and SM) resulted in
lower morphological values (Table 3, p<0.05). The chlorophyll content
was similar in the CF and SS treatments, but lower in the other treat
ments. No differences were observed in the carbohydrate content, but
the lipid content followed the same trend as the changes in the
morphological parameters. These results thus indicate that the SS
fertilization had a similar agronomic yield to the application of the CF,
while the other treatments exhibited lower values.
Since the pollutant content in lettuce leaves was similar between the
treatments, the main explanation for the agronomic difference between
the SS and other treatments may be nitrogen availability (Kiba and
Krapp, 2016). In fact, a lack of synchronization between nitrogen
mineralization and nitrogen demand has been described as a challenge
in culture strategies using organic fertilization (Pang and Letey, 2000).
Therefore, although the organic fertilizers were applied ensuring a
similar amount of Kjeldahl nitrogen (ranging from 2.3 to 2.8% dw), only
ammoniacal nitrogen is easily available to plants. This is consistent with
the fact that the ammoniacal-N content was greater in the CF and SS
treatments (Table 2-SI), whereas organic nitrogen was the predominant
nitrogen form in the OFMSW and SM fertilizers (Urquiaga and Zapata,
2000). This fact, coupled with the short production cycle of lettuce and a
low mineralization rate, prevented the organic nitrogen from decom
posing and becoming available to the culture.
The fertilizer doses greatly affected lettuce yield. Whereas increased
SS and CF doses resulted in an increase in the fresh weight, the increased
SM and OFMSW doses did not statistically affect lettuce yield. The other
studied parameters (morphology and lipid, carbohydrate, and chloro
phyll content) were not affected by the dose of fertilizer added, except
for the carbohydrate content in the SS and CF treatments, which
increased in keeping with the dose. These changes can be explained by
the amount of ammoniacal nitrogen present in each organic fertilizer, as
mentioned above. Therefore, from the point of view of crop yield and
morphology, the SS fertilizer was the most suitable amendment with
similar results to those for the CF.

3.3. Effect of organic fertilizers and dose on the occurrence of ABs in
vegetables
Although several antibiotics were identified in the organic fertilizer
products, only 3 were detected above the LOQ in lettuce leaves (linco
mycin, ciprofloxacin, and azithromycin), and only in lettuces amended
with the SM and SS fertilizers (Table 2). No ABs were detected in lettuce
grown with the CF or OFSMW fertilizers. The average AB concentrations
detected in lettuce grown with SM and SS ranged from 0.67 to 1.10 ng/g
fw for lincomycin and from 11.8 to 14.2 ng/g fw for ciprofloxacin in the
SS. These results are consistent with the fact that ciprofloxacin was the
most abundant AB found in the SS amendment (Table 7-SI), but it also
has to do with its physicochemical structure and biodegradability.
Among the studied ABs, those that are present in their neutral form at
the soil pH (Table 1-SI and Table 3-SI) had greater uptake. Overall, the
incorporation of non-charged compounds would be greater than for
ionic species, since they are repelled by cell membranes with electrical
potential, while cationic species are attracted to the cell membranes,
restricting their incorporation into the plant (Chuang et al., 2019).
Nevertheless, these concentrations are one thousand times lower than
those found in organic fertilizers (Table 7-SI) and similar to those found
in lettuces irrigated with reclaimed water or amended with SM (Azanu
et al., 2018; Kang et al., 2013; Tadi�c et al., 2019). In fact, Kang et al.
(2013) showed that the use of manure in 11 vegetable crops resulted in
similar concentrations of ABs (chlortetracycline, monensin, sulfame
thazine, tylosin, and virginiamycin) in vegetables to those observed in
crops grown with CF (in all cases <10 ng/g fw).
With regard to the effect of the fertilization dose, the present results
show that the concentration of lincomycin and ciprofloxacin slightly
increased depending on the amount of SS added, but these differences
were not statistically significant (p>0.05). Nevertheless, although the
abundance of ABs was low, further studies should include the presence
of transformation products since these by-products or metabolites have
been observed to be present at greater concentrations in lettuce than
parent compounds (Tadi�c et al., 2019).

3.5. Sources and distribution of TEs and ABs
Principal component analysis (PCA) was performed on the whole
data set (excluding soil due to the low sample size) to gain further
insight into the TE and AB sources and the distribution behavior of the
different assessed parameters in the lettuce samples. The PCA reduced
the 26 measured variables to 4 principal components, which explained
78% of the total variability observed. Nevertheless, only the first two
principal components, which accounted for 61% of total variability,
were studied. The first component, which explained 51% of the vari
ability, had high positive values (>0.8) for most of the studied TEs
(Fig. 1-SI) and negative loadings for lettuce yield, morphological pa
rameters, and carbohydrate content. This indicates that the lettuces with
high yields were also the ones showing the lowest TE content. This was
the case of the lettuces amended with CF and SS. The second component

3.4. Effect of organic fertilizers on crop morphology and yield
As with the TE and AB content in the lettuce samples, differences

Table 2
Minimum, maximum, and average concentration (μg/kg, fw) of ABs in lettuce samples (n ¼ 5). Only ABs above the LOQ are shown.
Compound

SM dose 1 (n ¼ 5)

SM dose 2 (n ¼ 5)

SM dose 3 (n ¼ 5)

SS dose 1 (n ¼ 5)

SS dose 2 (n ¼ 5)

SS dose 3 (n ¼ 5)

Lincomycin
Ciprofloxacin
Azithromycin

(0.83–1.2)0.93
–
–

(0.68–1.3)1.10
–
–

(0.82–1.2)1.1
–
–

(0.60–1.1)0.93
(9.3–34)12
(0.55–2.7)1.7

(0.68–2.6)1.1
(8.0–18)14
(1.7–7.6)3.0

(0.77–3.4)1.1
(7.8–29)16
(1.6–10)4.4
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Fig. 1. Images of lettuces growing under the different fertilization treatments (chemical fertilization (CF), sewage sludge (SS), swine manure (SM) solid fraction, and
organic fraction of municipal solid waste (OFMSW). Dose 1 (half the optimal N dose), dose 2 (optimal N dose) as the reference nitrogen dose, and dose 3 (twice the
optimal N dose). The number showed in each picture is the random location of the lettuce plant in the experimental set-up.
Table 3
Minimum, maximum and average levels of different lettuce quality parameters studied (n ¼ 5).
Treatment

Fresh weight (g)

Leaves length (cm)

Number of leaves

Lipids (%)

Carbohydrates (%)

Total chlorophyll content (mg/cm2)

CF dose 1

(19.6–21.5) 20.4a

CF dose 3

(257–285) 268c

(23.4–24.7) 24.0b

SS dose 1

(113–134) 119a

(20.3–26.3) 22.3a

(176–203) 183b

(23.0–28.4) 25.2a

SS dose 3

c

a

(0.57–0.59)
0.59a
(0.23–0.49)
0.33b
(0.38–0.70)
0.44a,b
(0.17–0.28)
0.23a
(0.26–0.37)
0.31b
(0.42–0.68)
0.52c
(0.37–0.71)
0.53a
(0.30–0.68)
0.54a
(0.31–0.59)
0.43a
(0.23–0.51)
0.46a
(0.19–0.59)
0.42a
(0.20–0.48)
0.31a

(0.014–0.022)
0.016a
(0.015–0.024)
0.021a
(0.015–0.019)
0.018a
(0.014–0.017) 0.014a

SS dose 2

(32–37)
33a
(33–43)
37a
(35–41)
39a
(31–38)
36a
(35–44)
40a
(37–48)
42a
(21–22)
21a
(19–24)
21a
(21–24)
22a
(21–28)
23a
(24–28)
25a
(24–26)
25a

(0.18–0.20) 0.20a

CF dose 2

(104–147)a
121
(184–228)b 219

(228–290) 244

(21.4–26.2) 25.2b

(27.4–30.7) 29.5

SM dose 1

(24.0–30.0) 28.1

a

(16.7–17.6) 17.4a

SM dose 2

(28.3–32.6) 30.5a

(16.9–17.5) 17.2a

SM dose 3

(31.5–36.3) 32.8a

(17.1–18.2) 17.3a

OFMSW dose 1

(29.4–37.1) 32.0a

(17.2–17.9) 17.6a

OFMSW dose 2

(34.1–43.7) 37.2a

(17.3–18.7) 17.9a

OFMSW dose 3

(45.4–52.3) 51.8b

(18.1–19.9) 18.4a

(0.25–0.28) 0.26b
(0.21–0.29) 0.29b
(0.17–0.21) 0.19a
(0.14–0.25)
0.22a
(0.32–0.36) 0.35b
(0.03–0.30) 0.12a
(0.13–0.15) 0.14a
(0.12–0.14) 0.14a
(0.12–0.17) 0.16a
(0.17–0.19) 0.18a
(0.16–0.21) 0.18a

(0.019–0.021)
0.020b
(0.016–0.022)
0.022b
(0.012–0.016) 0.014a
(0.013–0.016) 0.014a
(0.013–0.015) 0.014a
(0.014–0.015) 0.014a
(0.012–0.016) 0.014a
(0.011–0.013) 0.013a

Different letters show statistical differences between doses (p<0.05).

explained 10% of the variability and had high positive values (>0.6) for
ABs (Fig. 1-SI). This indicates that these lettuces had a high accumula
tion of these compounds, which was the case with the SS and SM
treatments.
Fig. 2 shows the score plot for PC1 vs. PC2, since it was the only plot
that grouped samples. The plot separated the lettuce samples into three
distinct groups. Group I includes lettuces amended with all 3 doses of the
CF, which had the lowest PC1 and PC2 values, indicating their lower
concentration of pollutants compared with the other amendment
treatments. Group II includes lettuce samples with a low TE impact and
high yield, but a high presence of ABs (all 3 studied doses of the SS

treatment), and Group III includes the samples with the greatest TE
impact and a low yield (all 3 doses of the SM and OFMSW treatments).
These results are consistent with the low uptake of TEs in SS and the high
yield obtained in previous studies (Castro et al., 2009; Kidd et al., 2007)
and suggest that the use of SS in agriculture is suitable, despite the
presence of ABs.
3.6. Human health implications
As mentioned earlier, both the TE and the AB concentrations in the
lettuce were always compliant with European Commission regulation
6
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Fig. 2. Score plot of the principal components PC 1 and PC 2 analysis obtained from 6 quality parameters, 15 TEs and 16 ABs in lettuce grown under the four
treatments namely, chemical fertilization (CF), sewage sludge (SS), swine manure (SM) and organic fraction of solid municipal waste (OFMSW). The numeral 1, 2 an
3 denotes the dose of fertilizer applied in every treatment.

No. 181/2006 for leafy vegetables and EU Directive No. 37/2010 for
foodstuff of animal origin. Nevertheless, not all pollutants are always
included in these lists of contaminants and the risks should be assessed
using HQ approaches.
Tables 4 and 5 show the estimated HQ and THQ for the consumption
of these lettuce samples by a human adult and a child. HQs ranged from
2.15 � 10 5 to 0.05 in adults for Cr in CF dose 3 and Mn in SS dose 1,
respectively. Of these 12 TEs, on average, Mn posed the greatest health
risk to adults and children, followed by As, B, Mo, Cd, Zn, Ni, Sr, Ba, Pb,
Cu, and Cr in decreasing order. These findings are consistent with those
of other studies carried out in Europe, China, and Ethiopia (Chang et al.,
2014; Margenat et al., 2019; Woldetsadik et al., 2017). The THQ values
obtained were less than 1 for all the studied fertilization treatments and
apparently lower in the application of CF (0.05–0.07) and SS
(0.06–0.09) than in the OFMSW (0.08–0.13) and SM (0.11–0.16)
treatments. These results are consistent with the greater concentration
of TEs found in lettuces amended with OFMSW and SM fertilizers
(Table 1). Nevertheless, no statistically significant differences (p>0.05)
between treatment doses were observed. These results are likewise
consistent with those from previous studies in which lettuces were
amended with manure or irrigated with reclaimed water (Margenat
et al., 2019).
The EDI for ABs is dependent on both the AB concentration in a
vegetable and the amount of that vegetable consumed. Since ABs were
only detected in lettuces grown with SM and SS amendments, the EDI
values were only calculated for these lettuces. The EDI for ABs ranged

from 1 to 20 ng/kg bw/day for adults and from 1 to 25 ng/kg bw/day for
children (Tables 8-SI and 9-SI). Lettuces amended with SS showed
greater total EDI values (18–22 ng/kg bw/day) than those amended
with SM (1 ng/kg bw/day). This is mainly due to the high occurrence of
ciprofloxacin in SS, which accounted for more than 80% of the total EDI.
These values are similar to those observed for lettuces irrigated with
reclaimed water (Azanu et al., 2018). Similarly, the HQ for ciprofloxacin
in the SS treatment accounted for more than 95% of the total HQ in
lettuces due to the presence of ABs (Table 6). The THQs in lettuces
amended with SM (0.00005–0.00007) were much lower than those
found for SS (0.10–0.17) for both adults and children. In all cases, the
THQs at all amending doses were always much lower than 1, indicating
no potential human health risk. These results are consistent with the
majority of previous studies in which the use of biosolids, manure, and
wastewater resulted in HQs lower than 0.1 for different vegetables
(Prosser and Sibley, 2015).
The present results suggest the consumption of lettuces amended
with organic fertilizers would not pose a risk to human health due to the
presence of TEs or ABs. The EDI of ABs is much lower than the human
therapeutic dose and the minimum inhibitory concentration for ABs.
Nevertheless, bacteria are frequently exposed to non-lethal (that is,
subinhibitory) concentrations of ABs, and recent evidence suggests that
this is likely to play an important role in the evolution of antibiotic
resistance (Andersson and Hughes, 2014). In fact, the presence of ABs in
lettuces has recently demonstrated to result in horizontal transfer of
resistance genes from crops to mouse gut microbiome (Maeusli et al.,

Table 4
Values of hazard quotients (HQ and THQ) for lettuce considering the different treatments for adults.
Treatment

B

Cr

Mn

Ni

Cu

Zn

Mo

Cd

Sr

Ba

Pb

As

THQ

CF dose 1
CF dose 2
CF dose 3
SS dose 1
SS dose 2
SS dose 3
SM dose 1
SM dose 2
SM dose 3
OFMSW dose 1
OFMSW dose 2
OFMSW dose 3

0.009
0.007
0.008
0.012
0.010
0.009
0.014
0.012
0.015
0.012
0.017
0.011

2.31E-05
2.47E-05
2.15E-05
5.37E-05
2.16E-05
2.38E-05
5.40E-05
7.17E-05
4.22E-05
8.05E-05
6.20E-05
8.15E-05

0.024
0.012
0.012
0.024
0.017
0.012
0.053
0.029
0.045
0.019
0.031
0.021

0.0017
0.0012
0.0011
0.0018
0.0014
0.0027
0.0071
0.0028
0.0036
0.0067
0.0073
0.0043

0.0011
0.0009
0.0010
0.0012
0.0013
0.0014
0.0018
0.0022
0.0018
0.0018
0.0025
0.0013

0.0064
0.0040
0.0049
0.0072
0.0063
0.0072
0.0131
0.0115
0.0098
0.0144
0.0100
0.0075

0.0052
0.0029
0.0027
0.0054
0.0034
0.0044
0.0170
0.0146
0.0174
0.0126
0.0147
0.0099

0.0070
0.0065
0.0057
0.0136
0.0053
0.0069
0.0138
0.0078
0.0105
0.0127
0.0137
0.0067

0.0036
0.0032
0.0028
0.0040
0.0029
0.0036
0.0071
0.0051
0.0062
0.0066
0.0066
0.0044

0.0018
0.0016
0.0014
0.0019
0.0011
0.0010
0.0049
0.0037
0.0042
0.0056
0.0054
0.0038

0.0019
0.0026
0.0012
0.0023
0.0015
0.0031
0.0049
0.0043
0.0038
0.0042
0.0030
0.0011

0.0084
0.0088
0.0061
0.0177
0.0082
0.0129
0.0226
0.0152
0.0224
0.0264
0.0237
0.0114

0.07
0.05
0.05
0.09
0.06
0.06
0.16
0.11
0.14
0.12
0.13
0.08
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Table 5
Values of hazard quotients (HQ and THQ) for lettuce considering the different treatments for children.
Treatment

B

Cr

Mn

Ni

Cu

Zn

Mo

Cd

Sr

Ba

Pb

As

THQ

CF dose 1
CF dose 2
CF dose 3
SS dose 1
SS dose 2
SS dose 3
SM dose 1
SM dose 2
SM dose 3
OFMSW dose 1
OFMSW dose 2
OFMSW dose 3

0.025
0.020
0.023
0.033
0.028
0.025
0.040
0.035
0.041
0.034
0.047
0.031

6.48E-05
6.91E-05
6.01E-05
1.50E-04
6.05E-05
6.65E-05
1.51E-04
2.01E-04
1.18E-04
2.25E-04
1.74E-04
2.28E-04

0.0002
0.0001
0.0001
0.0003
0.0002
0.0001
0.0005
0.0003
0.0005
0.0002
0.0003
0.0002

0.0048
0.0033
0.0030
0.0050
0.0040
0.0075
0.0198
0.0078
0.0102
0.0186
0.0204
0.0120

0.0030
0.0026
0.0028
0.0034
0.0035
0.0040
0.0049
0.0063
0.0050
0.0050
0.0069
0.0037

0.0180
0.0111
0.0138
0.0203
0.0177
0.0202
0.0367
0.0322
0.0276
0.0404
0.0280
0.0211

0.0145
0.0081
0.0074
0.0150
0.0095
0.0124
0.0476
0.0409
0.0488
0.0352
0.0412
0.0278

0.0197
0.0183
0.0160
0.0381
0.0148
0.0195
0.0388
0.0218
0.0295
0.0355
0.0384
0.0187

0.0102
0.0089
0.0080
0.0112
0.0080
0.0102
0.0198
0.0142
0.0173
0.0184
0.0185
0.0122

0.0051
0.0045
0.0040
0.0053
0.0030
0.0028
0.0136
0.0104
0.0117
0.0157
0.0151
0.0107

0.0054
0.0073
0.0033
0.0066
0.0043
0.0087
0.0138
0.0120
0.0107
0.0117
0.0085
0.0031

0.0236
0.0247
0.0172
0.0494
0.0229
0.0360
0.0632
0.0425
0.0627
0.0739
0.0663
0.0319

0.13
0.11
0.10
0.19
0.12
0.15
0.30
0.22
0.26
0.29
0.29
0.17

Table 6
Values for hazard quotients (HQ and THQ) for ABs in lettuces. Only treatments in which ABs were detected above the LOQ has been included. First value shown in table
is for adults and the second one for children.
SM
Lincomycin
Ciprofloxacin
Azithromycin
THQ

SS

Dose 1

Dose 2

Dose 3

Dose 1

Dose 2

Dose 3

0.00005/0.00006
–
–
0.00005/0.00006

0.00005/0.00007
–
–
0.00005/0.00007

0.00005/0.00007
–
–
0.00005/0.00007

0.00003/0.00004
0.0978/0.1246
0.0012/0.0016
0.0991/0.1262

0.00005/0.00007
0.1177/0.1499
0.0022/0.0028
0.1199/0.1527

0.00005/0.00007
0.1301/0.1657
0.0032/0.0041
0.1336/0.1699

considering that repetitive applications of these fertilizers in soil could
increase crop exposure to pollutants due to soil accumulation.

2020). In addition, the combination of different ABs, TEs, and other
pollutants has been shown to promote antibiotic resistance through
co-selection (Pal et al., 2017). Results from Gullbert et al. (2014) indi
cate that very low AB and heavy metal levels found in polluted envi
ronments and in treated humans and animals might be sufficiently high
to maintain multiresistance plasmids. Song et al.(2017) observed that
tetracycline resistance increased significantly in soils containing envi
ronmentally relevant levels of Cu and Zn, but not in soil spiked with high
levels of tetracycline. In fact, metal (Cu and Zn) and antibiotic resistance
genes co-occur in animal isolates of multidrug-resistant Salmonella and
methicillin-resistant Staphylococcus aureus (MRSA)(Poole, 2017).
Nevertheless, other studies pointed out evidence for co-selection of
antibiotic resistance genes and mobile genetic elements in metal
polluted urban soils (Zhao et al., 2019). Therefore, further studies
should be done to understand the interaction between TEs and ABs
present in vegetables in relation to the human health risk.
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4. Conclusions
The results show that soil amendment with organic fertilizers
(sewage sludge, swine manure, and the organic fraction of municipal
solid waste) resulted in changes in the abundance of TEs and ABs in
lettuce leaves, as well as differences in plant morphology. The concen
tration of Cu and Zn in lettuces amended with organic fertilizers was
statistically greater than in those grown with chemical fertilizer. ABs
were only detected in SM and SS amended lettuce leaves. Nevertheless,
the dose of organic fertilizers did not affect the plant uptake of TEs and
ABs in any of the studied organic fertilizers. The results show that the
use of SS resulted in the highest lettuce yield compared with the other
organic amendments, with values similar to those for chemical fertil
ization. The THQs for TEs and ABs were far below 1 in all cases, sug
gesting that there is no human health risk associated with the
consumption of these food crops. Nevertheless, the co-selection of
antibiotic resistance genes through the presence of TEs and ABs cannot
be ruled out. The present results indicate that the use of SS resulted in
the highest lettuce yield and lowest presence of TEs of any of the
analyzed organic fertilizers, it also resulted in the greatest presence of
ABs. These results should be taken with care as they were obtained
under greenhouse conditions in only one cultivation cycle, that is,
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