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HIGHLIGHTS GRAPHICAL ABSTRACT

e PFAS accumulated depending on the
plant’s vigor

e Only short chain PFAS translocated up
to the fruits

o PFBS and PFOA were detected exclu-
sively in the leaves.

e The health risk associated with the
consumption of tomatoes is of concern.
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with PFAS-polluted groundwater. Leaves and fruits of the first and sixth truss were analyzed at full plant
Health risk assessment maturity. All tomato varieties accumulated PFAS in leaves and fruits, with the highest concentrations detected in
Hazard quotient the most vigorous rootstock and reflecting the PFAS concentration profile of the irrigation water. PFAS with a
Rootstock chain length from 4 to 8 C atoms and with carboxylic and sulfonic functional groups were detected in plant
leaves, whereas only carboxylic C4, C5, and C6 PFAS were detected in tomato fruits. A general trend of
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decreasing PFAS concentrations in fruits upon increasing height of the plant trusses was observed. Calculation of
the target hazard quotient (THQ) showed increasing values depending on the plant vigor. The hazard index (HI)
values showed values slightly higher than 1 for the most vigorous plants, indicating potential risks to human
health associated with the consumption of contaminated tomato fruits.

1. Introduction

Poly- and perfluoroalkyl substances (PFAS) are partially or fully
fluorinated carbon compounds, respectively, with a functional terminal
group, of which carboxylic and sulfonic groups are the most predomi-
nant. Collectively, PFAS are a class of > 4700 compounds (Koch et al.,
2020), with both hydrophobic and lipophobic properties, and high
chemical and thermal stability (Zhang et al., 2022). These peculiarities
are ensured by the strength of the C-F bond, together with their mo-
lecular structure. Owing to their chemical properties, PFAS are anthro-
pogenic pollutants highly persistent and mobile in the environment,
spreading worldwide due to their intense use in various industrial ap-
plications (EEA, 2023). Once released into the environment, PFAS result
resistant to chemical and biological degradation, and their movement in
the watershed is mainly driven by the surface and groundwater flows
(Mahinroosta et al., 2021; Raschke et al., 2022).

The main assessed routes of PFAS exposure for humans are ingestion
of contaminated water, followed by inhalation of polluted air and dust,
and dermal contact with contaminated media (Sunderland et al., 2019).
The PFAS pollution of soils has been comparatively less studied with
respect to surface and ground waters, because of technical difficulties in
extraction and quantification of different PFAS. Additionally, in most of
the PFAS-polluted areas there are neither threshold limits for soils nor
mandatory monitoring surveys, due to the lack of a Soil Framework
Directive like those protecting hydrosphere and atmosphere. Soils can
be polluted by PFAS due to the advection of polluted groundwater or
irrigation of agricultural soils with contaminated waters, by wet and dry
deposition from the atmosphere (Gewurtz et al., 2019; Shimizu et al.,
2021), and by soil amendment with polluted compost or sewage sludge
(Garcia-Valcarcel et al., 2012).

The PFAS-polluted soils can act as a secondary source for plants and
agricultural crops, which can absorb and accumulate such chemicals in
the aboveground organs (Ghisi et al., 2019; Lesmeister et al., 2021).
Therefore, edible leaves, fruits, and vegetables produced in polluted
areas can represent significant PFAS sources for humans, thus increasing
the global risks to health. Significant association between PFAS exposure
and adverse effects on human health has been proved by epidemiolog-
ical studies (Sunderland et al., 2019; Fenton et al., 2021), with main
evidence of increased risks of thyroid dysfunction, lipid and insulin
dysregulation, hypercholesterolemia, immunotoxicity, liver and kidney
disease, cancer, and adverse reproductive and developmental outcomes.
New evidence of human exposure by crop produce is envisaged by the
European Agency on Food Safety (EFSA), which has recently set provi-
sional safety thresholds as a group tolerable weekly intake (TWI) from
food of 4.4 ng/kg of body weight per week for four PFAS that accu-
mulate in the human body, namely perfluorooctanoic acid (PFOA),
perfluorooctane sulfonic acid (PFOS), perfluorononanoic acid (PFNA),
and perfluorohexane sulfonic acid (PFHxS). This new evidence-based
policy applies to all agri-food products, including crop products, and
for this reason it is of prime importance to evaluate PFAS bio-
accumulation in different plant species cropped in polluted areas.

Among agricultural products, tomato (Lycopersicum esculentum Mill.)
is one of the most important crops, and Italy is the first producer of
tomato in Europe (EC, 2023). Its fruits are the major contributors of
lycopene, a natural antioxidant molecule, and contain remarkable
amounts of vitamins K, A, C, fiber, and carbohydrates (Khan et al.,
2021). Moreover, tomato fruits are a source of minerals (Fe, K, P, S), and
contain low levels of sodium, lipids, and calories (Khan et al., 2021).
More than 50% of commercial tomato varieties are grafted because

grafted plants are characterized by higher vigor, yields and product
quality than ungrafted varieties (Kumar et al., 2015a; Kyriacou et al.,
2020). Grafting is a widely spread and continuously increasing
biotechnology of producing new horticultural plant varieties, resistant
plants to pathogens and abiotic stress such as nutritional deficiencies
and soil salinity, water excesses or deficits, and pollutants (Maurya et al.,
2019; Xie et al., 2020; Yuan et al., 2021). Plants grafted on tomato
rootstocks, particularly on Maxifort, were able to reduce the content of
As in leaves, stems, and fruits (Stazi et al.,, 2016), suggesting that
grafting could represent a strategy for reducing contaminants uptake in
the commercial parts of tomato plants.

Due to their nutritional value, tomatoes are largely consumed
worldwide, hence it is necessary to evaluate PFAS bioaccumulation in
fruits and estimate the potential risks due to their occurrence in
contaminated environments. In this regard, potential PFAS accumula-
tion in tomato fruits has been reported from studies in hydroponics
(Felizeter et al., 2014) and pot experiments (Blaine et al., 2013; Blaine
et al., 2014). The PFAS accumulation data were reported from home-
produced vegetables in areas close to fluorochemical industries (Bao
et al., 2019), but information from field trials conducted in polluted
agricultural areas, also accounting for different agronomic and envi-
ronmental factors, is still scant.

The Veneto Region in North-East Italy hosts one of the largest and
best characterized PFAS contamination clusters originated by a pro-
longed uncontrolled industrial discharge (ARPAV, 2023). The polluted
area is in the order of 200 km?, mainly under agricultural use, impacting
> 100,000 inhabitants. Several prohibitions on the use of groundwater
from private wells are currently in force, and activated carbon filters are
installed for drinking water purification. Systematic monitoring of sur-
face water and groundwater has been ongoing since 2013 with > 10,000
sampling wells analyzed so far (ARPAV, 2023), which shows relatively
constant over time.

Based on the current knowledge, we hypothesized that i) tomato
plants can accumulate high concentrations of PFAS in their fruits when
cropped in a PFAS-polluted environment, ii) irrigation with contami-
nated water is the main PFAS source for PFAS plant uptake, iii) grafted
plants may accumulate higher PFAS concentrations due to their greater
vigor. We tested these hypotheses in a field trial mimicking the typical
kitchen garden cultivation practice of residents of the PFAS-polluted
area of the Veneto Region. In addition to the market and nutritional
value, tomato is also a model plant allowing the study of PFAS accu-
mulation in progressively ripening of fruits of different trusses,
providing information on PFAS movement within the plant.

2. Materials and methods
2.1. Chemicals

Analytical standards of perfluorobutanoic acid (PFBA), per-
fluorobutane sulfonic acid (PFBS), perfluoropentanoic acid (PFPeA),
perfluorohexanoic acid (PFHxA), perfluorohexane sulfonic acid
(PFHxS), perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid
(PFOA), perfluorooctane sulfonic acid (PFOS), perfluorononanoic acid
(PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid
(PFUnA), perfluorododecanoic acid (PFDoA), and per-
fluorotetradecanoic acid (PFTeDA) were purchased from Wellington
Laboratories (Canada). Identification and quantification of all PFAS
were performed using the isotopically-labeled PFAS standards (13Cy4-
PFBA, 3C3-PFBS, 13Cs-PFPeA, 13Cs-PFHxA, '3C3-PFHxS, 13C4-PFHpA,
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13Cg-PFOA, '3Cg-PFOS, '3Co-PFNA, '3C¢-PFDA, '3C,-PFUnA, '3C,-
PFDoA, '3C,-PFTeDA) from Wellington Laboratories, added at a fixed
concentration as internal standards in LC-MS/MS analysis. UHPLC-MS
grade water and methanol (> 99.95% purity) were obtained from
Carlo Erba Reagents Srl (Italy).

2.2. Experimental design

The experimental trial was carried out in Vicenza, North-East Italy
(45°53'95"" N; 11°49'43" E), in an area of PFAS-polluted soils falling
within the high-risk zone defined by the Veneto Region (ARPAV, 2023).
Geologically, the soil was characterized as sub-level colluvial surfaces
(USDA classification — Typic Hapluderts fine, mixed, mesic; WRB —
Haplic Vertisols) with a slope of less than 2% and a silty-clay texture.
Soil texture was 64% sand, 17% silt, and 19% clay, with a pH value of
7.22, and soil organic matter (SOM) content of 1.86%. The average
annual temperature and precipitation of the area are 17.6 °C and 1084
mm, respectively. The experimental area considered was 36 m?, divided
into three blocks of 12 m? each.

Concentrations of eight PFAS in the groundwater sampled from
monitoring wells located in the radius of 2 km from the experimental site
in the period 2013-2023 (ARPAV, 2023) are reported in Table 1, and the
groundwater used for irrigating the plants was also analyzed.

Before transplanting the tomatoes, the soil was plowed, sampled for
preliminary PFAS analysis, fertilized (150-100-200 kg/ha of N, P50Os,
and K20 mineral fertilizers), and refined by rotavator to bury the fer-
tilizer. Within each block, a drip-irrigation system was set up using t-
tapes with drippers placed every 0.3 m, with a flow rate of 1.4 Lh~! for
each dripper. Subsequently, the soil was mulched with black poly-
ethylene plastic film. The plants were transplanted with a planting dis-
tance of 0.50 m between rows and 0.50 m within rows.

For each block, four graft combinations were considered: an
ungrafted control (cv Dominus F1 — ISI Sementi, Italy), and Dominus
grafted onto Maxifort, Optifort and Dynafort rootstocks (De Ruiter,
Bayer, Germany), with the three rootstocks characterized by decreasing
vigor. The commercial variety Dominus F1 is a Midi-Plum tomato
characterized by an early cycle, short internodes, and fruits weighing
30-35 g each. For each graft combination, four plants per block were
grown, resulting in a total of 48 plants for the entire field experiment.

2.3. Sample collection, PFAS extraction and quantification by LC-MS/MS
analysis

At the ripening of the first and sixth fruit trusses, six samples were
taken for each treatment, considering both the whole truss and the two
proximal leaves. Fully expanded leaves were sampled, and ripe fruits
were harvested from the first and sixth trusses of each plant and
immediately transported to the laboratory. Fresh (FW) and dry (DW)
weights of both leaves and fruits were determined by weighing them
before and after drying at 60 °C until constant weight. Dried leaves and
fruits were ground into fine powder prior to PFAS extraction with an
accelerated solvent extraction (ASE) system (Dionex ASE 350, Thermo
Fisher Scientific, USA). For each replicate, 0.5 g and 1.0 g of leaves and
fruits powder, respectively, were spiked with a !3C-labeled PFAS inter-
nal standard mixture (Wellington Laboratories) and extracted. The ASE
system is equipped with a PFAS-free tubing system, and operated at
125 °C and 1300-1500 psi, using methanol as solvent. Extracts (~ 17
mL) were then filtered using 0.22 pm cellulose acetate (CA) syringe
membranes. Accuracy and recovery rates of the ASE extraction method

Table 1
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were evaluated, and data are reported in Table S1. For the determination
of PFAS concentration of the experimental site, irrigation water samples
were spiked with the !3C-labeled PFAS internal standard mixture
(Wellington Laboratories) and filtered with 0.22 pm CA syringe mem-
branes, whereas 1.0 g of soil was extracted by ASE and filtered as
described above. All filtered samples were stored at 4 °C until LC-MS/MS
analysis, without pre-concentration steps.

PFAS content was determined by LC-MS/MS analyses using a triple
quadrupole mass spectrometer (TSQ Quantiva, Thermo Fisher Scientific,
USA) coupled to ultra-high performance liquid chromatography (Ulti-
mate 3000 UHPLC, Dionex, Thermo Fisher Scientific, USA). The in-
strument operated in selected reaction monitoring (SRM) mode (see
Table S2 for the optimized parameters for SRM transitions), and a
comprehensive description of the chromatographic method and mass
spectrometer conditions is reported in detail by Sharma et al. (2020). A
13C-labeled PFAS standard for each target compound allows for the
direct comparison of the retention time thus reducing the risk of false
positives. Leaves samples were diluted 1:1 with H>O before injection.
MS raw data were processed with Skyline MS software v. 21.2.0.425
(Adams et al., 2020) to quantify PFAS amounts in all tested samples.

2.4. Quality control and quality assurance

The linearity of the standard calibration curves for all thirteen PFAS
was assessed between 0 and 40 pg L~L. All molecules showed good
linearity, with correlation coefficients R? > 0.988 (Table S3). PFAS
contents were determined using the corresponding matrix-matched
calibration curve. For the matrix-matched calibration curves, tomatoes
of the same variety grown in uncontaminated soil of the same site and
irrigated with rainwater were used. The PFAS content of the rainwater,
soil, leaves, and fruits of such tomatoes was checked before selecting
them as blank matrices for the calibration curves. The limit of detection
(LOD) and the limit of quantification (LOQ) values were calculated for
each target PFAS as the analyte peak with a signal-to-noise ratio of 3 and
10, respectively, and are reported in Table S3. Glassware and all mate-
rials potentially containing fluorinated polymers were avoided to pre-
vent background contamination, and carry over and instrumental
performance were monitored with blank injections (methanol spiked
with the '3C-labeled PFAS internal standard mixture (Wellington Lab-
oratories)) every three sample injections.

2.5. Health risk assessment

To assess the health risk associated with PFAS-contaminated to-
matoes consumption, the level of contamination of the first truss fruits
was considered, since PFAS concentrations were generally higher than
the sixth truss tomatoes. Assuming this as the worst-case scenario, the
estimation of non-carcinogenic health hazards due to the consumption
of tomato fruits was determined by calculating the target hazard quo-
tient (THQ) for individual detected PFAS (i.e., PFBA, PFPeA, and
PFHxA) with the following equation (Kavcar et al., 2009): THQ; = C; x DI
/ RfD;, where C; is the i-PFAS concentration (mg g*1 FW), DI is the
average dietary daily intake per unit of body weight (BW) (g kg~! BW
day™1), and RfD; is the oral reference dose (mg kg~ BW day!) of the i-
PFAS. The DI of raw tomato fruits for Italian adult population (DI = 1.16
g kg~! BW day™!) was retrieved from the most recent version of the
EFSA Comprehensive European Food Consumption Database, available
on the data.europa.eu website (https://data.europa.eu/data/datasets/t
he-efsa-comprehensive-european-food-consumption-database?locale

Average PFAS concentrations in the groundwater of the study area, detected during the institutional monitoring campaign of the ARPAV (2023) in the period 2013-
2023. Concentrations are expressed in ng L ™! and reported as mean =+ standard deviation (n = 11). PFHpS: perfluoroheptane sulfonic acid.

PFAS PFBA PFBS PFPeA

PFHxA

PFHxS PFHpA PFHpS PFOA PFOS

Mean =+ St. Dev. 382 £ 55 480 £ 79 228 + 29

231 + 23

26+ 4 75+ 17 5.0+1.0 2044 + 386 71 £12
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=en), accessed in July 2023. The chronic RfD values for PFBA (0.001
mg kg~! BW day™!) and PFHxA (0.0005 mg kg™' BW day ') were
retrieved from the US EPA’s IRIS Toxicological Review for PFBA and
related salts, and the IRIS Toxicological Review for PFHxXA and related
salts, respectively (https://www.epa.gov/iris). The chronic RfD value
for PFPeA (0.0005 mg kg~! BW day!) was retrieved from the Texas
Risk Reduction Program (TRRP) - Protective Concentration Levels
(PCLs) tables (released on May 2023) by the Texas Commission on
Environment Quality (TCEQ) (https://www.tceq.texas.gov/). The haz-
ard index (HI) was calculated as the sum of individual THQs (HI =
THQprea + THQpppea + THQpruxa) (Alsafra et al., 2022). A HI < 1 in-
dicates unlikely adverse effects due to PFAS exposure, while a HI > 1
indicates that there is a potential risk to observe chronic non-cancer
adverse effects on human health.

2.6. Statistical analysis

Statistical analysis was conducted with RStudio software v.
2022.12.0 (RStudio Team, 2020), and differences were considered sig-
nificant at p < 0.05. Potential outliers were tested by Grubbs’s test and
removed from the dataset prior to further statistical analyses. Left-
censored data were analyzed by Wilcoxon test and Kruskal-Wallis test,
using the functions available in the NADA package for R, according to
Helsel (2012). The correlation between the PFAS average concentration
in the irrigation water (average of values detected at the beginning and
the end of the experiment) and the amount of PFAS detected in the
leaves and fruits (average of the four rootstock combinations) was
assessed by the calculation of the Pearson correlation coefficient.

3. Results
3.1. Level of PFAS contamination at the experimental site

The analysis of PFAS pollution of soil and irrigation water before the
tomato transplant showed that only PFOA, PFOS, and PFDA were
detected in the soil, whereas the other analyzed compounds were below
the LOD or LOQ, with PFOA being the most abundant molecule followed
by PFOS and PFDA (Table 2). The irrigation water was polluted by
several PFAS, with PFOA and PFBS showing the highest concentrations
(Table 2).

The PFAS contamination of soil and irrigation water was also
assessed at the end of the experiment (Table 2). From the beginning to
the end of the field trial, the soil showed accumulation of PFHxA, PFOA,
and PFNA, PFDA concentration was constant, whereas PFOS concen-
tration was reduced. The PFAS concentrations and profile of the irri-
gation water were consistent at the beginning and the end of the
experiment, except for lower concentrations of PFBS and PFOA by ca.
34% and 29%, respectively, and PFOS concentration below the LOQ
value at the end of the experiment.

Table 2
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3.2. PFAS accumulation in the leaves

Only PFBA, PFBS, PFHxA, PFHpA, and PFOA were detected, whereas
the concentration of PFPeA, PFHxS, PFOS, PFNA, PFDA, PFUnA, PFDoA,
and PFTeDA were below the LOQ in all samples (Fig. 1). All detected
PFAS have a chain length between 4 and 8 carbon atoms and a car-
boxylic group as a terminal functional group, with the only exception of
PFBS which has a sulfonic group. PFBA (Fig. 1A) accumulated in
different amounts in the first truss depending on the tomato rootstock;
similar quantities were measured in the sixth truss samples, apart from
the ungrafted control that had a lower amount. Regarding PFBS
(Fig. 1B), an increasing trend in concentration upon the increasing of
truss height was observed, with the Maxifort rootstock accumulating
more than other tomato varieties. On the contrary, the ungrafted plants
showed no PFBS in the first truss, and low concentrations in the sixth
truss (Fig. 1B). PFHXA displayed an accumulation trend similar to PFBA,
with differences in the first truss samples related to the tomato grafting
combination and comparable amounts in the sixth truss (Fig. 1C). Apart
from the Maxifort rootstock, the concentration of PFHXA in the sixth
truss was significantly higher than the first truss in all combinations
(Table S4). PFHpA was detected only in the samples of the sixth truss of
grafted tomato plants, with the exception of the Maxifort rootstock,
where a comparable amount was detected only in the first truss samples
(Fig. 1D). PFOA was detected in leaves of all tomato varieties, with no
significant differences observed between first and sixth truss of all
rootstock combinations (Fig. 1E). The Maxifort rootstock variety accu-
mulated almost twice the amount of the other varieties (Fig. 1E).

Overall, PFAS concentrations in the leaves reflected the PFAS
pollution profile of the irrigation water, with PFOA being the most
abundant, followed by PFBS, PFBA, PFHxA, and PFHpA. In this regard,
the Pearson correlation coefficients between the PFAS concentration in
the irrigation water and the PFAS content in the leaves of the first and
sixth trusses were 0.996 and 0.972, respectively (Table S5).

3.3. PFAS accumulation in the fruits

The analysis of PFAS content in the tomato fruits of the first and sixth
truss showed that only PFBA, PFPeA, and PFHxXA were translocated at
concentrations higher than the LOQ in all samples. The PFAS uptake by
fruits varied according to the molecule chain length, tomato rootstock,
and truss height (Fig. 2, Table S6). PFBA was the most abundant, some
differences were observed between fruits of the first and sixth truss, and
with plants grafted on Dynafort rootstock accumulating almost twice the
PFBA concentration in fruits of the first truss as compared to the other
varieties (Fig. 2A). Concentration of PFPeA showed a decreasing trend in
accumulation depending on the increasing truss height with -39%
(Dynafort rootstock) up to -59% (Maxifort rootstock), with the exception
of Maxifort rootstock and the ungrafted variety accumulating less than
the grafted ones (Fig. 2B). PFHXA was detected only in the first truss
samples of all grafting combinations, with the Dynafort, Optifort and the
ungrafted control varieties accumulating less than the Maxifort one
(Fig. 2C). The Pearson correlation between the PFAS concentration in

PFAS concentrations detected at the experimental site at the beginning and at the end of the experiment. Values are expressed as ng kg~ DW for soil and ng L.~* for

water.

Beginning of the experiment

PFBA PFBS PFPeA PFHxA PFHxS PFHpA PFOA PFOS PFNA PFDA PFUnA PFDoA PFTeDA
Soil < LOD < LOQ < LOD < LOD < LOD < LOD 3756 1463 < LOD 1405 < LOD < LOD < LOD
Irrigation water 1630 3366 1049 1131 346 332 9867 523 < LOQ 98 < LOD < LOD < LOD
End of the experiment

PFBA PFBS PFPeA PFHxA PFHxS PFHpA PFOA PFOS PENA PFDA PFUnA PFDoA PFTeDA
Soil < LOD < LOQ < LOQ 2542 < LOQ < LOD 5633 672 1962 1350 < LOD < LOD < LOD
Irrigation water 1769 2205 1148 1263 402 < LOD 7036 < LOQ < LOQ 94 < LOD < LOD < LOD
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Fig. 1. PFAS content measured in the leaves expressed as ng g ! DW: A) PFBA, B) PFBS, C) PFHxA, D) PFHpA, E) PFOA according to the grafting combination. In all
plots, values indicate mean + standard error (n = 6), * indicates p < 0.05 for statistical test on amounts of first (#1) and sixth (#6) truss of the same tomato rootstock

combination.
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Fig. 2. Amounts of PFAS compounds quantified in the fruits expressed as ng g’1 DW: A) PFBA, B) PFPeA, C) PFHxA according to the grafting combination. In all
plots, values indicate mean =+ standard error (n = 6), * indicates p < 0.05 for statistical test on amounts of first (#1) and sixth (#6) truss of the same tomato rootstock

combination.

the irrigation water and the PFAS content in the fruits of the first and
sixth trusses showed coefficients of 0.895 and 0.966, respectively
(Table S7).

3.4. Differences among tomato varieties

To evaluate the influence of grafting on the PFAS uptake by tomato
plants, the PFAS content among varieties of the same truss was
compared. Regarding the first truss leaves, the Optifort rootstock com-
bination accumulated significantly higher amounts of PFBA and PFBS
than the Dynafort one (Table S8). The amount of PFHXA was signifi-
cantly higher in the Maxifort rootstock combination compared to
Dynafort and Optifort. Differences among varieties for the other detec-
ted PFAS were not statistically significant. As for the sixth truss samples,
no differences were observed for PFBA and PFHxA (Table S8). Differ-
ently, PFBS accumulated by the ungrafted control was significantly
lower than those of the grafted varieties (Table S8). Maxifort rootstock
combination accumulated more PFHpA than Dynafort and Optifort ones,
and more PFOA with respect to Dynafort and the ungrafted control
(Table S8).

Concerning fruits, PFAS detected in the ungrafted control were
significantly lower compared to the grafted combinations (Table S9). In
particular, PFBA and PFPeA levels detected in the first truss samples

were significantly higher in Dynafort and Optifort with respect to the
ungrafted plants, whereas PFHxA was significantly higher in Maxifort
grafted plants compared to ungrafted tomato plants (Table S9). In the
sixth truss, the concentration of PFBA accumulated by Dynafort was
significantly higher than Maxifort and the ungrafted control, whereas
the PFPeA amount was significantly lower in the ungrafted variety with
respect to Dynafort rootstock combination (Table S9).

We hypothesized that the concentration of the short-chain PFAS
below the LOQ values could be due to the fact that the soil was not
irrigated with polluted water for many years before the beginning of the
experiment, and the high mobility of the short-chain PFAS in the study
area characterized by relatively humid climate which could have
induced short-chain PFAS leaching from the soil. Differently, the PFAS
with longer chains were retained in the soil owing to their lower envi-
ronmental mobility.

3.5. Dietary exposure assessment

The health risk values associated with the consumption of raw PFAS-
contaminated tomatoes for each tomato variety are reported in Table 3.
The dietary risk assessment based on the average daily consumption of
raw tomatoes by the Italian adult population (18-64 years) was con-
ducted, and the associated non-carcinogenic chronic risk calculated.
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Table 3
Target Hazard Quotient (THQ) of individual PFAS and Hazard Index (HI)
calculated for the consumption of first truss tomato fruits of each variety.

Rootstock combination THQ PFBA THQ PFPeA THQ PFHxA HI

Dynafort 0.605 0.385 0.044 1.03
Optifort 0.605 0.392 0.043 1.04
Maxifort 0.440 0.333 0.082 0.86
Ungrafted 0.254 0.215 0.032 0.50

Values of THQ were highest for PFBA for fruits of all tomato varieties,
compared to values of PFPeA and PFHxA (Table 3). Dynafort and
Optifort rootstock combinations showed similar THQ values, the Max-
ifort showed intermediate values, whereas fruits from the ungrafted
plants scored the lowest values (Table 3). The HI values associated with
the consumption of tomatoes of Dynafort and Optifort rootstock com-
binations showed values slightly higher than 1, whereas the HI values
associated with fruits of the Maxifort and ungrafted plants were 0.86 and
0.50, respectively.

4. Discussion
4.1. PFAS uptake, translocation, and accumulation in plant organs

The analysis of the water used for the tomato plants irrigation
showed PFAS concentrations comparable to those detected in the
groundwater from the surrounding wells monitored in the institutional
environmental survey (Table 1). Nevertheless, the soil where the culti-
vation field trial was conducted showed accumulation of only PFOA,
PFOS, and PFDA, at concentrations comparable to those previously re-
ported for the soils of the study area by the Environmental Protection
Agency of the Veneto Region (ARPAV, 2020). No accumulation of
shorter chain PFAS in the studied soil confirms their low tendency to
accumulate in soil (Brusseau et al., 2020), and this could also be due to
the fact that the water of the polluted well was not used for a few years
before the establishment of the field trial. In this period, the shorter
chain PFAS could have been lost through seepage into groundwater due
to the high mean precipitations in the area, whereas the calcareous
nature of the soil may have caused the retention of the longer chain
PFAS, as reported by Cai et al. (2022).

The PFAS accumulation in tomato leaves paralleled the PFAS profile
of the irrigation water since those compounds were likely absorbed
through the water mass flow driven by the plant’s evapotranspiration
potential. Accumulation of PFAS in leaves of various agricultural plants
has been previously reported (Ghisi et al., 2019; Zhou et al., 2021), and
the results of our study confirm that PFAS are taken up from the soil
solution (Zhao et al., 2018). In particular, the shortest and most hy-
drophilic PFAS tend to accumulate to a higher extent than the long-chain
compounds (Lesmeister et al., 2021), which are often associated with
the plant root apparatus (Lin et al., 2020). However, while the accu-
mulation of PFAS in plants has been mainly attributed to its concen-
tration in soils (Wen et al., 2014; Lesmeister et al., 2021), our results
demonstrated that PFAS accumulation in leaves could be significantly
correlated to the use of polluted irrigation water, with no apparent
retention or selection operated by the soil. Our results confirmed those
reported by McDonough et al. (2021), who monitored the PFAS plant
uptake after experimental additions to river waters, and reported that
their movement in the water phase accounted for a significant share of
PFAS uptake by tomato plants.

Our results also provided insights into the movement and partition of
PFAS across plant tissues. In fact, their concentrations in the leaves
increased with the increasing truss height, whereas the opposite trend
was observed for fruits, where only C4-C6 carboxylic PFAS were
detected. For example, PFOS and PFDA were present in comparable
amounts both in soil and irrigation water, however, they were not
translocated up to leaves or fruits in significant quantities. Differently,
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PFOA, which was also detected in both soil and water, even if in
considerably higher concentrations, accumulated in a relevant amount
in the leaves, but not in the fruits. Short-chain compounds (up to PFHpA)
were all present in the irrigation water, and a positive correlation was
observed between the initial concentration in the water and their
amounts in the plant tissues. Although PFHxS content in the irrigation
was comparable to PFHpA, it was found neither in the leaves nor in the
fruits of any tomato variety. PFPeA was detected only in the fruits but
not in the leaves, even if its amount in the irrigation water was
remarkable and it has been found to accumulate in the leaves of other
plant species (Ghisi et al., 2019; Zhou et al., 2021).

The PFAS distribution and translocation in horticultural plants occur
via apoplastic, symplastic, or transmembrane pathways (Miller et al.,
2016). In the case of PFAS, it has been reported that transport mecha-
nisms of different perfluorinated compounds vary depending on the
plant species (Mei et al., 2021), and hydroponic experiments conducted
with lettuce, tomato, zucchini, and cabbage have shown that PFAS up-
take by roots relies on two mechanisms: (i) uptake through the tran-
spiration stream, particularly for short-chain compounds, and (ii)
sorption to root surface tissue for long-chain PFAS (Felizeter et al., 2012;
Felizeter et al., 2014). Though PFAS translocation in plants commonly
occurs via both passive and active mechanisms (Mei et al., 2021),
research conducted on maize (Wen et al., 2014), wheat (Zhang et al.,
2019), Alisma orientale (Wang et al., 2020), Chrysanthemum coronarium,
cabbage, and cucumber (Gu et al., 2023), showed that aquaporins and
ionic channels could represent PFAS entry points as specific inhibitors
for aquaporins and for anion channels reduced PFAS uptake in various
plants (Wen et al., 2014; Zhang et al., 2019; Wang et al., 2020; Gu et al.,
2023). Our findings are in line with previous results of PFAS distribution
in leaves and fruits and suggest that diverse transporters are responsible
for the selective entry of different perfluorinated compounds, acting at
the Casparian strip in roots for entering the xylem stream. Moreover, a
thick tap root system typical of tomato might allow larger contaminants
to cross the epidermis into the apoplast, being retained at the root level,
as suggested by Blaine et al. (2014).

In our experiment, PFBA, PFBS, PFHxA, PFHpA, and PFOA were
found in the leaves, whilst PFBA, PFPeA, and PFHXA only were detected
in the fruits. Based on the available literature data and our results, we
hypothesize that differences in detected PFAS between leaves and fruits
could be explained by considering the different pathways followed by
nutrients to reach the target plant organs. In the case of leaves, PFAS
entered into roots are translocated to leaves through the transpiration
stream across the xylem, leading to their accumulation as the water
evaporates (Felizeter et al., 2014). In the fruits, the transpiration stream
is low as the nutrients for their development and ripening are trans-
ported via phloem sap, and the phloem uploading requires specific
transporters in the companion cells, which could be more selective for
shorter and more hydrophilic compounds. This hypothesis could explain
why PFPeA, but not PFBS, was translocated to fruits, as the sulfonic
group of the latter makes the molecule more hydrophobic compared to
PFPeA.

Future research should test and validate the proposed transport
mechanisms for PFAS compounds, to better predict the potential agri-
food contamination produced in PFAS-polluted environments.

4.2. Impact of tomato variety on PFAS uptake

While plant grafting is an ever-increasing used biotechnology for
improving plant yields and quality and concerns ca. 50 % of tomato
cultivation in Europe and Asia (Raymond, 2013), to our best knowledge
this is the first report focusing on the effect of plant rootstock on the
accumulation of PFAS. Our results showed significant increases in PFAS
uptake in grafted tomato plants owing to their greater vigor, in contrast
to previous results showing that grafting could reduce the uptake of
metallic contaminants including As, Cd, and Ni (Savvas et al., 2013;
Stazi et al., 2016; Kumar et al., 2015a; Kumar et al., 2015b; Yuan et al.,
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2019; Xie et al., 2020). The Maxifort rootstock, characterized by high
vigor, significantly increased the content of PFBS, PFHpA, and PFOA in
the leaves compared to other grafting combinations and the control.
These responses can be attributed to the rootstock’s greater exploratory
capacity, as reported by Kumar et al. (2017) and Maurya et al. (2019).
This aspect allowed for an enhanced ability to intercept PFAS from the
soil and water supplied through irrigation. The accumulation gradient is
evident when comparing the Dynafort and Maxifort rootstocks for many
perfluoroalkyl compounds. Only the concentration of PFBA and PFHxXA
in the sixth truss fruits did not significantly differ among the rootstocks.
This behavior may be due to a physiological translocation effect in the
plant’s distal tissues, which are more active during the crop cycle.
Within the fruits, only PFHXA concentration showed an accumula-
tion gradient between Dynafort and Maxifort, whereas for the other
identified compounds responses varied depending on the complexity of
the involved molecule. Generally, longer chain PFAS showed reduced
accumulation in the sixth truss compared to the first truss, which
resulted in a more easily reachable metabolic sink. The greater mobility
of short-chain PFAS has also been reported for other leafy vegetables
such as lettuce and red chicory (Adu et al., 2023; Gredelj et al., 2020a;
Gredelj et al., 2020b). Overall, our results of PFAS accumulation and
profile confirm that rootstocks conferring greater plant vigor increase
root uptake (Wang et al., 2016) as compared to non-grafted plants.

4.3. Assessment of health risk

The evaluation of the health risk related to ingestion of PFAS-
contaminated raw tomatoes assessed by the THQ and HI values
showed potential hazards for the Italian adult population based on the
EFSA data on average daily intake of raw tomato fruits. The PFAS im-
pacts on human health are increased risk of thyroid disruption (Mokra,
2021), liver toxicity (Nian et al., 2019), immunotoxicity (Ehrlich et al.,
2023), reproductive impairment (Chambers et al., 2021), and neuro-
development adverse outcomes (Luo et al., 2022). Most of the research
focused on PFOA and PFOS, since they are the most previously used and
abundant compounds that occur in the environment and biota, whereas
less is known about the short-chain PFAS toxicity. Because of the high
probability of co-occurrence, and consequently co-exposure, potential
harmful effects of short- and long-chain perfluorinated compounds have
been evaluated together in most cases (Chambers et al., 2021). Simi-
larly, we searched for the reference dose value of the detected PFAS
compounds on the EFSA archive, however, no data are available since
the PFAS tolerable weekly intake (TWI) considered by the EFSA refers to
PFOA, PFNA, PFOS, and PFHxS only. However, as shown in this work
and in previously published data, these four long-chain compounds are
less translocated to the epigeal part of plants, especially in fruits, and
even less if they contain a sulfonic group (PFOS and PFHxS). Thus, ac-
cording to the current EFSA guidelines, the consumption of tomato fruits
obtained by our field trial could cause no risks to human health, whereas
a potential risk was highlighted by considering the concentration of
short-chain compounds such as PFBA, PFPeA, and PFHxA in tomato
fruits. We therefore suggest adopting the reference dose values reported
by the US EPA’s IRIS Toxicological Reviews, to estimate the risks for
human health more realistically.

5. Conclusions

The presented work confirmed that tomato plants take up and
concentrate various PFAS in their leaves and fruits when cultivated in
PFAS-polluted sites. Leaf concentrations of PFAS paralleled those of the
irrigation water, with no apparent ‘filtering’ effects by the soil. Fruits
accumulated mainly C4-C6 carboxylic PFAS, whereas neither longer
chain nor sulfonated PFAS were translocated to fruits, allowing us to
hypothesize specific control mechanisms exerted by the phloem loading
cells. Grafted tomato varieties characterized by higher vigor accumu-
lated the same PFAS as the non-grafted variety, but at generally higher
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concentrations owing to their water uptake and soil exploration poten-
tial. Unlike the case of potentially toxic elements, these results showed
that grafting could not reduce the absorption capacity of PFAS.

The health risk assessment unveiled that the produced tomato could
be considered ‘safe-to-eat’ according to the current EFSA guidelines on
PFAS TWI since PFOA, PFNA, PFOS, and PFHxS were not detected in the
fruits. However, by considering the impact of PFBA and PFHxXA based on
the IRIS Toxicological Reviews, the results of this work demonstrated
that the health risks derived from the consumption of the tomato pro-
duced in the field trial could not be considered absent. We suggest
updating the current guidelines by including more mobile and short-
chain PFAS that can accumulate at high concentrations in cropped
plants cultivated in polluted environments, to improve the level of
health protection of populations living in PFAS-contaminated areas.
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