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and Michael S. McLachlan *d

Four crops with different edible plant parts (radish, lettuce, pea and maize) were grown in outdoor

lysimeters on soil spiked with 13 perfluorinated alkyl acids (PFAAs) at 4 different levels. PFAA

concentrations were measured in soil, soil pore water, and different plant parts at harvest. Edible part/soil

concentration factors ranged over seven orders of magnitude and decreased strongly with increasing

PFAA chain length, by a factor of 10 for each additional fluorinated carbon (nCF) for pea. Three processes

were responsible for most of the variability. The first was sorption to soil; calculating whole plant

concentration factors on the basis of concentration in pore water instead of soil reduced the variability

from five orders of magnitude to two. Second, the journey of the PFAAs with the transpiration stream to

the leaves was hindered by retention in the roots driven by sorption; root retention factors increased by

a factor 1.7 for each nCF. Third, transfer of PFAAs from the leaves to the fruit via the phloem flow was

also hindered – presumably by sorption; fruit/leaf concentration factors decreased by a factor 2.5 for

each nCF. A simple mathematical model based on the above principles described the measured

concentrations in roots, leaves, fruits and radish bulbs within a factor 4 in most cases. This indicates that

the great diversity in PFAA transfer from soil to crops can be largely described with simple concepts for

four markedly different species.
Environmental signicance

Due to their persistence and hydrophilicity, many PFAAs have a strong potential to be taken up from soil into plants and to accumulate in foliage. There they can
harm the plant and enter the food web, contributing to exposure of higher organisms including humans. Here we show that sorption to soil is the major process
modulating plant uptake of PFAAs. Furthermore, we show that accumulation in the plant occurs primarily where the water is lost (in the leaves), while transport
from there to fruits is inversely correlated with the tendency of the PFAA to sorb (chain length). Finally, we present a model that provides a simple framework for
understanding and assessing PFAA accumulation in plants.
Introduction

In addition to having been detected ubiquitously in several
environmental compartments including water,1,2 biota3 and the
atmosphere,4 peruorinated alkyl acids (PFAAs) have also been
found in human blood serum and breast milk.5–8 Because of
their known and suspected toxic effects,9–11 it is important to
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understand the pathways of human exposure to minimize the
risk for exposure and possible adverse health effects. The
European Food Safety Authority therefore established tolerable
daily intakes (TDIs) for peruorooctanoic acid (PFOA), and
peruoroctane sulfonic acid (PFOS) in response to concerns
about these chemicals.12 They recently revised these TDIs and
established a new and much lower tolerable weekly intake rate
of 4.4 ng per kg bw per week for the extended group of PFOA,
PFNA, PFHxS and PFOS.13 Food has been identied as the main
source of human exposure,14–19 and crops are one possible
vector for PFAAs into the food supply. PFAAs are taken up by
crops when grown in soil that has been contaminated, for
instance via water reuse irrigation or biosolids application,20,21

and there are two known cases where agricultural sites have
been widely contaminated with PFAAs in Germany.22,23 The aim
of the presented work is to further our understanding of how
PFAAs are transferred from soils to crops.

Current knowledge of plant uptake of PFAAs has been
summarized in several recent reviews.24–26 In early research on
This journal is © The Royal Society of Chemistry 2021
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this subject, Stahl et al.20 and Lechner et al.27 showed that the
concentration of PFOA and PFOS in the vegetative parts of
several crops was linearly proportional to the concentration in
the soil they were grown in. Yoo et al. found that the foliage/soil
concentration factors of C6–C14 peruoroalkyl carboxylic acids
(PFCAs) in grass decreased logarithmically with increasing
chain length, while the foliage/soil pore water concentration
factors increased with chain length.28 This evidence for
a pronounced inuence of soil-pore water partitioning on
uptake was supported by Blaine et al., who found that uptake by
crops varied between soils.29 In another eld experiment Blaine
and coworkers studied the distribution of C4–C10 PFAAs in four
crops. They found that root/soil concentration factors (RCFS)
varied little or not at all with chain length, but in agreement
with Yoo et al. they found that both the shoot/soil concentration
factors and the fruit/soil concentration factors decreased with
increasing chain length, the rst by 0.11–0.36 log units per CF2
group, the second by 0.54–0.58 log units. They incorporated
these relationships into a simple conceptual model of PFAA
uptake, attributing the lower accumulation of longer chained
PFAAs in fruit compared to roots and shoot to an increased
number of biological barriers that must be crossed (e.g. the
cambium during loading into the phloem for transport to the
fruit, and the Casparian strip separating root epidermis and
cortex from root vascular tissue).30 Wen et al., on the other hand,
postulated that transport within the plant was mediated by the
sorption of PFAAs to plant tissue and explored correlations
between shoot/soil and root/soil concentration factors and the
lipid and protein content of the respective tissue.31

Further mechanistic insight into plant uptake of PFAAs can
be obtained by studying hydroponic systems without the
inuence of soil. Transport of organic chemicals from the root
zone to foliage is governed by the transpiration stream
concentration factor (TSCF, the quotient of the concentration in
the xylem ow and that in the nutrient solution) and the
quantity of water transpired.32–34 In hydroponic experiments the
TSCFs for C4–C11 PFCAs were similar in tomato, cabbage and
zucchini and only weakly inuenced by chain length, varying by
less than a factor of 2.5 within a given species.35 In a hydroponic
study with grass, the foliage-solution accumulation factors also
varied by less than a factor 2.5 for C4–C10 PFAAs.36 This
suggests that the combined effects of biological barriers
hindering PFAA uptake into the root and sorption to root
vascular tissue retarding transport to foliage are similar across
chain lengths and between species. Lettuce, on the other hand,
showed a decidedly different, V-shaped, chain length depen-
dency, with TSCF values for peruorododecanoic acid (PFDoDA)
that were 6 times greater than for peruoroheptanoic acid
(PFHpA) suggesting the presence of a chain length specic
barrier to root uptake.37 Salinity and temperature were shown to
be positively correlated with PFAA uptake rate, whereby this was
attributed to the inuence of these variables on transpiration
rate.38 Concerning accumulation in roots, root uptake factors
from soil calculated on the basis of concentrations in pore water
were up to two orders of magnitude lower than root uptake
factors for the same crop (lettuce) in a hydroponic exposure.
This was attributed to lower sorption to the roots surface as
This journal is © The Royal Society of Chemistry 2021
a result of competition from other molecules in the pore water
and indicates that hydroponic experiments are of limited value
for studying accumulation in roots.39 It has also been suggested
that differences in root development between hydroponic and
soil growing conditions lead to differences in PFAA
accumulation.40

Despite this wealth of research, there is still limited under-
standing of the dominant factors controlling uptake of PFAAs
from soil into edible plant parts under real-world exposure
conditions. To contribute to progressing knowledge in the area,
we grew four crops in outdoor lysimeters containing soil spiked
with PFAAs. Radish, lettuce, pea and maize were chosen
because their edible parts come from different parts of the plant
(roots vs. leaves vs. pulses vs. cereal grain). A broad range of
PFAAs was studied: 11 PFCAs (C4–C14) and 2 peruoroalkane
sulfonates (C4 and C8). Five lysimeters were used for each crop,
four of which were spiked at different PFAA levels plus one non-
spiked control. The different plant parts (roots, stems, leaves,
etc.) were analyzed separately. Uptake factors based on PFAA
concentrations in soil and pore water were calculated and
compared across chain length and species.
Materials and methods
Chemical reagents and lab materials

The names, abbreviations and molecular formulas of the test
chemicals, their suppliers and purities, and the 13C-labeled
internal standards used for their quantication can be found
in Tables S1 and S2 of the ESI.† All standards had a purity >95%.

Materials used for extraction and clean-up of the samples
included Florisil SPE cartridges (1000 mg, 6 mL) from Applied
Separations (Allentown, PA, USA); Acrodisc LC13 GHP Pall 0.2
mm lters from Pall Corporation (Port Washington, NY, USA); 50
and 15 mL polypropylene (PP) tubes with screw caps from Sar-
stedt (Nümbrecht, Germany); and Supelclean ENVI-Carb 120/
140 from Supelco (Bellefonte, PA, USA). Tetrabutylammo-
niumhydrogensulfate and sodium hydrogencarbonate were
purchased from Merck (Darmstadt, Germany). Sodium
carbonate and ammonium hydroxide ACS reagent were from
Sigma Aldrich; 2.0 and 0.3 mL PP vials were purchased from
VWR International (Amsterdam, Netherlands). Centrifugation
lter tubes (50 mL, 0.2 mm nylon lter) were obtained from
Grace (Breda, Netherlands). For solvents see Table S1.†
Field experiment

The eld experiment was conducted at the Fraunhofer Institute
for Molecular Biology and Applied Ecology in Schmallenberg,
Germany (51.15N, 8.29E) between June and October 2011. Each
plant species was grown in 5 lysimeters, one containing soil
with background concentrations of PFAAs (non-spiked), and 4
spiked with a mixture of PFAAs in which each PFAA had
a nominal concentration in soil of 0.1 mg per kg dw, 1 mg per kg
dw, 5 mg per kg dw and 10 mg per kg dw, respectively. For
comparison, the PFOA and PFOS concentrations measured in
contaminated agricultural soil in Arnsberg (51.41N, 8.05E), �30
km from Schmallenberg, were �1 mg per kg dw.22 The
Environ. Sci.: Processes Impacts, 2021, 23, 1158–1170 | 1159
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lysimeters had a surface area of 1 m2 and a total depth of 60 cm
and were each lled with �450 kg sand (30–60 cm depth) and
�450 kg of loamy sand (0–30 cm depth; 71% sand, 24% silt, 5%
clay, pH 5.67, organic carbon content 0.93%). This resembled
a typical soil in northwestern Germany. The soil used for the
upper layer is available as a reference soil (Refesol 01-A) from
Fraunhofer IME (www.refesol.de/boden01a.shtml). The lysime-
ters were outdoors and unprotected (see Fig. S1†). Precipitation
was measured with a rain gauge located close to the lysimeters
(Table S3†).

The spiking of the soil was described in a previous paper.41

Briey, a stock solution was prepared containing equal
concentrations of all PFAAs. This stock solution was spiked into
2 kg of soil which was homogenized and then mixed with
approx. 90 kg of soil in a concrete mixer to achieve the desired
concentration. This was repeated 5 times for each layer in each
lysimeter. Samples were taken from each batch and combined
to determine the nal PFAA concentration in the soil of each
lysimeter.

The lysimeters were planted with onion, carrot, radish,
lettuce, pea, bean or maize (Table 1). Each crop was planted in
one lysimeter of each spiked soil level. Onion, carrot and radish
were planted together as were pea and bean, while lettuce and
maize were the only crops in their respective lysimeters. Within
one week of preparing the spiked soil, 6 bean seeds, 20 radish
seeds, 20 onion seeds, 20 carrot seeds and 6 pea seeds plus 9
maize seedlings and 20 lettuce seedlings (pre-grown in uncon-
taminated soil) were planted in the respective lysimeters (on
June 21, 2011). The lysimeters were watered aer planting, and
kept humid by natural precipitation and additional watering if
needed (see Table S3† for water inputs).

Onion, carrot and bean did not germinate in either the
exposed or the control lysimeters. The other plants were har-
vested at maturity (see schedule in Table S4†). At harvest soil
samples were also taken. The soil samples were collected with
a corer for lettuce, pea and maize. The soil core was separated
into the upper (30 cm loamy sand) and lower (30 cm sand)
Table 1 Summary of the field experiment

Crop

Soil
concentration
(nominal, mg
kg�1)

Plant compartments
sampled

Onion (Allium cepa) Ba, 0.1, 1, 5, 10 Did not germinate
Carrot (Daucus carota) Ba, 0.1, 1, 5, 10 Did not germinate
Radish (Rapahnus
sativus)

Ba, 0.1, 1, 5, 10 Roots, bulb, foliage

Lettuceb (Lactuca sativa) Ba, 0.1, 1, 5, 10 Roots, foliage
Pea (Pisum sativum) Ba, 0.1, 1, 5, 10 Roots, stem, twigs,

leaves, pods, peas
Bean (Phaseolus vulgaris) Ba, 0.1, 1, 5, 10 Did not germinate
Maize (Zea mays) Ba, 0.1, 1, 5, 10 Roots, stem, leaves,

hull leaves, cobs, kernels

a B ¼ the background contamination present in the test soil. b The
results for lettuce have already been published in a comparison of
PFAA uptake under hydroponic and soil growing conditions.39

1160 | Environ. Sci.: Processes Impacts, 2021, 23, 1158–1170
layers, and the soil was packed in freezer bags and stored at
�20 �C until analysis. It was not possible to sample the lower
soil layer in some of the lysimeters. Consequently, only the
results for the upper soil layer are presented here. For radish
only the top 1–2 cm of the soil were sampled, because at the
time of radish harvest it was still hoped that the onions and
carrots seeded in the same lysimeters would germinate. The
whole plant was harvested and divided into plant parts as
detailed in Table 1. All plant parts were packed in polyethylene
freezer bags and stored at �20 �C until analysis.
Extraction

Root and radish bulb samples were gently washed (no brushes
were used) under running demineralized water to remove
adherent soil and aerwards dried supercially by patting with
kitchen towels. No cleaning of the other plant samples was
necessary. The material was homogenized with a household
blender (Braun Multiquick MX 2050). For the extraction of the
PFAAs from the samples, the method by Hansen et al.42 was
used with modications proposed by Vestergren et al.,43 as
described in our previous work.35,37 Briey, 10 g of the homog-
enate were weighed in a 50 mL PP tube, spiked with isotope-
labeled surrogate standards and mixed with 5 mL of 0.4 M
NaOH solution. The samples were then le in the fridge over
night to allow the internal standards to distribute in the slurry.
Next, the samples were mixed with 4 mL of 0.5 M tetrabuty-
lammonium hydrogen sulfate solution and 5 mL of a carbonate
buffer (0.25 M Na2CO3/NaHCO3) and extracted with 10 mL
methyl tert-butyl ether (MTBE). Aer centrifugation for 10
minutes at 3000 rpm and room temperature the MTBE phase
was transferred to a new 50 mL PP tube and the extraction with
MTBE was repeated two times. The extracts were combined and
concentrated to approximately 2 mL using a Rapidvap (Lab-
conco Corp., Kansas City, MO, USA). Aer a clean-up step using
Florisil SPE-cartridges to remove non-polar matrix, the nal
extract was evaporated to 1 mL using a Rapidvap. If the extract
was still strongly colored then an additional clean-up step
following the Powley method with ENVI-Carb was added.44

For the analysis of PFAAs in soil, the soil was dried in an oven
at 40 �C until no further weight loss was recorded. Aer
homogenization, 1 g of soil was weighed in a 15 mL PP tube and
spiked with internal standards. The soil was then extracted with
10 mL MeOH by vortex mixing for 1 minute and sonication for
10 minutes. The supernatant aer centrifugation (10 min, 3000
rpm) was transferred to a new 15 mL PP tube and concentrated
in the Rapidvap. The extraction was repeated twice with 5 mL
MeOH. The extracts were combined and concentrated in the
Rapidvap to a nal volume of 1 mL.

For pore water analysis, 20 g of the soil was put in a 50 mL
centrifugation lter tube with a 0.2 mm nylon lter. Aer 20
minutes of centrifugation at 2000 rpm, 0.5 mL of pore water was
transferred to a vial. The internal standards and MeOH were
added to achieve a nal volume of 1 mL.

All nal extracts were passed through an Acrodisc LC 13 GHP
Pall nylon lter into 2 mL PP vials and stored at 4 �C until
analysis.
This journal is © The Royal Society of Chemistry 2021
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Analysis

For PFAA analysis an HPLC system (LC-20AD XR pump, SIL-
20A autosampler and SCL-10A VP system controller, Shi-
madzu, Kyoto, Japan) coupled with a tandem mass spec-
trometer (4000 QTrap, Applied Biosystems, Toronto, Canada)
was used. A pre-column (Pathnder 300 PS-C18 column, ID
4.6 mm; length 50 mm; 3 mm particle diameter; Shimadzu,
Duisburg, Germany) prior to the injection valve was used to
remove potential background contamination.

The analytes were separated on an ACE 3 C18-300 column (ID
2.1 mm; length 150 mm; 3 mm particle diameter; Advanced
Chromatography Technologies, Aberdeen, Scotland) main-
tained at 30 �C with a mobile phase gradient consisting of two
eluents A (40 : 60MeOH : H2O, v/v) and B (95 : 5MeOH : H2O; v/
v), both with 2 mM ammonium acetate. The gradient used for
separation and the mass transitions as well as other mass
spectrometer settings can be found in our previous papers.35,37,39

The mass spectrometer was equipped with an electrospray
ionization interface operating in the negative ionization mode,
and it was run in the scheduled MRM-mode.

The puried extracts were diluted 1 : 1 with UPLC grade
water prior to analysis to match the injection conditions of the
HPLC. As pore water samples already had a water : methanol
ratio of 1 : 1, no further dilution was performed for these
samples. A volume of 20 mL was injected.

Raw data were processed with the Analyst 1.5 soware
package (Applied Biosystems).
Quality assurance and control

Each sample was extracted in duplicate and each extract was
injected in duplicate. The relative standard deviation of the
concentrations derived from these four injections was <10% for
all analytes in all samples.

Concentrations were quantied using a twelve-point cali-
bration, with R2 > 0.99 for all analytes; no weighting was
applied. Further information on quality assurance and quality
control is provided in our previous studies.35,37

Recoveries were determined by comparison with a matrix
free solution spiked with internal standard immediately prior to
injection. Average recoveries of the internal standards in the
samples were between 22% (PFBA) and 112% (PFDoDA) (see
Table S5†). Despite the low recovery of PFBA, the use of an
isotope labeled PFBA surrogate standard provided for satisfac-
tory data quality as evidenced by good method repeatability.

Limits of quantication (LoQs) (Table S6†) were calculated
on the basis of the lowest validated calibration standard (sig-
nal noise ratio $10). They were derived from the amount
injected back calculated to an extract volume of 1 mL and
divided by the average extracted sample quantity. A method
blank (beginning with simulated extraction without matrix) was
prepared with every batch of samples; these blanks showed no
quantiable contamination. Solvent blanks were injected every
ten injections to check for contamination of the LC system and
for memory effects, but no contamination or memory effects
were observed during the study.
This journal is © The Royal Society of Chemistry 2021
All PFAA concentrations from the non-spiked lysimeters (in
plant parts as well as in soil or pore water) were subtracted from the
concentrations in the spiked lysimeters. This corrected for any
impact of atmospheric deposition or other sources besides soil on
PFAA levels in the plants. Resulting concentrations below the LoQ
were neglected.

Since PFOS is the only compound for which branched
isomers were included in the standards used for the calibration
curve, branched isomers could only be quantied for PFOS. All
reported PFOS concentrations are sum concentrations of non-
branched and branched isomers.

Results and discussion

Radish and lettuce plants grown in the highest exposure level
soil were markedly smaller at the time of harvest than those
growing in the lower exposure levels, suggesting that the PFAAs
had phytotoxic effects (see Fig. S2† and Felizeter et al.39). Results
for radish and lettuce from the highest exposure level were
therefore not used in the data interpretation. Pea and maize
plants showed no visible signs of phytotoxicity.

PFAA fate in soil

Aer spiking, the concentrations in soil were generally within the
intended concentration range (Table S7†). At harvest, concentra-
tions in soil of the shortest chain PFAAs, the C4–C6 PFCAs and
PFBS, were almost reduced to background concentrations through
the whole soil column (<3% of the initial mass remaining, Table
S8†). A large fraction of the short chain PFAAs was recovered in the
drainage water, illustrating the transient nature of surface soil
contamination with these substances.41 From this perspective,
lysimeter studies can provide a more realistic simulation of plant
uptake than laboratory hydroponic or pot experiments with
constant exposure concentrations. In contrast to the shortest chain
PFAAs, 80–90% of the spiked PFDoDA, PFTrDA and PFTeDA was
found in the soil at the harvest date. The mid-chain length
compounds (PFOA, PFNA and PFOS) generally had the highest
concentrations in soil pore water (Table S9†).

The behavior of PFAAs in the lysimeter soil was analyzed in
another paper.41 We showed that leaching was the dominant
process for the loss of the short-chain PFAAs from the soil.
Furthermore, leaching occurred at a faster rate than expected
from calculated KD values, and this accelerated leaching was
greater when the initial spiked soil concentration level was
higher. We attributed the accelerated leaching to interactions
between the PFAAs related to competition for sorption sites in
the soil. Analysis of the leachate collected from the lysimeters
suggested that leaching occurred primarily at the beginning of
the experiment. Additionally, lower rainfall towards the end of
the experiment resulted in more stable conditions. The
evidence indicates that soil concentrations were more stable
towards the end of the experiment.

Concentration factors

To evaluate the plant uptake of the PFAAs, concentration factors
were calculated for the different plant tissues on the basis of the
Environ. Sci.: Processes Impacts, 2021, 23, 1158–1170 | 1161
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Fig. 1 Edible part concentration factor based on concentration in soil
(ECFS, kg soil dry weight per kg edible part fresh weight). The average
and standard deviation from experiments conducted at different
exposure levels are shown, assuming a log-normal distribution. In
cases with no error bars, ECFS could be determined in just one
exposure level.
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sampled exposure media, soil and pore water (ng g�1 ww plant
tissue/ng g�1 dw soil, or ng g�1 ww plant tissue/ng mL�1 pore
water, respectively). Soil and pore water concentrations were
only available for the start and the end of the experiment. We
used the soil and pore water concentrations at the end of the
experiment (i.e. date of harvest) for the calculation of concen-
tration factors because the bulk of transpiration and hence pore
water uptake occurred during the latter part of the growth
period. Soil concentrations were judged to have been more
stable during this period, but it is nevertheless possible that the
concentration factors were overestimated for the shorter
chained PFAAs for which the concentration in soil decreased
over the experiment (see above). As the soil sampled from the
radish lysimeters was from the top 1–2 cm only (see above) and
not representative for the root zone, the concentration in these
samples was not used. The PFAA concentrations in surface soil
at harvest were comparable between crops for most PFAAs,
except for the concentrations of the shorter chained PFAAs
which tended to decrease over time. Since lettuce was the rst
crop sampled aer radish, the concentrations in soil from the
lettuce lysimeters were used to evaluate the radish results.

Effect of exposure concentration

The PFAA concentrations in the different tissues for each of the
different plants and exposure concentrations are reported in
Tables S10–S13.† In the literature, the uptake of PFAAs by plants
has generally been observed to be linearly correlated with
exposure concentration.20,27,29,35,37,45,46 However, in hydroponic
studies we observed lower root concentration factors for C7–C14
PFCAs and PFOS at 10 ng mL�1 compared to lower exposure
concentrations.35,37 Although we had higher pore water
concentrations in the present study (Table S9†), there was no
consistent pattern of lower root concentration factors at higher
exposure levels for these PFAAs (Tables S14 and S15†). This
indicates that the non-linear root – pore water isotherms
observed under hydroponic conditions cannot be extrapolated
to soil systems. We therefore averaged the concentration factors
from all exposure levels for our evaluation. The geometric mean
was used because concentration factors are logarithmically
distributed. Concentration factors for each exposure level can
be found in Tables S14–S19.† It was not possible to retrieve any
pore water from the pea lysimeters at the time of harvest, so
concentrations in pore water from the lettuce lysimeters were
used for calculating pore water-based concentration factors for
pea.

Differences in the log concentration factor were statistically
assessed using the t-test (two tailed, two sample unequal vari-
ance, signicance threshold p < 0.05) in Excel (Microso).
However, due to the limited number of data points (max. 4 per
species and compound) the explanatory power of the statistical
analysis is limited.

Accumulation in edible plant parts

Of primary interest for human exposure is accumulation in
edible plant parts. Edible plant part concentration factors
referenced to soil (ECFS) were calculated for radish bulbs,
1162 | Environ. Sci.: Processes Impacts, 2021, 23, 1158–1170
lettuce leaves, peas and maize kernels (Fig. 1, Table S16†). Very
large variability was observed between the different PFAAs, with
ECFS ranging by as much as seven orders of magnitude for
a given edible part. In addition, there were large differences
between different edible parts for a given PFAA, in some cases in
excess of three orders of magnitude. Within this great variability
there was also evidence of systematic structure. In particular,
ECFS tended to decrease with PFAA chain length.

In order to explore the factors determining PFAA transfer to
edible plant parts, we use a mechanistically-based framework.
In this framework, uptake occurs from soil into the root, and
this is the rate limiting step for accumulation in the plant. From
there the transpiration stream transports the PFAAs through the
roots and the stem to the leaves, where they accumulate due to
evaporation of the transpired water. Transport into plant fruits
originates in the leaves, where PFAAs enter the phloem and ow
to fruit tissues. In alignment with this framework, we rst
examine the PFAA uptake into the whole plant. We then
consider what fraction of this uptake is retained in the roots and
the stem. Finally, we study the relationship between concen-
trations in fruits and leaves before assembling a mathematical
model to describe the observations.
Whole plant concentration factors

Whole plant concentrations CP were calculated by summing the
PFAA quantities in the different plant parts and dividing by the
total plant biomass. CP was used to determine whole plant
concentration factor referenced to soil (PCFS, Fig. 2, Table
S17†). The between species variability in PCFS was low; signi-
cant differences between species exceeding a factor two were
observed only nine times: PFBA (between lettuce and pea),
PFHxA (pea/corn), PFNA (radish/corn), PFDoDA (radish/all
others) and PFBS (pea/all others) (Fig. 2). This is a quite
remarkable nding. We had expected PCFS to depend on plant
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Whole plant concentration factor based on concentration in
soil (PCFS, kg soil dry weight per kg plant fresh weight). The average
and standard deviation from experiments conducted at different
exposure levels are shown, assuming a log-normal distribution.

Fig. 3 Whole plant concentration factor based on concentration in
pore water (PCFPW, L pore water per kg plant fresh weight). The
average and standard deviation from experiments conducted at
different exposure levels are shown, assuming a log-normal
distribution.
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variables such as the cumulative amount of water transpired per
unit plant biomass as well as species-specic differences in the
barrier limiting PFAA transport across the root endodermis into
the transpiration stream. Fig. 2 suggests that these factors did
not differ greatly between the plants studied here.

The inter-chemical variability in PCFS was large, ranging up
to 4.5 orders of magnitude, but nevertheless considerably less
than the inter-chemical variability in ECFS (Fig. 2). There was
a very consistent trend of decreasing PCFS with increasing chain
length for the PFCAs. PCFS for the PFSAs corresponded to PCFS
for the PFCA with the same or a slightly longer peruorinated
chain; PCFS for PFBS was similar to PFHxA, while PCFS for PFOS
was similar to PFNA/PFDA. Increasing chain length corresponds
to increasing tendency of the PFAAs to sorb to the soil solids.41

This suggests that the strong inverse relationship between PCFS
and chain length may have been a result of PFAA sequestration
to soil solids reducing availability for uptake.

The whole plant concentration factor referenced to pore
water (PCFPW) eliminates the inuence of sorption to soil solids
on the bioaccumulation metric. PCFPW shows a much lower
inter-chemical variability than PCFS (Fig. 3, Table S18†). PCFPW
ranged over 1.5–2 orders of magnitude for a given species
compared to 4 orders of magnitude for PCFS. The variability
between species was once again small, with signicant differ-
ences observed for only ve pairs: PFNA (lettuce/corn and pea/
corn), PFBS (lettuce/pea and pea/corn) and PFOS (pea/corn).
There was a pronounced chain length trend in mean PCFPW,
with similar PCFPW for short and long chain lengths and
decreasing PCFPW towards intermediate chain lengths with
a minimum in the vicinity of PFOA. The trends were overlain by
pronounced PCFPW variability between the exposure levels, so
that there were few signicant differences between PFAAs for
radish and lettuce. However, for pea and maize the concentra-
tions of PFOA (maize only) and PFOA (pea and maize) were
signicantly lower than most of the other PFAAs (Table S19†).
The trends suggest that the uptake of the intermediate chain
This journal is © The Royal Society of Chemistry 2021
length PFAAs across the root endodermis is restricted compared
to the other PFAAs. However, PCFPW for the shorter chain PFAA
may be overestimated due to the uncertainty in the concentra-
tions in pore water (see above), and PCFPW for the longer chain
PFAAs may contain a contribution from sorption to the root
surface or contamination of foliage with soil particles (see
below). Similar to PCFS, PCFPW for the PFSAs corresponded to
PCFPW for the PFCA with a one CF2 unit longer peruoroalkyl
chain; PFBS was similar to PFHxA, while PFOS was similar to
PFDA. The strong reduction in variability of PCFPW (Fig. 3)
compared to PCFS (Fig. 2) demonstrates the dominant role that
sorption to soil plays in regulating plant uptake of PFAAs.

One signicant departure from the species similarity in
PCFPW is seen for PFHpA, which was 4–5 times lower in lettuce
than in the other four species. PCFPW was also lower in lettuce
for PFHxA, PFOA and PFBS. This is consistent with measured
transpiration stream concentration factors, which showed
a pronounced V-shaped dependence with chain-length with
a minimum at PFHpA that was more pronounced for lettuce
than for other plant species.35,37 A second signicant departure
is seen for PFNA in maize. In maize, the minimum for PCFPW
was shied to the right from PFOA to PFNA.
Retention in roots

Once having entered the roots from the soil, some portion of the
chemical will be retained in the roots and some portion may be
transported to the aerial plant parts with the transpiration
stream. We assessed this using a root retention factor (RRF),
dened as the fraction of the chemical mass in the whole plant
at harvest that was present in the roots. RRF ranged from 99.5%
(PFDoDA in maize) to 1% (PFBA in maize) (Fig. 4 (normal scale)
and Fig. S3† (log scale), Table S20†). For a given PFAA the RRF
was not signicantly different between species for 50 out of 78
sample pairs (Table S21†), indicating that plant specic
Environ. Sci.: Processes Impacts, 2021, 23, 1158–1170 | 1163
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Fig. 4 Root Retention Factor (RRF), equal to the PFAA mass in the
roots as a fraction of the PFAA mass in the whole plant. The average
and standard deviation from experiments conducted at different
exposure levels are shown, assuming a log-normal distribution. There
are no error bars when n was #2.
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properties did not have a dominant inuence on root retention.
No species had an RRF that was greater than another species for
all PFAAs. For a given plant species, RRF generally increased
with chain length up to nCF ¼ 10, aer which it remained
approximately constant. This observation is consistent with the
increase in sorption tendency of PFAAs with increasing nCF;41

the longer chained PFAA sorb more strongly to root tissue aer
they are taken up, resulting in a smaller fraction being available
for further transport with the transpiration stream. Once again,
the RRFs for the PFSAs corresponded to the RRF for the PFCA
with the same or a slightly longer peruorinated chain.

There are several notable exceptions to these trends. One is
that RRF of the longer chained PFAAs (nCF $ 10) is consistently
lower for radish and lettuce than for pea and maize, in most
cases signicantly (Fig. 4, Table S21†). The latter two plants
have RRFs of 99% for the longest chained PFAAs, while for
radish and lettuce it is only 50–60%. Radish and lettuce also
have a large fraction of the longest chained PFAAs in the leaves.
This may be due to contamination of the leaves with soil
particles by processes such as rain splash. A leaf/soil concen-
tration factor of 0.1–0.25 kg dry soil per kg leaf dry weight
(roughly equivalent to 0.01–0.025 kg dry soil per kg leaf wet
weight) in leaves growing close to the soil has been observed for
other organic contaminants that are not taken up appreciably
via the roots.47 Hence the lower RRFs for these plants may not
reect a lower root retention, but instead be an artifact arising
from contributions of another uptake pathway to plant
contamination.

A second exception is the signicantly lower RRF for PFHxA,
PFHpA, PFOA and PFBS in lettuce compared to pea and maize.
As noted above, PCFPW of these substances was also lower in
lettuce compared to the other species, presumably due to more
restricted uptake across the root endodermis. However, we
could identify no mechanistic link that would explain a positive
1164 | Environ. Sci.: Processes Impacts, 2021, 23, 1158–1170
relationship between uptake efficiency across the root
epidermis and retention in root tissue. At this time we can offer
no explanation for the weaker retention of these particular
PFAAs in lettuce roots.

PFBA builds a third exception to the general trends in RRF.
The differences in RRF between species exceed an order of
magnitude. This may be due to the temporal variability in PFBA
exposure. Due to its low KD, PFBA was rapidly leached out of the
soil. In addition, concentrations in pore water would be ex-
pected to increase as soil dries out since PFBA in pore water is
not buffered by a sorbed fraction. Levels in roots will tend to
reect more recent exposure while levels in foliage represent
cumulative exposure, so consequently a dynamic exposure
situation can result in changing RRF values over time.
Retention in stems

For pea and corn it was also possible to evaluate retention in
stems. A stem retention factor (SRF) was calculated as the
fraction of the PFAA mass in the above-ground plant parts that
was present in the stem. Like the RRF, SRF increased with PFAA
chain length, reecting the increasing tendency of the PFAAs to
sorb to plant tissue with increasing chain length (Fig. S4†). For
the shorter chain PFAAs (nCF #7) there was little variation in
SRF with chain length and there was a marked difference
between the two species (�0.15 in pea and 0.05 in maize).
However, the stem played a minor role in the storage of these
PFAAs in pea and maize.
Distribution between leaves and edible plant parts

The bulk of the PFAAs in aerial plant parts was stored in the
leaves (see Fig. S5†). This was expected, as PFAAs would be ex-
pected to accumulate at the location where water is lost from
the plant. We anticipate that the leaves are the primary source
of PFAAs in fruits because the molecular building blocks for the
fruit are synthesized largely in leaves and then transported via
the phloem to the fruit.48 Edible plant part/leaf concentration
factors (ELCFs) were calculated as the quotient of PFAA
concentration in the edible plant part (radish bulbs, peas and
maize kernels) and in the respective leaf or foliage sample
(Fig. 5, Table S22†). ELCFs for pea and maize were similar, with
only PFBA and PFBS being signicantly different (lower for
maize). For these crops the ELCF generally decreased with
increasing nCF. Interestingly, the plant parts enclosing peas and
maize displayed a different accumulation pattern. The maize
husk/leaf and maize cob/leaf concentration factors were rela-
tively independent of nCF, with log values of �1.47 � 0.16 and
�1.96 � 0.32, respectively, and pea pod/leaf concentration
factors were independent of nCF for nCF $ 6 (Fig. S6 and S7†).
Concentration factors calculated from PFAA measurements in
corn leaves, husks, cobs and kernels made by Liu et al. were
similar to our results with the exception of PFOS, which shows
a unique behavior in their study (Fig. S8†). Liu et al. also studied
soybean, and the pod/leaf and soybean/leaf concentration
factors in their study were similar to our observations for pea
pods and peas (Fig. S9†).49 Blaine et al. measured PFAAs in pea
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Edible part to leaf concentration factor (ELCF, kg leaf fresh
weight per kg edible part fresh weight). The average and standard
deviation from experiments conducted at different exposure levels are
shown, assuming a log-normal distribution.

Table 2 Whole plant/pore water concentration factors PCFPW (L kg�1

wet weight) as a function of perfluorinated chain length nCF used in the
model. When modeling PFSAs, one unit was added to nCF

nCF PCFPW

3 6
4 6
5 4.1
6 2.7
7 0.9
8 1.6
9 2
10 6
11 6
12 6
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shoots (stem + leaves) and fruit, and the derived pea pod/leaf
concentration factors agreed quite well with ours (Fig. S9†).30

The lack of chain length dependence of the concentration
factors for husks, cobs and pods suggest that the primary source
of PFAAs to these tissues may be the same as the primary source
to the leaves, namely the transpiration stream. The low values of
the concentration factors (generally 0.01–0.04) could suggest
much lower cumulative transpiration ow to these tissues than
to the leaves. The pronounced chain length dependence for the
peas, beans and kernels suggest that they have a different
primary PFAA source. The chain length differentiation may
arise during loading of the phloem. If there is no barrier pre-
venting equilibration of PFAAs between the phloem contents
and the freely dissolved fraction in the plant part where the
phloem is loaded, then the phloem contents would contain
a PFAA pattern that represents the freely dissolved fraction in
the plant part, modied by any sorption occurring to solids in
the phloem contents. If the sorption capacity of the phloem
contents is lower than for the leaf as a whole, then the longer
chained PFAAs will be more weakly represented in the phloem.

A pronounced chain length dependence of fruit/leaf
concentration factors has been observed for other plants. For
instance, we measured a log–linear relationship between the
tomato fruit/leaf concentration factor and chain length in
a hydroponic study, the concentration factor decreasing by
three orders of magnitude from PFPeA to PFUnA, and similar
trends were observed for tomato in two soil-based studies (see
Fig. S10†).30,35,50 However, not all crops show this pronounced
chain length selection in PFAA transfer to edible plant parts.
Little chain length dependence was observed in wheat grain/leaf
(straw) concentration factors,51 suggesting that other
phenomena are governing transfer of PFAAs to grains.

In contrast to the other edible plant parts, the ELCF for
radish showed no pronounced chain length dependence,
varying around 0.1 for nCF of 3–8 (Fig. 5). Similar values of ELCF
were calculated from the measurements of Blaine et al.30 and
This journal is © The Royal Society of Chemistry 2021
Liu et al.,49 with no chain length dependence for nCF of 3–8
(Fig. S11†). Radish bulbs are in between the roots and the
foliage of the radish plant, so it is likely that PFAAs also reached
the bulbs via the transpiration stream (xylem) from the roots.
The fraction of the total plant residue that was present in the
bulb was similar for the different PFAAs, ranging between 0.16
and 0.40 with the exception of PFBA (0.11) and PFOS (0.06).

A quantitative model of PFAA uptake into crops

The experimental results assembled here, with concentrations
of 13 PFAAs in different tissues of four crop species exposed at
four different levels, provided a large, internally consistent data
set with which to explore the inuence of different parameters
on PFAA uptake in plants. We used this data to develop a simple
quantitative empirical model of PFAA accumulation in roots,
leaves, fruits and radish bulbs, taking into consideration the
limitations in the data arising from the experimental design
and information available in the literature.

Uptake in the whole plant. PFAA uptake into the plant is
treated as the sum or two processes, uptake from soil via the
roots and uptake from soil directly to foliage. The former is
estimated using a function of PCFPW versus nCF based on Fig. 3,
with constant PCFPW for shorter and longer chain lengths and
a V-shaped minimum centered at nCF ¼ 7 (Table 2). Here and in
the remainder of the model, an extra unit is added to nCF of the
PFSAs to account for their stronger sorption compared to the
PFCA of equivalent nCF. Uptake from soil directly to foliage is
estimated using a soil-to-leaf concentration factor (SLCF) of 0.02
kg dry soil per kg leaf wet weight and applied only to plants
growing close to the soil surface (here radish and lettuce).

NP ¼ NPR + NPL (1)

NPR ¼ mPPCFPWCPW (2)

NPL ¼ mLSLCFCS (3)

where NP is the quantity of PFAA in the plant (mol), NPR is the
quantity of PFAA in the plant due to uptake via roots (mol), NPL

is the quantity of PFAA in the plant due to uptake via leaves
(mol),mP is the mass of the plant (kg wet weight),mL is the mass
13 6
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of the leaves (kg wet weight), CPW is the PFAA concentration in
pore water (mol L�1) and CS in the PFAA concentration in soil
(mol kg�1 dry soil).

Concentration in roots. The PFAA concentration in roots CR

(mol kg�1 wet weight) is calculated according to:

CR ¼ NPRRRF

mR

(4)

where mR is the mass of the roots (kg wet weight) and RRF is
dened by:

log RRF ¼ 0.21nCF � 2.24 (maxRRF ¼ 1) (5)

where this equation was determined from the data in Fig. S3†
neglecting PFBA in all species and PFHxA, PFHpA and PFOA in
lettuce.

Concentration in leaves. The PFAA concentration in leaves
CL (mol kg�1 wet weight) is calculated according to:

CL ¼ ð1�RRFÞNPR þNPL

mL

(6)

where mL is the mass of the leaf (kg wet weight). This approach
assumes that all of the residues not retained in the roots are
retained in the leaves. This is clearly a simplication, but most
of the residues were retained in the leaves for almost all
substances (Fig. S4†). Hence, we judge this to be a reasonable
approach to estimate CL. Furthermore, the model cannot
predict CL for nCF > 10 since RRF ¼ 1. However, the concen-
trations of these long-chained PFAAs in leaves are very low and
unlikely to be of relevance for exposure assessment.

Concentration in fruit. The PFAA concentration in fruit CF

(mol kg�1 wet weight) is calculated according to:

CF ¼ FLCFCL (7)

where FLCF, the fruit/leaf concentration factor (kg wet weight
per kg wet weight), is dened using a relationship derived from
Fig. 5:

log FLCF ¼ �0.38nCF + 0.33 (8)

Concentrations in bulbs. The PFAA concentration in bulbs
CB (mol kg�1 wet weight) was derived from the radish bulb data
and is calculated according to:

CB ¼ 0:24NPR

mB

(9)

where mB is the mass of the bulb (kg wet weight). This model
assumes that 24% of the PFAA taken up from the soil is stored
in the bulb.

Model evaluation. The ability of this simple model to
describe the experimental observations was tested by calcu-
lating CR, CL, CF and CB from measured CPW and CS using the
above equations and comparing the modeled values with the
measured values for each PFAA at each exposure level in each
species. Good agreement was obtained, with most of the
modeled concentrations lying within a factor 3 (CL and CB) or
1166 | Environ. Sci.: Processes Impacts, 2021, 23, 1158–1170
factor 4 (CR and CF) of the measured concentrations (Fig. 6). The
simple model explains a very large portion of the variability in
plant/soil concentration factors, which covered up to 7 orders of
magnitude (Fig. 1). This indicates that the basic structure of the
model, uptake into the roots followed by transport via the
transpiration stream and accumulation in the leaves, captures
the central features of PFAA behavior. Furthermore, the
processes described in the model give an indication of the key
factors controlling PFAA transfer from soil to plant parts. These
are: (i) decreasing bioavailability in soil with increasing chain
length (captured by using the concentration in pore water
instead of soil as the driver for uptake); (ii) increasing retention
of PFAAs in the roots (and hence decreasing transfer to the
leaves) with increasing chain length (eqn (5)); (iii) decreasing
transfer from leaves to fruits with increasing chain length (eqn
(8)). Each of these three processes is governed by the sorption
properties of the PFAAs. Since they act sequentially on the
transfer of PFAAs from soil to fruit, there is a multiplicative
effect that leads to the very strong inuence of chain length on
ECFS seen in Fig. 1.

An independent evaluation of fruit–leaf model (eqn (8)) was
performed by forecasting the concentrations in tomatoes and
soybeans from concentration in tomato and soybean leaves
using data from studies in the literature.35,49 The agreement was
better than a factor 4 for most of the 33 data points (Fig. S11†),
but still poorer than the agreements for fruits from this study
which were modeled from the PFAA concentration in pore water
(Fig. 6c). We recall that there was no chain length dependence
in wheat grain/leaf transfer factors51 and hence the model
cannot be expected to perform well for all fruits. Measurement
of the leaf to fruit transfer of PFAAs for a broader spectrum of
plant species is required.

The nature of the data points showing poor model-
measurement agreement provides insight into which features
of PFAA accumulation behavior are not captured well by the
model. A considerable number of the poorly tting data were for
PFHxA, PFHpA, PFOA or PFBS in lettuce or for PFOA, PFNA or
PFDA in maize (Fig. 6). In these cases, the poor agreement can
be attributed to the shi in the minimum for PCFPW from PFOA
to PFHpA in lettuce and from PFOA to PFNA in maize (Fig. 3).
For lettuce the deviation is amplied by lower RRF for the same
substances (Fig. 4). In our model we have assumed that the dip
in PCFPW for mid-chain length PFAAs is the same for all species.
This is clearly an oversimplication. Better understanding of
this dip in PCFPW and its variability between species is one key
for improving our ability to describe PFAA accumulation in
plants.

PFBA also generally showed poorer agreement than the other
PFAAs (Fig. 6). This may be due to the particularly high uncer-
tainty in exposure for this substance. Most of the other data
points outside of the dotted lines were not grouped according to
chemical or species, but rather reected the experimental
variability. We believe that the major source of experimental
variability was the uncertainty in the concentrations in pore
water during the growth period. In future work, more effort
should be devoted to measuring the exposure over time.
This journal is © The Royal Society of Chemistry 2021
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Fig. 6 X–Y plots of modeled versus measured PFAA concentration in: (a) roots; (b) leaves; (c) fruit; (d) radish bulb.
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In general, we found the highest concentrations in the leaves
and the roots of the plants and the lowest in the fruit, regardless
of the species. Hence leafy and root vegetables pose the highest
risk for dietary exposure followed by fruit-bearing crops. This
was also concluded by other studies, e.g. Blaine et al.30 The
concentrations in the leaves depend on the concentrations in
the pore water, which reect the bioavailable fraction in the soil.

When confronted with an agricultural soil with elevated
PFAA concentrations, the type of crop posing the greatest risk
This journal is © The Royal Society of Chemistry 2021
for exposure is dependent on which PFAAs are present in the
soil. If long chained PFAAs are present, root vegetables like
potatoes, carrots or radishes or crops for which the edible part
can be in direct contact with the soil pose the highest risk for
exposure, while the fruits of fruit-bearing crops will remain
largely unaffected. If only short chain PFAAs are present in the
soil then the differences between crops are smaller (see Fig. 1)
and it may be difficult to identify a crop that will have lower
concentrations in the edible part. In this case crops that are
used for animal feed may be preferential, as a signicant
Environ. Sci.: Processes Impacts, 2021, 23, 1158–1170 | 1167
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portion of the PFAA will be removed from the human food chain
due to incomplete absorption or metabolism in the livestock.52

The chain length dependence of soil to crop transfer is
particularly relevant in the context of recent and ongoing
changes in PFAA production. Manufacturers switched their
production from C8-compounds towards shorter chain
compounds53 due to phase-out actions driven by adverse health
effects and bioaccumulation in humans and wildlife.54,55 From
a bioaccumulation point of view this change is questionable as
ECFS values are much higher for C4 than for C8 PFAAs (up to
30 000 times higher for pea, see Fig. 1). The shorter residence
time of short chain PFAAs in soil means that crops will not be
impacted for as long a period of time. However, the higher
mobility of the short chain PFAAs in soil will lead to ground-
water becoming contaminated faster and with higher concen-
trations. Farmers also oen use groundwater from their own
elds for irrigation. In such cases a contamination cycle will
result, prolonging the contamination of the respective elds.

To address concerns arising from the presence of PFAAs in
agricultural soil, it is rst necessary to determine the PFAA
concentrations in porewater. The concentrations in crops can
then be predicted using models. The simple models presented
here are a rst step in this direction, but more sophisticated
models should be developed. More extensive empirical obser-
vations from controlled eld studies are required to this end,
whereby particular care needs to be paid to accounting for
variable exposure concentrations of more mobile PFAS. Finally,
while this study has shown the strong inuence of chain length
on PFAA behavior, many replacement PFAS are not PFCAs or
PFSAs but instead contain other structural modications that
may also inuence their fate in soil and uptake from soil into
edible plant parts.
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