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Abstract

Perfluoroalkyl carboxylic acids (PFCAs) are persistent contaminants increasingly subjected
to regulatory restrictions. To date, their effects on terrestrial plants remain poorly inves-
tigated. To address these knowledge gaps, a comparative assessment was conducted to
identify the most sensitive plant species and the most responsive early-growth endpoints.
Five PFCAs were selected according to their carbon-chain length (from 3 to 8 C-atoms).
Seven plant species were exposed to a wide range of concentrations (from 0.01 up to
100 µg kg−1). Germination and root elongation were evaluated as developmental end-
points to assess both acute and sublethal effects. Across species, germination exhibited
weak responses, whereas root elongation appeared to be the most sensitive screening
parameter, displaying divergent species-specific patterns. Notably, Sinapis alba and Cucumis
sativus emerged as the most responsive species, although they exhibited opposite responses.
While mustard exhibited low-dose root stimulation, cucumber showed root inhibition.
Interestingly, species within the same family (Brassicaceae and Cucurbitaceae) showed
contrasting sensitivity, suggesting that PFCA phytotoxicity is species-specific rather than
driven by taxonomic relatedness. This divergent pattern may be linked to distinct morpho-
physiological traits, supporting their use as suitable model organisms for phytotoxicity
screening of PFCAs.

Keywords: PFCAs; phytotoxicity; germination; root elongation; terrestrial plants; Sinapis
alba; Cucumis sativus; early-growth endpoints; soil ecotoxicology

1. Introduction
Per- and polyfluoroalkyl substances (PFASs) are a large class of synthetic fluorinated

compounds widely used in industrial and consumer products, such as non-stick cook-
ware, food packaging, water- and stain-resistant textiles, surface coatings and firefighting
foams, due to their hydrophobicity, oleophobicity and chemical stability [1,2]. Their envi-
ronmental persistence and high mobility have resulted in widespread contamination of
environmental matrices, including soil [3–5], raising increasing concern for ecosystem and
human health [6]. Previous studies have demonstrated their uptake and accumulation in
crop plants, often in species- and compound-dependent patterns [7,8]. Several PFASs are
already listed as persistent organic pollutants under the Stockholm Convention. Although
uncertainties remain, numerous countries worldwide have introduced bans or restrictions
on many of these substances since 2009 [2]. However, compiling an exhaustive list is not
feasible, as the regulatory landscape is rapidly and continuously evolving.

To date, information on PFASs’ effects on terrestrial plants remains limited, and the
most predictive endpoints for risk assessment are still debated. Reported responses and ac-
cumulation patterns differ substantially depending on plant species, PFAS physicochemical
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properties, exposure concentration, and the specific endpoint considered [5,7,9,10]. More-
over, most experimental evidence remains concentrated on a limited number of compounds,
particularly perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) [5,7,11],
resulting in a fragmented understanding of PFASs’ effects across homologues and chain
lengths. For instance, in wheat (Triticum aestivum), PFOA exposure affected germination
and seedling growth, with low-dose (<0.2 mg kg−1) stimulation of root length and high-
dose (>800 mg kg−1) inhibition of germination, root and shoot growth [12]. In cucumber
(Cucumis sativus), soil exposure to PFOA at 0.2 and 5 mg kg−1 reduced biomass, chloro-
phyll content and photosynthetic performance, and altered leaf metabolite profiles [13].
In Arabidopsis thaliana, PFOA exposure has been reported to affect root growth, chloro-
phyll content, antioxidant responses and gene expression [14]. More recently, exposure to
100 µmol L−1 PFOA or PFOS was shown to affect primary root growth and photosynthetic
performance, with molecular evidence suggesting the involvement of auxin- and abscisic
acid-related signalling pathways [15].

Overall, these studies indicate that PFASs’ effects on plants depend on the compound
tested, plant species, exposure conditions and selected endpoint. However, most avail-
able data derive from studies on single species and/or individual PFASs, limiting direct
comparisons of plant sensitivity across species and compounds. Therefore, comparing
phylogenetically distinct plant species under controlled experimental conditions is essen-
tial to identify sensitive model species and reliable early-warning endpoints for PFAS
phytotoxicity assessment.

Within this framework, the present study adopts a multi-species experimental design
aligned with established plant bioassay standards, primarily based on OECD Guideline
208 [16], for recommendations supporting multi-species testing strategies, and comple-
mented by UNI EN ISO 18763 [17]; for specific operational procedures and calculation
approaches, reference is made to the UNICHIM Method 1651 [18].

In order to reduce chemical heterogeneity and minimize confounding variability
due to functional groups, the present study focused on a single congeneric class of
compounds, perfluoroalkyl carboxylic acids (PFCAs), which differ primarily in carbon-
chain length and include compounds of increasing regulatory concern, such as PFOA
and long-chain PFCAs listed under the Stockholm Convention. In addition, to contribute
to the development of a rapid and effective diagnostic framework for phytotoxicity
assessment, multiple early-response endpoints were evaluated across different plant
species and exposure concentrations.

With this aim, the phytotoxicity assessment was conducted using five PFCAs selected
to represent a gradient of increasing perfluorinated carbon-chain length, different early
developmental endpoints, and phylogenetically distinct model plants.

By comparing responses across species and PFCAs, this study aimed to:

(i) Identify interspecific differences in sensitivity during early developmental stages;
(ii) Determine which early-growth endpoints are most sensitive and diagnostically infor-

mative for the exposure assessment of PFCAs;
(iii) Evaluate whether the molecular structure of PFCAs modulates phytotoxicity patterns.

2. Materials and Methods
2.1. Soil Preparation and Stock Solutions

Experimental soils consisted of LUFA 2.2 Speyer standard soil purchased from
LUFA Speyer (Speyer, Germany). The properties of this soil include a pH = 5.5 ± 0.2
in 0.01 M CaCl2, WHC = 44.5 ± 3.0 g/100 g, C = 1.77 ± 0.2%, N = 0.17 ± 0.02%,
texture = 7.3 ± 1.2% clay; 13.8 ± 2.7% silt; and 78.9 ± 3.5% sand. The following PFCAs
were tested: perfluoropropanoic acid (PFPrA; C3HF5O2; CAS 422-64-0), perfluorobu-
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tanoic acid (PFBA; C4HF7O2; CAS 375-22-4), perfluoropentanoic acid (PFPeA; C5HF9O2;
CAS 2706-90-3), perfluoroheptanoic acid (PFHpA; C7HF13O2; CAS 375-85-9), and per-
fluorooctanoic acid (PFOA; C8HF15O2; CAS 335-67-1). All PFCA analytical standards
(95–98% purity) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Individual
stock solutions of each compound were prepared in ultrapure water and stored in high-
density polyethylene (HDPE) containers to prevent adsorption onto glass [19]. Stock
nominal concentrations (20 µg mL−1) were selected based on the aqueous solubility of each
compound. Prior to use, stock solutions were mixed on a rotary shaker to ensure homo-
geneity and subsequently diluted in Milli-Q water to prepare working solutions required
to achieve the target soil concentrations (0.01, 0.1, 1, 10, and 100 µg kg−1 dry weight (d.w.)).
This concentration range was selected to cover low-dose soil exposure scenarios and allow
the comparison of early plant responses across PFCA homologues. Available data on PFCA
concentrations in soils are still limited and highly variable, particularly for compounds
other than PFOA. Therefore, PFOA was used as a reference compound to contextualize the
selected exposure range, as it is one of the most studied PFCAs and has been reported in
soils at background concentrations ranging from 0.01 to 123.6 µg kg−1, with levels of up to
approximately 50,000 µg kg−1 in highly contaminated soils [20].

2.2. Species Selection

All selected species are included in the OECD Test Guideline 208 list of species [16].
Specifically, six plant species were selected to represent different taxonomic families:
sorghum (Sorghum bicolor, Poaceae), watercress (Lepidium sativum, Brassicaceae), mustard
(Sinapis alba, Brassicaceae), cucumber (Cucumis sativus, Cucurbitaceae), tomato (Solanum
lycopersicum, Solanaceae), and lettuce (Lactuca sativa, Asteraceae). An additional species,
zucchini (Cucurbita pepo, Cucurbitaceae), was included to compare responses within Cu-
curbitaceae and to assess whether the higher sensitivity observed in cucumber reflected
a broader family-level susceptibility or a species-specific trait. All seeds were purchased
from Franchi Sementi S.p.A. (Grassobbio, BG, Italy) as untreated and non-coated, with a
declared purity of 97–98% and a germination rate of at least 75%.

2.3. Phytotoxicity Bioassay

Early developmental tests were conducted following the UNI EN ISO 18763 guide-
line [17] with a minor methodological adaptation from the UNICHIM [18] phytotoxicity
protocol regarding the oversaturation of soil, as this is not reported in the ISO guidelines.
For each treatment, 10 g d.w. of soil was weighed directly into sterile 90 mm Petri dishes.
Each treatment and control were prepared in triplicate (n = 3). For each control and
PFCA treatment, soils were first adjusted to 100% WHC using distilled water. Subse-
quently, 5 mL of ultrapure water or contaminated solution was added to each Petri dish
in controls and treatments, respectively. All soils were gently homogenized to ensure
uniform soil moisture and optimal seed–soil contact. Spiking was performed immedi-
ately before seed placement. A circular filter paper disc was placed on the soil surface;
above it, ten seeds were placed using tweezers. Petri dishes were sealed with parafilm
to minimize evaporation and incubated in a non-ventilated thermostatic chamber ISCO
(Permax S.r.l., Milan, Italy) at 25 ± 2 ◦C in complete darkness. Exposure duration was
72 h for all species except for tomato, which was extended to 7 days in accordance with
ISO guidelines [17]. At the end of the exposure period, seedlings from each Petri dish
were gently placed adjacent to a metric ruler and photographed using a camera (Trust
Teza 4K Ultra HD webcam, 3024 × 4032 pixels, Trust International B.V., Dordrecht, The
Netherlands) at a fixed focal distance of 35 cm. Digital images were then analyzed using
ImageJ v.1.54 to obtain calibrated morphometric measurements.
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2.4. Data Collection and Analysis
2.4.1. Germination and Root Length

Morphometric imaging analysis was performed to quantify the radicle protrusion.
Seed were considered germinated when the protrusion was ≥1 mm. Root length was
then measured for each germinated seed [17]. In addition, the Germination Index (GI%)
was calculated according to the UNICHIM approach [18] as an integrated phytotoxicity
parameter combining seed germination and root elongation. The GI% results are reported
in the Supplementary Information (SI). For each Petri dish, the mean root length (MLR) and
the maximum root length (MLLR) were calculated. The mean (MLLR) was calculated as the
average of the three MLLR values.

Germination inhibition (G%) was calculated as follows:

G% = ((G_Control − G_Treatment)/G_Control) × 100 (1)

where G is the mean number of germinated seeds.
Root elongation inhibition (L%) was calculated as follows:

L% = ((MLR_Control − MLR_Treatment)/MLR_Control) × 100 (2)

2.4.2. Statistical Analysis

Prior to statistical analysis, potential outliers were identified using Grubb’s test in
OriginLab and excluded when statistically significant (OriginPro, v. 2024). Statistical
analyses were performed separately for each plant species, endpoint and PFCA, with
the aim of comparing the concentration of each treatment with its corresponding control
within the same species. This approach was adopted because the tested species differed
markedly in germination dynamics and early growth patterns, which could confound
direct cross-species comparisons in a factorial model. Data distribution and homogeneity
of variance were assessed using the Shapiro–Wilk test and Levene’s test, respectively.
When the assumptions of normality and homoscedasticity were met, treatment effects
were analyzed using one-way analysis of variance (ANOVA), followed by Tukey’s HSD
post hoc test. When assumptions were invalidated, the non-parametric Kruskal–Wallis
test was applied, followed by Dunn’s multiple-comparison test with Bonferroni correction.
Statistical significance was set at p < 0.05.

Generalized Additive Models (GAMs) were applied to explore non-linear relation-
ships between the PFCA concentration and MLR in the two most responsive species.
Models were fitted separately for each PFAS using a Gaussian error distribution and
identity link function. The predictor variable was the log-transformed concentration
(log(Concentration + 1)), and smoothing was performed using penalized regression
splines (basis dimension k = 3–4). Model performance was evaluated using adjusted R2,
deviance explained, p-values associated with the smooth term, and Akaike’s Information
Criterion (AIC). Only PFCAs showing a statistically significant smooth term (p < 0.05)
were retained for graphical visualization.

The predicted MLLR values were estimated by modelling the relationship between
MLR and MLLR in the control group for each species. To assess the consistency of this
relationship, the ratio between observed and predicted MLLR values was then calculated,
providing a quantitative measure with which to verify the specific relationship between
MLR and MLLR.
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3. Results
3.1. Overall Results

The phytotoxicity bioassays were considered valid, as seed germination in the negative
controls exceeded 70%, in accordance with the ISO 18763 criteria [17]. L% displayed the
highest number of significant responses across species compared to G%, highlighting a
more pronounced effect on root elongation than on germination. Specifically, sporadic
effects on seed vitality were observed in C. pepo, C. sativus, S. bicolor and S. lycopersicum.
The scattered distribution of these observed effects complicates the establishment of a
clear cause–effect relationship between acute biological responses (seed germination) and
chemical exposure.

Regarding the sublethal effects on root elongation, S. alba and C. sativus showed
significant responses to nearly all tested PFCAs, while L. sativa only reported a reduction in
the concentration of PFPeA.

Given the large dataset, only statistically significant effects are summarized in Table 1.
Detailed statistical analyses of the measured endpoints at each PFCA concentration are
reported in the SI, together with the raw data for germination, mean root length and
maximum root length (G, MLR and MLLR; Table S1). The Germination Index (GI%) was also
calculated and is reported in Table S2 as a complementary integrated phytotoxicity index.

Table 1. Summary of significant PFCA effects on early plant development, expressed as germination
inhibition (G%) and root elongation inhibition (L%), across the tested plant species. Only statistically
significant responses are reported. Values indicate the PFCA concentration at which a significant
effect was observed (µg kg−1), together with the direction of change relative to the control. For G%
and L%, ↑ indicates increased inhibition, corresponding to an inhibitory effect, whereas ↓ indicates
reduced inhibition, corresponding to a stimulatory effect. Asterisks indicate a significant global test
applied to each PFCA within each species and endpoint: * p < 0.05; ** p < 0.01; “ns” indicates no
significant effect.

Species PFPrA PFBA PFPeA PFHpA PFOA

G (%)

Sorghum bicolor ns ns ns ns 1 ↑*
Cucumis sativus 100 ↑** ns ns ns ns
Cucurbita pepo ns ns 0.01 ↑* 10 ↑* ns ns

Solanum lycopersicum ns ns ns ns 100 ↑*

L (%)

Sinapis alba 1 ↓* 0.01 ↓* ns 0.01 ↓** 10 ↓* ns
Cucumis sativus 0.1 ↑* ns 100 ↑* 1 ↑** 10 ↑* 100 ↑** ns
Lactuca sativa ns ns 100 ↓* ns ns

3.2. Species with Lower Sensitivity to PFCAs
3.2.1. Sorghum bicolor

PFCA exposure induced a very limited toxicological response in sorghum, as a
significant effect was only observed for G% following PFOA exposure (F5,12 = 3.12;
p = 0.049). Specifically, germination inhibition increased at 1 µg kg−1 d.w. (+39.29%;
p = 0.037, pairwise comparison with the control; Table 1). Overall, these results indicate
that S. bicolor showed low sensitivity to PFCA exposure, with effects restricted to a single
PFOA concentration and limited to the germination phase, which is in agreement with
previous findings on S. bicolor [7].

https://doi.org/10.3390/toxics14060455

https://doi.org/10.3390/toxics14060455


Toxics 2026, 14, 455 6 of 12

3.2.2. Lepidium sativum

In watercress, PFCA exposure did not induce statistically significant effects on any
of the evaluated endpoints. Accordingly, L. sativum was identified as the least responsive
species among those tested.

3.2.3. Cucurbita pepo

In zucchini, G% showed a significant increase following exposure to PFPeA (F5,12 = 4.09;
p = 0.020). Specifically, increased germination inhibition was observed at 0.01 µg kg−1 d.w.
(+45.5%; p = 0.020) and 10 µg kg−1 d.w. (+40.9%; p = 0.040). To the best of our knowledge,
these data provide the first evidence of PFCA-induced effects on this species.

3.2.4. Lactuca sativa

In lettuce, the L% index showed a significant effect following exposure to PFPeA
(F5,12 = 6.94; p = 0.0029), with a significant decrease detected at 100 µg kg−1 d.w. (−18.23%;
p = 0.032). Overall, lettuce showed a PFCA-specific sensitivity in terms of root elongation,
in line with previous studies [7,21,22].

3.2.5. Solanum lycopersicum

In tomato, G% showed a significant increase following PFOA exposure (F5,12 = 3.41;
p = 0.038), with increased germination inhibition observed at 100 µg kg−1 d.w. (+41.7%;
p = 0.020, pairwise comparison with the control).

3.3. Species with Higher Sensitivity to PFCAs
3.3.1. Sinapis alba

In mustard, PFCA exposure significantly affected L%, whereas G% remained un-
changed across treatments (Figure S1). Within the wide range of concentrations tested
(from 0.01 to 100 µg kg−1 d.w.), the observed trend revealed a decrease in L%, suggest-
ing a PFCA-dependent stimulatory effect on root growth. However, no role can be as-
signed to C-length. In fact, a significant decrease in L% was observed in PFPrA exposure
(F5,12 = 5.24; p = 0.008), with inhibition at 1 µg kg−1 d.w. compared to the control (−55.4%;
p = 0.010). Similarly, PFBA affected L% (F5,12 = 3.92; p = 0.020), with a significant decrease
at 0.01 µg kg−1 d.w. (−27.2%; p = 0.020). PFHpA also affected L% (F5,12 = 4.66; p = 0.014),
with significant decreases at 0.01 µg kg−1 d.w. (−40.7%; p = 0.009) and 10 µg kg−1 d.w.
(−36.2%; p = 0.020). No statistically significant effects were observed for PFPeA and PFOA.
GAM analysis confirmed significant non-linearity only for PFPrA (R2 = 0.599; deviance
explained = 66.6%; p = 0.0017; Figure 1), with an expected inhibition on more than 50% of
root elongation at around 1 µg kg−1 d.w., whereas no significant non-linearity emerged for
the other PFCAs (Table 2), confirming the PFCA-dependent stimulatory effects on S. alba.

Table 2. Summary of GAM model statistics for each PFCA in Sinapis alba, including Akaike’s
Information Criterion (AIC), adjusted R2, deviance explained, estimated degrees of freedom (EDF),
and p-value of the smooth term.

PFAS AIC R2 Deviance_Explained EDF p_Value

PFPrA 154.495 0.599 0.666 2.844 0.0017
PFBA 158.871 0.008 0.067 1 0.301
PFPeA 154.899 −0.037 0.024 1 0.538
PFHpA 156.664 −0.022 0.046 1.13 0.59
PFOA 160.153 0.31 0.398 2.173 0.0509
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Figure 1. GAM function of PFPrA concentration and root elongation inhibition (L%) in Sinapis alba.
The solid line represents the fitted smooth function, and the shaded area indicates the 95% confidence
interval. Points represent mean observed values at each concentration level (log-transformed as
log(Concentration + 1)); k = 4 for the smooth terms.

3.3.2. Cucumis sativus

In cucumber, PFCA exposure mainly affected L%, whereas effects on germination
were more limited (Figure S2). Among the tested compounds, PFPrA, PFPeA, and PFHpA
induced the most evident responses, showing a concentration-dependent reduction in
root elongation.

PFPrA significantly affected G% (χ2 = 17.26, df = 5, p = 0.004), with germination
inhibition increasing by 12.5% at 100 µg kg−1 d.w. compared with the control (p = 0.005).
PFPrA also significantly affected L% (F5,12 = 3.96; p = 0.010), with a significant increase
detected at 0.1 µg kg−1 d.w. (+26.7%; p = 0.021). PFPeA induced significant effects on L%
(F5,12 = 5.44; p = 0.002), with a significant increase at 100 µg kg−1 d.w. (+25.1%; p = 0.038;
Table 1). Exposure to PFHpA produced the strongest response on L% (F5,12 = 15.12;
p < 0.0001), with significant increases observed from 1 to 100 µg kg−1 d.w. (40.2–51.3%;
0.001 < p < 0.05) (Table 1).

GAM analysis further supported this pattern (Figure 2), revealing significant non-linear
trends, with the strength of the response in PFPeA (R2 = 0.43; deviance explained = 46%;
p = 0.00058), and PFHpA (R2 = 0.47; deviance explained = 52%; p = 0.0048) (Table 3).
Furthermore, more than 50% of effects on root growth were expected in the range of
10–100 µg kg−1 d.w. in PFHpA.

Figure 2. GAMs of concentration and root elongation (MLR) due to PFCAs in Cucumis sativus. Only
PFCAs showing statistically significant smooth terms (p < 0.05) are displayed. Solid lines represent
fitted smooth functions, and shaded areas indicate 95% confidence intervals. Points represent mean
observed values at each concentration level (log-transformed as log(Concentration + 1)); k = 3 for the
smooth terms.
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Table 3. Summary of GAM model statistics for each PFCA in Cucumis sativus, including Akaike’s
Information Criterion (AIC), adjusted R2, deviance explained, estimated degrees of freedom (EDF),
and p-values of the smooth terms.

PFCAs AIC R2 Deviance_Explained EDF p_Value

PFPrA 239.17 0.099 0.133 1 0.0567
PFBA 270.473 0.05 0.108 1.639 0.333
PFPeA 220.67 0.431 0.463 1.542 0.000578
PFHpA 162.862 0.47 0.521 1.621 0.00478
PFOA 341.355 −0.024 0.002 1 0.774

In consideration of the preceding observations, C. sativus was identified as the most
sensitive species, with detrimental effects on both germination and root growth reported.

3.4. Correlation Between MLR and MLLR

A positive relationship between MLR and MLLR was observed in all the tested species,
suggesting that the two endpoints provide complementary and closely related information,
in agreement with the ISO guideline [13]. To evaluate whether MLLR could be used as a
reliable proxy endpoint in phytotoxicity screening, a species-specific linear regression was
fitted using control data, with MLLR as the dependent variable and MLR as the explanatory
variable. These regressions were then used to estimate expected MLLR_est values under
treatment conditions. The agreement between observed MLLR_obs and estimated MLLR_est

values was assessed by calculating the ratio between observed and predicted MLLR in
PFCA-treated samples. This ratio was used to evaluate how much treated samples deviated
from the relationship observed under control conditions and, therefore, whether MLLR

remained consistent with MLR under PFCA exposure.
As reported in Table 4, observed MLLR values ranged between 80% and 120% of the

estimated values across all taxa, although variability differed among species. S. bicolor
(89% ± 24) and S. lycopersicum (90% ± 23) showed a slight tendency toward model overes-
timation, whereas L. sativa showed the highest mean ratio (111% ± 33), indicating greater
dispersion and a tendency toward model underestimation. Intermediate values were
observed for C. pepo (94% ± 25), while L. sativum (98% ± 11), S. alba (104% ± 11), and C.
sativus (101% ± 14) showed the closest agreement and lowest variability.

Table 4. The ratio between observed and predicted maximum root length (MLLR) across plant species.
The ratio between observed and model-estimated MLLR (%) is reported for each species, together
with the standard deviation (SD). Predicted MLLR values were derived from species-specific linear
regressions fitted on control data, using mean root length (MLR) as the explanatory variable and
MLLR as the dependent variable.

Species MLLR_obs/MLLR_est (%) S.D.

Sorghum bicolor 89 24
Lepidium sativum 98 11

Cucurbita pepo 94 25
Lactuca sativa 111 33

Solanum lycopersicum 90 23
Sinapis alba 104 11

Cucumis sativus 101 14

Overall, a good agreement between predicted and observed MLLR values was found
across all taxa, supporting the use of MLLR as a reliable and time-efficient endpoint for
assessing the phytotoxic effects of PFCAs.

https://doi.org/10.3390/toxics14060455

https://doi.org/10.3390/toxics14060455


Toxics 2026, 14, 455 9 of 12

4. Discussion
The present study provides the first comparative assessment of PFCAs’ phytotoxic-

ity across multiple plant species and early developmental endpoints, highlighting clear
interspecific and compound-specific differences in sensitivity.

4.1. Species-Specific Sensitivity to PFCAs

The findings highlighted a high specific sensitivity among the tested plants. Both
monocotyledonous and dicotyledonous species exhibited variable responses: L. sativum
(Brassicaceae) was the only taxon showing no statistically significant variation in the mea-
sured endpoints compared with the controls, while S. bicolor (Poaceae), S. lycopersicum
(Solanaceae), C. pepo (Cucurbitaceae) and L. sativa (Asteraceae) exhibited low responsive-
ness to PFCAs. In contrast, S. alba (Brassicaceae) and C. sativus (Cucurbitaceae) showed the
highest responsiveness.

Notably, contrasting responses were observed within the same botanical families.
Within Cucurbitaceae, C. sativus showed marked sensitivity, whereas C. pepo remained
largely unaffected. Similarly, within Brassicaceae, S. alba was highly responsive, while
L. sativum showed no significant effects. Furthermore, the two most responsive species
displayed opposite response patterns, with S. alba exhibiting stimulation of root growth
and C. sativus showing concentration-dependent inhibition. Overall, these findings indicate
that PFCA phytotoxicity is highly species-specific and cannot be directly attributed to the
botanical family but is more likely driven by differences in physiological traits.

A potential explanation for these responses can be attributed to root system archi-
tecture (RSA) as a relevant trait in the effective contact surface between roots and soil
matrix [23]. Qualitative visual observations revealed interspecific differences in early
root morphology structure (Figure S3). These observations were interpreted in light of
previous descriptions of seed germination, early seedling development, root architec-
ture, root hair morphology and broader plant developmental architecture reported in the
literature [24–31]. These observations allowed a preliminary classification of the tested
species into two root morphological patterns:

(i) Species exhibiting a dense root hair zone with clearly visible root hairs along the
primary root axis (C. sativus and S. alba);

(ii) Species characterized by a single primary root with sparse or poorly visible root hairs
(S. bicolor, L. sativum, C. pepo, S. lycopersicum, and L. sativa).

Interestingly, the two species showing the most evident root hair development, C.
sativus and S. alba, were also the most responsive to PFCA exposure. Despite displaying
opposite response patterns, it should be noted that stimulations and inhibitions are stress
responses. The mechanisms underpinning the two opposite morphological effects remain
to be investigated. Disruption of hormonal processes involved in development of RSA,
such as auxin-related pathways, may represent a possible explanation underlying the
contrasting root responses observed in this study [15].

4.2. The Most Sensitive Endpoint

Overall, PFCA exposure resulted in limited effects on germination-related parameters,
whereas root-related endpoints were more frequently affected, including at relatively low
exposure concentrations. These results indicate that early root development represents the
most sensitive indicator of PFCA-induced effects. This observation is consistent with the
findings of previous studies investigating the effects of PFASs on lettuce, cucumber and
other crop species. In these studies, root elongation was identified as a more responsive
endpoint than germination [7,13,21,32].
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The outcomes from this study and the related literature highlight that the PFAS groups
are not expected to be lethal for vascular plants, while they induce stress responses even
at environmentally relevant concentrations. This research suggests that such stresses
may precipitate ecologically significant consequences at elevated ecological tiers. The
demands of detoxification are expected to disrupt the energetic balance, thereby prompting
a reallocation of resources towards maintenance and stress responses. At the population
level, this shift should favour survival and growth at the expense of reproduction, ultimately
reducing fitness. At broader ecological scales, such as the ecosystem level, such imbalances
may have a detrimental effect on primary productivity, which can in turn lead to cascading
alterations of trophic networks.

4.3. Carbon-Chain Length

In addition to species-specific sensitivity, plant responses to PFCA exposure varied
among compounds, without following a clear linear relationship with carbon-chain
length. Although carbon-chain length is known to influence PFAS uptake and translo-
cation in plants [9,10], our results indicate that it alone does not reliably predict phy-
totoxicity under the tested conditions. Among the tested compounds, PFPrA, PFPeA
and especially PFHpA elicited the most evident responses across species and endpoints,
whereas PFBA showed the most limited response pattern, with a significant effect
restricted to root stimulation in S. alba. PFOA also produced comparatively fewer re-
sponses, mainly affecting germination-related endpoints in selected species such as
S. bicolor and S. lycopersicum. Overall, these findings suggest that compound-specific
phytotoxicity cannot be explained solely by carbon-chain length.

5. Conclusions
This study provides a comparative assessment of PFCA phytotoxicity across multiple

plant species and early developmental endpoints, showing that early plant responses are
strongly species-specific and endpoint-dependent. PFCA-induced effects were mainly
expressed through changes in root elongation, whereas germination showed limited sensi-
tivity across species. The evidence obtained suggests that these PFASs are not anticipated
to be lethal to vascular plants; however, they have the potential to induce stress responses
even at environmentally relevant concentrations. The work needed to confront these
pressures may engender a multitude of far-reaching consequences at higher levels of the
ecological organization. From a pragmatic perspective, the most noteworthy finding is the
considerable variation in sensitivity exhibited by the different species that were tested. In
view of the data, it is proposed that cucumber (Cucumis sativus) and mustard (Sinapis alba)
should be utilized as model species to evaluate the toxicity of these compounds in the soil.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/toxics14060455/s1. Table S1: Germination (G). mean root length
(MLR), Table S2: Summary of PFCAs effects on early plant development expressed as Germination
Index, Figure S1: L% of S. alba, Figure S2: L% of C. sativus, Figure S3: Seedling morphology.

Author Contributions: Conceptualization, L.N. and S.V.; Methodology, L.N. and L.F.; Validation,
L.F. and S.V.; Formal Analysis, L.N., L.F. and V.T.; Investigation, L.N.; Resources, S.V.; Data Curation,
L.N.; Writing—Original Draft Preparation, L.N.; Writing—Review and Editing, L.F., V.T. and S.V.;
Visualization, L.N.; Supervision, S.V.; Funding Acquisition, S.V. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the European Commission under the Life Programme LIFE21-
ENV-BE-LIFE-CAPTURE/101074264 (LIFE21-ENV-BE-LIFE CAPTURE).

Institutional Review Board Statement: Not applicable.

https://doi.org/10.3390/toxics14060455

https://www.mdpi.com/article/10.3390/toxics14060455/s1
https://www.mdpi.com/article/10.3390/toxics14060455/s1
https://doi.org/10.3390/toxics14060455


Toxics 2026, 14, 455 11 of 12

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors acknowledge Christian Paggetta for his assistance and support in
this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Buck, R.C.; Franklin, J.; Berger, U.; Conder, J.M.; Cousins, I.T.; de Voogt, P.; Jensen, A.A.; Kannan, K.; Mabury, S.A.; van Leeuwen,

S.P.J. Perfluoroalkyl and polyfluoroalkyl substances in the environment: Terminology, classification, and origins. Integr. Environ.
Assess. Manag. 2011, 7, 513–541. [CrossRef]

2. Klingelhöfer, D.; Braun, M.; Groneberg, D.A.; Brüggmann, D. The “forever” per-and polyfluoroalkyl substances (PFAS): A critical
accounting of global research on a major threat under changing regulations. Chemosphere 2024, 354, 141694. [CrossRef]

3. Brusseau, M.L. Simulating PFAS transport influenced by rate-limited multi-process retention. Water Res. 2020, 168, 115179.
[CrossRef]

4. Brown, J.B.; Conder, J.M.; Arblaster, J.A.; Higgins, C.P. Assessing human health risks from per-and polyfluoroalkyl substance
(PFAS)-impacted vegetable consumption: A tiered modeling approach. Environ. Sci. Technol. 2020, 54, 15202–15214. [CrossRef]
[PubMed]

5. Ghisi, R.; Vamerali, T.; Manzetti, S. Accumulation of perfluorinated alkyl substances (PFAS) in agricultural plants: A review.
Environ. Res. 2019, 169, 326–341. [CrossRef]

6. DeWitt, J.C.; Goldenman, G.; Lohmann, R.; Ng, C.A.; Wang, Z. Emerging toxicological awareness of per-and polyfluoroalkyl
substances: The rising concern over ‘forever chemicals’. Dis. Models Mech. 2025, 18, dmm052647. [CrossRef]

7. Li, J.; Sun, J.; Li, P. Exposure routes, bioaccumulation and toxic effects of per-and polyfluoroalkyl substances (PFASs) on plants: A
critical review. Environ. Int. 2022, 158, 106891. [CrossRef]

8. Wang, C.; Wan Jaafar, W.Z.; Lai, S.H.; Li, J. Emerging contaminants of perfluoroalkyl carboxylic acids (PFCAs): A review of
sources, occurrence, and accumulation in plants. Environ. Geochem. Health 2025, 47, 456. [CrossRef]

9. Krippner, J.; Brunn, H.; Falk, S.; Georgii, S.; Schubert, S.; Stahl, T. Effects of chain length and pH on the uptake and distribution of
perfluoroalkyl substances in maize (Zea mays). Chemosphere 2014, 94, 85–90. [CrossRef] [PubMed]

10. Gu, Q.; Wen, Y.; Wu, H.; Cui, X. Uptake and translocation of both legacy and emerging per-and polyfluorinated alkyl substances
in hydroponic vegetables. Sci. Total Environ. 2023, 862, 160684. [CrossRef] [PubMed]

11. Costello, M.C.S.; Lee, L.S. Sources, fate, and plant uptake in agricultural systems of per-and polyfluoroalkyl substances. Curr.
Pollut. Rep. 2024, 10, 799–819.

12. Zhou, L.; Xia, M.; Wang, L.; Mao, H. Toxic effect of perfluorooctanoic acid (PFOA) on germination and seedling growth of wheat
(Triticum aestivum L.). Chemosphere 2016, 159, 420–425. [CrossRef]

13. Du, W.; Liu, X.; Zhao, L.; Xu, Y.; Yin, Y.; Wu, J.; Ji, R.; Sun, Y.; Guo, H. Response of cucumber (Cucumis sativus) to perfluorooctanoic
acid in photosynthesis and metabolomics. Sci. Total Environ. 2020, 724, 138257. [PubMed]

14. Fan, L.; Tang, J.; Zhang, D.; Ma, M.; Wang, Y.; Han, Y. Investigations on the phytotoxicity of perfluorooctanoic acid in Arabidopsis
thaliana. Environ. Sci. Pollut. Res. 2020, 27, 1131–1143. [CrossRef]

15. Zhang, P.; Sun, L.; Liu, F.; Gao, Q.; Wang, R.; Ju, Q.; Xu, J. Perfluorooctanoic acid and perfluorooctane sulfonic acid inhibit
plant growth through the modulation of phytohormone signalling pathways: Evidence from molecular and genetic analysis in
Arabidopsis. Sci. Total Environ. 2022, 851, 158287. [CrossRef] [PubMed]

16. OECD. Test No. 208: Terrestrial Plant Test: Seedling Emergence and Seedling Growth Test. In OECD Guidelines for the Testing of
Chemicals, Section 2; OECD Publishing: Paris, France, 2006.

17. ISO 18763:2016; Soil Quality: Determination of the Toxic Effects of Pollutants on Germination and Early Growth of Higher Plants.
International Organization for Standardization: Geneva, Switzerland, 2016.

18. UNICHIM 1651:2003; Qualità Dell’acqua—Determinazione Dell’inibizione Della Germinazione e Allungamento Radicale in
Cucumis sativus L. (Cetriolo), Lepidium sativum L. (Crescione), Sorghum Saccharatum Moench (Sorgo)—(Saggio di Tossicità
Cronica Breve). UNICHIM: Milan, Italy, 2003. Available online: https://www.unichim.it/ (accessed on 19 May 2026).

19. Kleiner, E.J.; Sanan, T.; Smith, S.J.; Pressman, J.G.; Abulikemu, G.; Crone, B.C.; Wahman, D.G. Practical implications of perfluo-
roalkyl substances adsorption on bottle materials: Isotherms. AWWA Water Sci. 2021, 3, e1243. [CrossRef] [PubMed]

20. Brusseau, M.L.; Anderson, R.H.; Guo, B. PFAS concentrations in soils: Background levels versus contaminated sites. Sci. Total
Environ. 2020, 740, 140017.

https://doi.org/10.3390/toxics14060455

https://doi.org/10.1002/ieam.258
https://doi.org/10.1016/j.chemosphere.2024.141694
https://doi.org/10.1016/j.watres.2019.115179
https://doi.org/10.1021/acs.est.0c03411
https://www.ncbi.nlm.nih.gov/pubmed/33200604
https://doi.org/10.1016/j.envres.2018.10.023
https://doi.org/10.1242/dmm.052647
https://doi.org/10.1016/j.envint.2021.106891
https://doi.org/10.1007/s10653-025-02766-5
https://doi.org/10.1016/j.chemosphere.2013.09.018
https://www.ncbi.nlm.nih.gov/pubmed/24095614
https://doi.org/10.1016/j.scitotenv.2022.160684
https://www.ncbi.nlm.nih.gov/pubmed/36481150
https://doi.org/10.1016/j.chemosphere.2016.06.045
https://www.ncbi.nlm.nih.gov/pubmed/32247119
https://doi.org/10.1007/s11356-019-07018-5
https://doi.org/10.1016/j.scitotenv.2022.158287
https://www.ncbi.nlm.nih.gov/pubmed/36030856
https://www.unichim.it/
https://doi.org/10.1002/aws2.1243
https://www.ncbi.nlm.nih.gov/pubmed/34938980
https://doi.org/10.3390/toxics14060455


Toxics 2026, 14, 455 12 of 12

21. Ding, G.; Wouterse, M.; Baerselman, R.; Peijnenburg, W.J. Toxicity of polyfluorinated and perfluorinated compounds to lettuce
(Lactuca sativa) and green algae Pseudokirchneriella subcapitata). Arch. Environ. Contam. Toxicol. 2012, 62, 49–55. [CrossRef]

22. Felizeter, S.; McLachlan, M.S.; De Voogt, P. Uptake of perfluorinated alkyl acids by hydroponically grown lettuce (Lactuca sativa).
Environ. Sci. Technol. 2012, 46, 11735–11743. [CrossRef]

23. Lynch, J. Root architecture and plant productivity. Plant Physiol. 1995, 109, 7–13. [CrossRef]
24. Singh, V.; van Oosterom, E.J.; Jordan, D.R.; Messina, C.D.; Cooper, M.; Hammer, G.L. Morphological and architectural develop-

ment of root systems in sorghum and maize. Plant Soil 2010, 333, 287–299.
25. Yang, X.; Scheffler, B.E.; Weston, L.A. SOR1, a gene associated with bioherbicide production in sorghum root hairs. J. Exp. Bot.

2004, 55, 2251–2259. [CrossRef]
26. Bosker, T.; Bouwman, L.J.; Brun, N.R.; Behrens, P.; Vijver, M.G. Microplastics accumulate on pores in seed capsule and delay

germination and root growth of the terrestrial vascular plant Lepidium sativum. Chemosphere 2019, 226, 774–781. [CrossRef]
27. Jan, M.; Muhammad, S.; Jin, W.; Zhong, W.; Zhang, S.; Lin, Y.; Zhou, Y.; Liu, J.; Liu, H.; Munir, R.; et al. Modulating root system

architecture: Cross-talk between auxin and phytohormones. Front. Plant Sci. 2024, 15, 1343928. [CrossRef]
28. Liu, X.; Chen, J.; Zhang, X. Genetic regulation of shoot architecture in cucumber. Hortic. Res. 2021, 8, 143. [CrossRef] [PubMed]
29. Bewley, J.D.; Bradford, K.; Hilhorst, H. Seeds: Physiology of Development, Germination and Dormancy; Springer Science & Business

Media: Heidelberg, Germany, 2012.
30. Taiz, L.; Zeiger, E.; Møller, I.M.; Murphy, A. Plant Physiology and Development, 6th ed.; Sinauer Associates: Sunderland, MA, USA,

2015; 761p.
31. Grierson, C.; Schiefelbein, J. Root hairs. In The Arabidopsis Book; The American Society of Plant Biologists: Rockville, MD, USA,

2002; Volume 1, p. e0060.
32. Qu, B.; Zhao, H.; Zhou, J. Toxic effects of perfluorooctane sulfonate (PFOS) on wheat (Triticum aestivum L.) plant. Chemosphere

2010, 79, 555–560. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/toxics14060455

https://doi.org/10.1007/s00244-011-9684-9
https://doi.org/10.1021/es302398u
https://doi.org/10.1104/pp.109.1.7
https://doi.org/10.1093/jxb/erh252
https://doi.org/10.1016/j.chemosphere.2019.03.163
https://doi.org/10.3389/fpls.2024.1343928
https://doi.org/10.1038/s41438-021-00577-0
https://www.ncbi.nlm.nih.gov/pubmed/34193859
https://doi.org/10.1016/j.chemosphere.2010.02.012
https://www.ncbi.nlm.nih.gov/pubmed/20193959
https://doi.org/10.3390/toxics14060455

	Introduction 
	Materials and Methods 
	Soil Preparation and Stock Solutions 
	Species Selection 
	Phytotoxicity Bioassay 
	Data Collection and Analysis 
	Germination and Root Length 
	Statistical Analysis 


	Results 
	Overall Results 
	Species with Lower Sensitivity to PFCAs 
	Sorghum bicolor 
	Lepidium sativum 
	Cucurbita pepo 
	Lactuca sativa 
	Solanum lycopersicum 

	Species with Higher Sensitivity to PFCAs 
	Sinapis alba 
	Cucumis sativus 

	Correlation Between MLR and MLLR 

	Discussion 
	Species-Specific Sensitivity to PFCAs 
	The Most Sensitive Endpoint 
	Carbon-Chain Length 

	Conclusions 
	References

