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ARTICLE INFO ABSTRACT

Edited by Richard Handy The conserved genetics between Saccharomyces cerevisiae and mammals makes yeast an ideal model for studying
the biological effects of paraquat (PQ), an herbicide linked to Parkinson’s disease (PD) risk in humans. To
determine how genetic background influences PQ toxicity, we treated four diverse yeast strains (NA, SA, WA, and
WE) and assessed their physiological (growth curves), molecular (superoxide and peroxide levels), and cellular
(vacuolar morphology/disaggregation) responses. PQ significantly reduced the specific growth rate (uMax) in
WE and WA strains, while SA and NA remained unaffected. Superoxide and peroxide levels increased across all
strains to varying degrees, with SA and WE exhibiting the highest accumulation. Furthermore, we found an
inverse association between superoxide levels and pMax. PQ also induced strain-dependent vacuolar morphology
shifts, from a single large organelle to fragmented vacuoles, with the susceptible WE strain displaying the most
extreme disaggregation. Given the known link between lysosomal dysfunction and pesticide-induced PD, we
investigated correlations between predicted missense variants in vacuolar genes and PQ responses. This analysis
identified associations between fen2 variants, the human SLCI17A5 ortholog, and vacuolar disaggregation.
Validation using a fen2-deleted strain (Afen2) confirmed its mechanistic role, showing increased vacuolar frag-
mentation, elevated oxidative markers, and compromised growth upon PQ exposure. In conclusion, our findings
demonstrate that PQ susceptibility is intrinsically linked to intracellular superoxide levels and that fen2 plays a
critical role in the vacuolar adaptive response to oxidative stress. The mechanisms employed by the most
resistant strains may inform the development of novel therapeutics for PQ-exposed individuals.
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1. Introduction

Paraquat (PQ) is a potent herbicide employed globally for its efficacy
in eradicating crop-detrimental organisms. Despite its widespread
application, with an estimated global consumption of $3.5 million tons
annually (Pretty and Bharucha, 2015), PQ poisoning is responsible for
approximately ~20,000 deaths yearly (Ball et al., 2019). Furthermore, a
clear link between PQ exposure and an increased risk of Parkinson’s
disease (PD) has been established, raising serious environmental and
human health concerns (Paul et al., 2024).

The pathogenesis PD is complex, and the precise etiology of most
cases remains unknown. However, development is consistently
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attributed to a complex interplay between genetic and environmental
factors. Multiple PD genetic risk factors are known to interact with
pesticide and herbicide exposure (Fleming, 2017). Nevertheless, the
precise molecular mechanisms of gene-environment (GxE) interaction
remain elusive. Elucidating these mechanisms is essential for achieving
early diagnosis, developing preventative strategies, and translating po-
tential therapeutic interventions (Burbulla and Kriiger, 2011).

PQ exerts its toxicity by inhibiting mitochondrial Complex I through
the reduction of NADH-cytochrome b5 and NADH-ubiquinone oxido-
reductases. This process elevates superoxide anion (O3) levels, which are
subsequently converted into highly reactive species like hydrogen
peroxide (H202) and hydroxyl radicals (HO.) (Hernandez-Baixauli et al.,
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2024). Additionally, PQ induces the mitochondrial permeability tran-
sition pore (mPTP) opening, which reduces intra-mitochondrial calcium
retention capacity and decreases the membrane potential, further
contributing to increased Reactive Oxygen Species (ROS) levels (See
et al., 2022). This mitochondrial damage directly impacts the lysosomal
pathway via membrane contact sites, resulting in decreased lysosomal
enzyme activities, impaired sphingolipid degradation, and blockage of
autophagy (Rubilar et al., 2024). These sequential disruptions
contribute to alpha-synuclein (a-syn) aggregation, dopaminergic neuron
death, and eventual motor impairments (Klein and Mazzulli, 2018).

Yeast models (S. cerevisiae) have emerged as an invaluable resource
for dissecting the underlying genetic and molecular mechanisms of PD
pathogenesis. This utility stems from yeast’s high degree of evolutionary
conservation with humans, rapid growth and generation time, the
availability of genetically diverse strain panels, and the capacity for
high-throughput characterization and implementation of large-scale
deletion studies (Miilleder et al., 2012). Mechanistic insights derived
from this simple model are highly translatable to human PD, exemplified
by studies where the yeast internal NADH-quinone oxidoreductase
(NDI1) was successfully used as a gene therapy candidate to restore
defective mitochondrial Complex I function in mammalian PD models
(Li et al., 2022).

In this study, we investigated the biological effects of PQ exposure on
four S. cerevisiae strains with distinct genetic backgrounds. We employed
a multi-tiered approach, examining the consequences at the physiolog-
ical (growth rates), molecular (ROS levels), and cellular (vacuolar
morphology) levels, and the interplay between them. This comprehen-
sive strategy is designed to provide mechanistic insights into GxE in-
teractions, potentially elucidating genetic factors that influence PD
susceptibility and advancing the identification of novel therapeutic
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strategies.
2. Results
2.1. Paraquat-induced strain-specific growth rates responses

We chose four phylogenetically distinct strains exhibiting extensive
genomic variability, whose genomes are sequenced: Y12 (Sake, SA),
YPS128 (North American, NA), DBVPG6044 (West African, WA) and
DBVPG6765 (Wine/European, WE). As a proxy of cell health, we
measured their growth rates under control and PQ exposure. Initially,
we set the lowest PQ concentration, which induced reproducible vari-
ation across strains. We tested a range of 25-125 pg/mL (Supplementary
Figure 1) and chose 75 pg/mL to discriminate between strains. Under
control conditions (YNB media 2 % glucose) all strains exhibited similar
growth patterns (Fig. 1A). However, upon PQ exposure we identified a
lower growth rate in the WE background than untreated cells (suscep-
tibility phenotype) (Fig. 1B). This effect was quantified by calculating
the Area Under the Curve (AUC) (p-value = 0.0013, ANOVA) (Fig. 1C).
Conversely, SA, NA and WA exhibit the highest tolerance to PQ (resis-
tance phenotype, p-value = ns, ANOVA) (Fig. 1B and C).

From the growth curves, we calculated uMax, which corresponds to
the maximum rate at which the yeast can increase its population size as
another proxy of reproductive fitness. PQ exposure differentially
impacted uMax across the strains. PQ-treated WE exhibited a decrease in
uMax compared to NA (p-value = 0.0012, ANOVA) (Fig. 1D). Notably,
the WE strain exhibited a 40 % reduction in pMax compared to SA (p-
value = 0.0001, ANOVA), with WA showing a 20 % decrease when
compared to SA (p-value = 0.033, ANOVA) (Fig. 1D). Furthermore, we
found a significant difference between WA and WE (p-value = 0.033,
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Fig. 1. Reproductive fitness of S. cerevisiae parental strains following PQ exposure. (A) Growth curves of SA, NA, WA, and WE strains under control conditions. (B)
Growth curves after PQ exposure (75 pg/mL). (C) Average Area Under the Curve (AUC). (D) Average fold change of uMax (PQ/mock). Biological replicates (N = 5).
Data are presented as mean + SE. Statistical tests: Shapiro-Wilk for normality (p-value > 0.05), ANOVA test p-value < 0.05, post-hoc Holm-Sidak (AUC and fold

change). Statistical significance indicated by asterisks: p-value < 0.05 (*), p-value < 0.01 (**), p-value < 0.001 (***), p-value < 0.0001 (****), ns = not significant
(p-value > 0.05). Statistical analysis was performed using SPSS v20.0 and plotted using GraphPad.
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ANOVA). These results demonstrate that PQ differentially impacts each
strain, with WE and WA exhibiting the most significant susceptibility.
Therefore, PQ exposure has a strain-specific impact on yeast reproduc-
tive fitness and physiological adaptation.

2.2. PQ induced strain-specific ROS responses

Given that PQ inhibits mitochondrial complex I, we analyzed su-
peroxide anion levels with DHE, under control and PQ treatments
(75 pg/mL for 48-hours) by microscopy. Under control conditions, we
found no visible oxidation of the probe (Fig. 2A). Upon PQ exposure,
oxidized DHE binds to DNA, emitting visible red fluorescence (Fig. 2A).
All PQ-treated strains exhibited probe oxidation (red fluorescence).
Interestingly, the NA strain exhibited lower fluorescence intensity
compared to WA (p-value = 0.0265, ANOVA) and WE (p-value =
0.0027, ANOVA) (Fig. 2B). Similarly, the SA strain showed lower in-
tensity fluorescence compared to WA (p-value = 0.0092, ANOVA) and
WE (p-value = 0.0011, ANOVA) (Fig. 2B), indicating lower oxidative
stress levels in these strains when were exposed to PQ (Fig. 2B). In
addition, PQ exposure induced significant changes in hydrogen peroxide
levels when compared to control conditions (Fig. 2C). Furthermore,
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significant differences in DCF fluorescence rates were observed among
strains SA and WA after PQ treatment (p-value = 0.0279, ANOVA)
(Fig. 2D). These results indicate that PQ differentially impacts the yeast
strains superoxide anion and hydrogen peroxide levels across yeast
strains, providing molecular-level insights into the oxidative stress
induced by PQ exposure.

2.3. PQ induced strain-specific vacuolar adaptations

To investigate how yeast strains adapt to PQ exposure, we examined
their vacuolar morphology, as changes in vacuole structure often indi-
cate activation of stress response mechanisms (Saldana et al., 2021).
Vacuoles are typically classified into three phenotypes: A, up to three
large vacuoles per cell; B, multiple small vacuoles with defined borders,
and C, highly fragmented vacuoles (Fig. 3A) (Aufschnaiter and Biittner,
2019).

We quantified the percentage of each phenotype under control
conditions and PQ exposure (75 pg/mL for 48 h) (Supplementary
Table 1). We observed distinct changes in vacuolar morphology across
the four yeast strains. Specifically, phenotype A prevalence significantly
decreased in NA (64 % control vs. 13 % PQ; p-value = 0.002, Kruskal
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Fig. 2. Cellular response of S. cerevisiae to oxidative stress (superoxide anion) induced by PQ exposure. (A) Confocal images of DHE staining in untreated and PQ-
exposed (75 pg/mL) SA, NA, WA, and WE yeast strains, captured at 63x magnification with 5x zoom. Yellow arrows indicate red fluorescence, marking oxidized DHE
probe (DHE x) by reactive molecules. (B) Average fold change (PQ/control) in ROS (DHE) levels across strains, quantified from confocal micrographs. (C) Confocal
images of DCFD-DA staining in untreated and PQ-exposed SA, NA, WA, and WE strains, visualized at 63x magnification with 5x zoom. Yellow arrows highlight green
fluorescence in all strains exposed to PQ. (D) Average fold change (PQ/control) in ROS (DCF) levels from confocal micrograph quantification. Biological replicates
(N = 3). Data are presented as mean =+ SE. Statistical tests: Shapiro-Wilk for normality (p-value > 0.05), ANOVA test p-value < 0.05, post-hoc Tukey. Statistical

significance indicated by asterisks: p-value < 0.05 (*), p-value < 0.01 (**), p-value < 0.001 (**
Statistical analysis was performed using SPSS v20.0 and plotted using GraphPad.

, p-value < 0.0001 (****), ns = not significant (p-value > 0.05).
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Fig. 3. Cellular response of S. cerevisiae to PQ-exposure involving vacuolar changes. (A) Diagram of vacuolar morphologies categorized into phenotypes A, B, and C.
(B) Confocal microscopy images of FM4-64 staining in SA, NA, WA, and WE yeast strains under control conditions. (C) Quantification of vacuolar phenotypes under
control conditions. (D) Confocal microscopy images of FM4-64 staining in SA, NA, WA, and WE yeast strains under PQ treatment. (E) Quantification of vacuolar
phenotypes under PQ treatment. Yellow arrows indicate phenotype A, blue arrows indicate phenotype B, and white arrows indicate phenotype C. Biological rep-
licates (N = 3). Data are presented as mean + SD. Statistical tests: Shapiro-Wilk for normality (p-value > 0.05), Kruskal-Wallis test p-value < 0.05. Statistical sig-

nificance indicated by asterisks: p-value < 0.05 (*), p-value < 0.01 (**), p-value < 0.001 (***), p-value < 0.0001 (****), ns = not significant (p-value > 0.05).

Statistical analysis was performed using SPSS v20.0 and plotted using GraphPad.

Wallis) and WE (79 % control vs. 19 % PQ; p-value = 0.006, Kruskal
Wallis) when comparing the control condition (Figs. 3B, 3C) to PQ
treatment (Figs. 3D, 3E). In contrast, no significant differences were
found for phenotype A in SA (p-value = 0.273, Kruskal Wallis) and WA
(p-value = 0.184, Kruskal Wallis).

Surprisingly, a significant increase in phenotype B, characterized by
multiple small vacuoles (51 % increase), was observed exclusively in
strain NA (32 % control to 83 % PQ; p-value = 0.009, Kruskal Wallis)
(Figs. 3C, 3E). In contrast, phenotype C, characterized by highly

fragmented vacuoles, decreased significantly only in strain WA (33 %
increase; 6 % control vs. 0 % PQ; p-value = 0.016, Kruskal Wallis)
(Figs. 3C, 3E). Micrographs (Figs. 3B, 3D) support these findings,
showing a clear decrease in phenotype A and a corresponding increase in
phenotype B in PQ-treated WA strain (Fig. 3E) compared to the control
(Fig. 3C).

Intriguingly, the WE strain exhibited a striking increase in phenotype
C, rising from 4 % in the control condition (Fig. 3D) to 53 % in PQ-
exposure cells (Fig. 3E) (p-value = 0.082, Kruskal Wallis). While this
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change did not reach statistical significance, a shift in vacuolar
morphology is observed (Figs. 3B and 3D). Compared to the control
condition, the PQ-treated WE strain displays a marked decrease in
phenotype A and a dramatic increase in phenotype C. This transition
towards a fragmented vacuolar state (phenotype C) in WE upon PQ
exposure may represent a stress response mechanism to preserve
organelle integrity for survival.

2.4. Superoxide levels correlate with physiological growth across PQ-
treated yeast strains

To elucidate the compensatory mechanism to PQ exposure, we
examined the relationships between the different measured traits
through correlations. Multiple correlations were performed between
PQ-induced fold change in pMax, DHE and DCFH-DA probes, and
vacuolar morphologies A, B and C. Most traits were not interconnected
(Pearson correlations) (Supplementary Table 2). However, a significant
negative correlation (Pearson correlation: r = -0.97, p-value = 0.032)
emerged between changes in superoxide anion levels and reproductive
fitness (Figs. 4A and 4B), suggesting a shared adaptive response to PQ
exposure involving intracellular ROS levels and the ability of yeasts to
reproduce.

2.5. Genetic determinants of phenotypic responses to PQ exposure

We selected SA, NA, WA, and WE strains for this study because their
genomes are fully sequenced (Liti et al., 2009), facilitating the associa-
tion of gene variants with phenotypes. Considering the established roles
of genes involved in lysosomal function and PD development, including
humans exposed to pesticides (Ngo et al., 2024), we investigated
genomic variations in this pathway across the four yeast strains. We
analyzed 41 lysosomal/vacuolar genes, of which only 28 had orthologs
in yeast. In these 28 vacuolar genes, we identified a total of 954 pre-
dicted variants, comprising 23.7 % nonsynonymous, 76.1 % synony-
mous, 0.1 % frameshift deletion, and 0.1 % start-loss variants
(Supplementary Table 3). We hypothesized that missense variants,
which are likely to impact protein function, could contribute to PQ
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responses. To explore this, we performed Pearson’s correlations between
the number of deleterious variants as predicted by SIFT (Sorting Intol-
erant From Tolerant) in vacuolar genes with multiple phenotypes: uMax,
DHE (superoxide levels), and vacuolar phenotypes across four yeast
strains. Only the statistically significant associations were listed in
Table 1.

The number of YEHI variants showed a significant negative corre-
lation with pMax (Pearson’s r = -0.980, p-value = 0.020). A significant
positive correlation was found between SSA2 variant count and DHE-
measured ROS levels (r = 0.972, p-value = 0.028). Phenotype B was
positively correlated with variants in FEN2, while an unexpected nega-
tive correlation was observed with variants in YHC3 (Table 1). However,
after adjusting for multiple comparisons (see “Experimental proced-
ures”), these correlations did not remain significant when considering
all nonsynonymous and synonymous variants within the gene set. This
loss of significance was likely due to the conservative nature of the
Bonferroni correction. Consequently, we decided to functionally vali-
date one of the identified genes.

2.6. fen2-deletion increases vacuolar fragmentation upon PQ exposure

FEN2 is a proton-pantothenate symporter, and its human ortholog,
SLC17A5, is a lysosomal protein associated with sialic acid storage
disorder and considered a potential susceptibility factor for PD. Given
the strong correlation observed between the number of FEN2 variants
and the percentage of vacuolar B phenotype, we investigated the effect
of FEN2 deletion on PQ-induced vacuolar disaggregation. Vacuolar
morphology was classified into phenotypes A, B, and C in both the wild-
type (BY4742 strain) and the Afen2 strain under control (Figs. 5A, 5B)
and following PQ exposure (200 pg/mL for 48 h) (Figs. 5C, 5D). The
percentage of each phenotype was quantified (Figs. 5B, 5D and Sup-
plementary Table 4). Under control conditions, the Afen2, showed a
significant increase in the percentage of phenotype B (p-value = 0.0313,
T-test) and C (p-value = 0.0204, T-test), along with a decrease in the
percentage of phenotype A (p-value = 0.0114, T-test) compared to
BY4742 (Fig. 5B). Notably, the decrease in phenotype A of Afen2 was
amplified upon PQ exposure (p-value = 0.0478, T-test). In addition, we
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Fig. 4. Interplay between physiological parameters, oxidative stress, and vacuolar morphology. (A) Plot showing multiple correlations between fold change in uMax,
DHE probe, DCFH-DA probe, and phenotypes A, B, and C. (B) Pairwise correlations between fold change in uMax, DHE probe, DCFH-DA probe, and vacuolar
phenotypes A, B, and C. Biological replicates (N = 4). Data are presented as mean + SE. Statistical tests: Pearson correlation p-value < 0.05 in pMax, DHE probe,
DCFH-DA probe, phenotype A and phenotype B. For phenotype C and combinations with other parameters, Spearman correlation was applied. Normality was tested
using Shapiro-Wilk (p-value > 0.05). Statistical significance indicated by asterisks: p-value < 0.05 (*), p-value < 0.01 (**), p-value < 0.001 (***), p-value < 0.0001
(****), ns = not significant (p-value > 0.05). Statistical analysis was performed using SPSS v20.0 and plotted using GraphPad.
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Table 1

Correlations of lysosomal and oxidative stress genes with the number of variants in yeast strains. The potential effects of variants in each gene of the four yeast strains
were determined using SIFT software. The number of variants in oxidative stress and lysosomal genes was correlated with uMax, ROS levels (DHE probe), and
phenotype B using Pearson correlations. To adjust for multiple comparisons, we applied the Bonferroni procedure to control for the error rate and establish a corrected
statistical significance threshold and adjusted P-value (Po4; a) based on a significance level of 0.05. Statistical analysis was performed and plotted using RStudio v4.3.1.

Number of variants uMax DHE Phenotype B
Human lysosomal Orthologue in SA NA WA WE P- Pygja r p- Py a r P- Pygia r
genes S. cerevisiae value value value
CLN3 YHC3 5 4 3 9 0.438 1.000 —0.562 0.489 1.000 0.511 0.025 0.300 —0.975
LIPA YEH1 0 3 6 11 0.020 0.240 —0.980  0.745 1.000 -0.256  0.368 1.000  —0.633
SLC17A5 FEN2 6 7 8 1 0.398 1.000 0.601 0.528 1.000 —0.472  0.026 0.312  0.974
ABHD5 ICT1 8 10 12 3 0.540 1.000  0.460 0.400 1.000 —-0.600  0.032 0.384  0.968
ATGS ATGS 6 7 6 3 0.197 1.000 0.803 0.659 1.000 —0.341 0.048 0.576 0.952
HSPAS8 SSA2 32 27 27 31 0.965 1.000  0.035 0.028  0.336  0.972 0.255 1.000 —0.745
87 96 91 65 0.273 1.000 0.727 0.565 1.000 —0.436  0.018 0.216  0.982
PQ: uMéx (OD/h) 0.26 0.24 0.18 0.14
PQ: DHE (A.F.U) 23668 15665 17878 25999

PQ: Phenotype B 61.7 83.0 80.6 27.8
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Fig. 5. Vacuolar response of BY4742 (ref) and the fen2-deletant strain to PQ exposure. (A) Confocal microscopy of FM4-64 staining in BY4742 and fen2-deletant
(Afen2) control condition. (B) Quantification of vacuolar phenotypes in the control condition. (C) Confocal microscopy of FM4-64 staining in BY4742 and Afen2
under PQ treatment (200 pg/mL). (D) Quantification of vacuolar phenotypes under PQ treatment. Yellow arrows: phenotype A, blue arrows: phenotype B, and white
arrows: phenotype C. Biological replicates (N = 3-6). Data are presented as mean + SD. Statistical tests: Shapiro-Wilk for normality (p-value > 0.05), T-test p-value
< 0.05. Statistical significance indicated by asterisks: p-value < 0.05 (*), p-value < 0.01 (**), p-value < 0.001 (***), p-value < 0.0001 (****), ns = not significant (p-
value > 0.05). Statistical analysis was performed using SPSS v20.0 and plotted using GraphPad.

found an increased effect of PQ on phenotype C of Afen2 (p-value =
0.0040, T-test). Specifically, PQ-treated Afen2 strain exhibited a more
pronounced increase in the percentage of phenotype B (p-value =
0.0270, t-test) and C (p-value = 0.0071, t-test), and a more pronounced
decrease in the percentage of phenotype A (p = 0.0051, t-test) compared
to BY4742 (Fig. 5D). These findings suggest a potential role for FEN2 in
mediating the vacuolar response to PQ.

2.7. fen2-deletion decreases cell growth and increases oxidative stress
markers upon PQ exposure

Following the validation of the role of FEN2 in vacuolar disaggre-
gation upon PQ exposure, a more comprehensive understanding of its

participation was sought. Initially, growth rates were analyzed because
they integrate all the molecular processes within a cell. The fen2A strain
replicated slower than the wild-type strain under control conditions, and
this effect was exacerbated when exposed to PQ (Fig. 6A). This differ-
ence was further evidenced by quantifications of both the Area Under
the Curve (AUC) (Fig. 6B; p = 0.0003, ANOVA) and fold change in uMax
(Fig. 6C; p = 0.0288, T-test). These results suggest that FEN2 deletion is
associated with enhanced cellular stress under PQ exposure.
Consequently, ROS levels were measured in the Afen2 and BY4742
strains using DCFH-DA and DHE probes. Significant increases in the
DCFH-DA signal were quantified following PQ exposure in both Afen2
(p < 0.0001, ANOVA) and BY4742 (p < 0.0001, ANOVA) (Fig. 6D).
Then, we calculated the fold-change in DCFH-DA fluorescence in PQ-
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Fig. 6. Growth and oxidative response of BY4742 (ref) and fen2-deletant strain to PQ (A) Growth curves, (B) AUC, and (C) uMax in BY4742 and Afen2 under PQ
treatment (200 ug/mL) and control. (D) DCFH-DA levels uMax in BY4742 and Afen2 under PQ treatment (200 ug/mL) and control. (E) Quantification of DCFH-DA
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treated cells by genotype. We found a 1.7 increase in the control cells,
compared to a 3.4-fold increment in Afen2 (p = 0.0053, T test, Fig. 6E).
In contrast, no differences were found in the DHE signal in the Afen2
strain between control and PQ treatment (data not shown). This
outcome suggests a specific shift in ROS metabolism where FEN2 dele-
tion promotes hydrogen peroxide formation instead of superoxide
radicals.

To further characterize the associated redox imbalance, the oxidized
and reduced forms of nicotinamide adenine dinucleotide (NAD™ and
NADH) were measured with the NAD+ /NADH ratio being used as an
indicator of mitochondrial function (Fig. 6F-I). While no significant
differences were found between Afen2 and BY4742 in control or PQ
exposure conditions for NAD™ or total NAD (NADt) levels (Fig. 5G),
NADH levels in the Afen2 strain significantly decreased under PQ
exposure compared to the control condition (p = 0.0107, ANOVA).

Importantly, the NAD+ /NADH ratio was significantly elevated in
the Afen2 strain treated with PQ compared to the control (p = 0.0006,
ANOVA) (Fig. 6E). Upon comparison with BY4742, the Afen2 strain
exhibited a significantly higher NAD+ /NADH ratio after PQ exposure

(p = 0.0102, ANOVA) (Fig. 5G). This observed increase is likely attrib-
utable to the NADH-consuming process of PQ reduction, representing a
compensatory response of the Afen2 strain to mitigate PQ-induced stress.

3. Discussion

In humans, PQ is highly toxic, with potential absorption through the
gastrointestinal tract, skin contact, or inhalation. Exposure can induce
several pathologies, including lung fibrosis, liver tumors, and PD
(Donaher and Van den Hurk, 2023). PQ disrupts the intracellular redox
cycle, leading to mitochondrial fragmentation via the generation of ROS
and reactive nitrogen species, as well as lysosomal damage
(Pascua-Maestro et al., 2017). These cellular injuries can trigger
apoptosis in dopaminergic neurons, contributing to PD pathogenesis
(See et al., 2022). Given that these pathways are conserved in eukary-
otes, S. cerevisiae has been a valuable model for elucidating PQ toxicity
mechanisms (Sillapawattana et al., 2024). However, the majority of
these investigations have focused on single yeast strains, thereby
limiting our understanding of how genetic diversity influences the
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cellular and molecular adaptive strategies to PQ.

Our study demonstrates a differential impact of PQ on uMax across
four genetically diverse S. cerevisiae strains. This differential response is
driven by genomic variation, shaped by distinct evolutionary histories
and ecological adaptations. Under physiological conditions, uMax is
controlled by GCN4, a transcriptional factor that regulates amino acid
biosynthesis, along with other factors such as FIL1 and GCN2 (Duncan
et al., 2018; Fendt et al., 2010). Further investigation is required to
determine whether changes in amino acid homeostasis relate to the
strain-specific variations in pMax upon PQ exposure. Crucially, our re-
sults highlight the significance of genetic background in determining
yeast susceptibility to PQ toxicity, which is consistent with previous
findings in other models (Lovejoy et al., 2021).

Oxidative damage is a PD hallmark. Notably, a correlation exists
between oxidative stress markers and PD age of onset and severity in
both blood and cerebrospinal fluid (Takahashi et al., 2021). Consistent
with these observations, our findings indicate that strains exhibiting
high superoxide levels show significantly reduced reproductive fitness
(a susceptibility phenotype), implying less efficient mechanisms for
mitigating oxidative stress. Accordingly, this finding highlights the
value of yeast with diverse genetic backgrounds for precision medicine
studies and suggests that strategies aimed at reducing oxidative damage
could be useful to prevent PQ-induced cell damage in humans.

Superoxide is a common product of electron leakage from donor
redox centers within the mitochondrial electron transport chain. This
radical species subsequently leads to the formation of secondary prod-
ucts such as peroxide, a reaction catalyzed by mitochondrial superoxide
dismutase. Unexpectedly, our results revealed no significant correlations
between peroxide levels and any of the parameters measured, which
suggests that superoxide dismutase activity varies across the yeast
strains. In the PQ-treated cells, superoxide may directly damage lipids,
proteins, and DNA or exert its effects in combination with other radical
species, including peroxynitrite (Naspolini et al., 2021).

In yeast, vacuoles, the functional counterparts of mammalian lyso-
somes, are highly dynamic organelles that exhibit a continuous cycle of
fusion and fission in response to environmental cues (Aufschnaiter and
Biittner, 2019). Significantly, oxidative stress is a recognized inducer of
vacuolar fragmentation (Kim et al., 2021). This process is under the
stringent control of Vacuolar Protein Sorting 1 (VPS1) and
Autophagy-Related Protein 8 (ATG8) (Mikawa et al., 2010). VPS1, a
protein implicated in intracellular trafficking, is also essential for the
development of cellular resistance to oxidative insults. Concurrently,
Atg8 contributes to the structural integrity of the vacuolar membrane,
independent of its canonical role in autophagy. Furthermore, double
mutants in VPS1 and ATG8 exhibit greater sensitivity to PQ, osmotic
stress, and calcium overload compared to the single mutations, indi-
cating impaired vacuolar function (Mikawa et al., 2010). Therefore,
further investigation is required to elucidate the specific role of these
proteins in determining the spectrum of PQ susceptibility observed
across diverse yeast strains.

Genetic studies demonstrate a direct association between various
mitochondrial and lysosomal genes and the risk of idiopathic PD (iPD)
(Blauwendraat et al., 2020). A key example is the GBA1 gene, which
encodes for lysosomal p-glucocerebrosidase (GCase). GBA1 variants are
a major genetic risk factor for PD development. Remarkably, GCase
plays dual roles: in the lysosome, it degrades glucosylceramide, and in
mitochondria, it promotes complex I stability (Klein and Outeiro, 2023).
Given that pesticides target mitochondria, a recent study identified an
enrichment in genomic variants in 26 genes associated with lysosomal
function. These findings support the idea that impaired lysosomal and
mitochondrial dysfunction is necessary for PD to develop (Ngo et al.,
2024). Similarly, our yeast study shows significant correlations between
the number of missense variants in different genes associated with
vacuolar/lysosomal function and PQ-induced phenotypes. Our analysis
revealed a positive association between an increased number of variants
in the FEN2 gene with a rise in phenotype B. In yeast, FEN2 is known to
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coregulate carbon and nitrogen catabolism, amino acids, and ergosterol
biosynthesis (Marcireau et al., 1996). The human orthologue of this gene
belongs to the SLC17A transport family and is implicated in sialuria, a
sialic acid lysosomal storage disorder with enlarged lysosomes (Huizing
et al., 2021). While an exome sequencing study in 2017 identified
SLC17A5 as a potential PD susceptibility gene (Robak et al., 2017), a
2025 study focused on European ancestry found no association between
SLC17A5 common variants and PD risk (Sabir et al., 2025). This
discrepancy highlights the need for comprehensive genetic analyses
across diverse populations, as employed in our yeast study, to fully
understand the role of sialic acid homeostasis in different PD subtypes
associated with lysosomal dysfunction. Functionally, our results showed
a significantly increased vacuolar fragmentation in a fen2-deletant
strain, likely due to the accumulation of a sialic acid-like product in
yeast. This may reflect the sialuria phenotype in humans, where lyso-
somal dysfunction from transport deficiency leads to similar lysosomal
fragmentation and could be implicated in pesticide-induced PD.

The lack of FEN2 significantly altered the cellular redox state upon
PQ exposure, suggesting that mitochondrial function is compromised in
addition to the observed vacuolar defects. This impairment could occur
either i) directly via vacuole-mitochondrial contact sites or ii) indirectly
through lysosomal/autophagy dysfunction caused by the buildup of
partially degraded material in the vacuole, a mechanism similar to that
observed in GBAI-related PD (Rubilar et al., 2024). Furthermore, the
observed shift from increased superoxide to peroxide radicals suggests
the activation of SOD1, the enzyme that catalyzes this conversion. This
interpretation is consistent with a recent report describing that SOD1
can be recruited to lysosomes to maintain their activity and integrity
(Zheng et al., 2025). Collectively, these observations suggest that the
increase in peroxide levels in the Afen2 strain upon PQ exposure may be
occurring in both mitochondria and vacuoles.

Cells possess mechanisms to counteract oxidative stress, including
the regulation of the balance between oxidized and reduced nicotin-
amide adenine dinucleotide forms, a process particularly relevant for
brain diseases (Lautrup et al., 2019). Our experiments revealed a sig-
nificant increase in the NAD"/NADH ratio in the Afen2 strain following
PQ exposure. This elevation is likely due to the NADH-consuming pro-
cess of PQ reduction and represents a compensatory response to mitigate
PQ-induced stress, similar to responses described in dopaminergic
neurons exposed to PQ (Lei et al., 2014). PQ-induced redox imbalance
can also affect downstream pathways, such as lipid peroxidation, ulti-
mately leading to neuronal toxicity (Naspolini et al., 2021). Maintaining
balanced NAD*/NADH ratio is essential for mitigating oxidative stress
and supporting neuronal metabolism, thus offering potential strategies
to protect against neurodegenerative diseases like PD (Curtis et al.,
2022). Consequently, understanding these molecular redox changes in
yeast could provide valuable insights into the mechanisms of PQ toxicity
and PD pathogenesis.

Our study also has limitations: i) the use of a small number of strains;
which limits the power to identify significant associations across traits;
ii) the focus on only on two PD-related phenotypes: ROS and vacuolar
adaptations, omitting others like proteostasis; iii) the use of domesti-
cated yeast strains, while offering genetic stability, may not fully
represent the genetic and phenotypic variability found in wild pop-
ulations; and iv) the phenotypic characterization lacked detailed
mechanistic assays. However, by investigating the cellular and molec-
ular responses underlying resistance and susceptibility to PQ across
these diverse genetic backgrounds, our study reveals the biological
foundation supporting these differences and highlights the fundamental
role of genetics in understanding these complex processes.

In conclusion, our work explores the cellular and molecular mech-
anisms underlying PQ toxicity in four distinct yeast backgrounds,
demonstrating their utility as effective proxies for studying PQ suscep-
tibility and resistance in humans. Furthermore, we validated the inverse
association between superoxide levels and reproductive fitness, and
confirmed the role of FEN2 in PQ-induced vacuolar disaggregation.
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Understanding the biology of the PQ-resistant strains may facilitate the
design of strategies to prevent pesticide-induced PD. Future work should
leverage gene mapping studies and omics in S. cerevisiae, followed by
rigorous validation in animal models and human cells.

4. Experimental procedures
4.1. Yeast strains and culture conditions

The four haploid (MAT a and MAT a) S. cerevisiae strains used in this
study were: North American (NA; YPS128, MAT a/a, ho: HygMX, ura3::
kanMX), West African (WA; DBVPG6044, MAT a/a, ho: HygMX, ura3::
kanMX), Sake (SA; Y12, MAT a/a, ho: HygMX, ura3::kanMX) and. Wine/
European (WE; DBVPG6765, MAT a/a, ho: HygMX, ura3::kanMX) (Brice
et al., 2018; Salinas et al., 2016). These strains were stored in solid
media (YPD) at 4°C. Liquid and solid culture media were used
depending on the experiments to be performed: YPD media (2 %
glucose, 2 % peptone, 1 % yeast extract) and YNB (0.67 % YNB base
without amino acids, 0.2 % uracil, 0.0875 % com drop out and 2 %
glucose). Validation studies were performed using the BY4742 strain,
specifically the wild-type (WT; Accession Y10000), the fen2-deletant
(BY4742; MATa; his3A1; leu2A0; lys2A0; ura3A0; YCR028c::kanMX4).
Reference and deletant strain were obtained from Euroscarf (http
://www.euroscarf.de).

4.2. Growth curves conditions

Yeast cells were pre-cultured in 200 pL of YNB medium supple-
mented with uracil (0.2 % uracil) for 48 h at 28 °C. For the experimental
run, the four yeast strains were inoculated to an optical density (OD) of
0.03-0.1 (wavelength of 620 nm) in 200 pL of medium and incubated
without shaking at 28 °C for 48 h (YNB control and Paraquat dichloride
hydrate (CAS No. 75365-73-0, Sigma Aldrich-Merck, Germany) was
prepared as a stock solution at a concentration of 10 mg/mL in sterile
distilled water, owing to its high solubility. This stock solution was
subsequently utilized for all herbicide exposure experiments at 75 pg/
mL) in a Tecan Sunrise absorbance microplate reader (Tecan Trading
AG, Mannedorf, Switzerland). OD was measured every 30 min using a
620 nm filter. Each experiment was performed in triplicate. Growth
rates for each strain were calculated as previously described
(Garcia-Rios et al., 2014; Quispe et al., 2017). Briefly, OD measurements
as a function of time were fitted to the mathematical model of the
re-parameterized Gompertz sigmoid curve describing microbiological
temporal growth, previously proposed (Zwietering et al., 1990) from
which growth rates were obtained. The parameters of each curve were
processed in the GrowthRates software to obtain OD max, pmax, and the
average time of the lag phase. Finally, the area under the curve (AUC)
values of the growth curves were calculated using R commands.

4.3. Measurement of levels of reactive oxygen species (ROS)

The yeast strain cultures were incubated for 48 h at 28°C in 3 mL of
YNB medium and centrifuged at 1700 x g at 4 °C for 4 min. Intracellular
levels of superoxide anion were detected through the dihydroethidium
(DHE) probe (Thermofisher Scientific, N°D1168, U.S.A), and intracel-
lular levels of hydrogen peroxide (H202) were detected through the 2,7’
dichlorofluorescein diacetate (DCFH-DA) probe (Sigma Aldrich,
N°D6883, U.S.A). The pellet was incubated with the DHE probe at a
concentration of 10 pg/mL (Mendes-Ferreira et al., 2010) in 500 pL of
PBS (80 mM NayHPO4, 20 mM NaH;PO4 and 100 mM NaCl) (Rego
et al., 2020) for 30 min and washed with PBS as previously reported
(Mendes-Ferreira et al., 2010; Rego et al., 2020). The DCFH-DA probe
was used at a concentration of 10 uM (Chapela et al., 2022) in 500 pL of
PBS for 1 h and washed with a PBS buffer. Fluorescence intensity was
visualized using a Leica SP8 confocal microscope (Leica Microsystems,
Germany) at 518/605 nm for DHE and 490/530 for DCFH-DA. For
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microscopic analysis, 4 pL of each incubated strain (DHE and DCFH-DA
probe) were taken, added to a slide, and squeezed with a coverslip gently
for in vivo visualization and observed under a microscope using a 63X
objective and 5X magnification. Images were processed in ImageJ
(Schneider et al., 2012) and LASX software (Leica Microsystems,
Germany).

4.4. FMA4-64 internalization assay in S. cerevisiae: vacuolar phenotypes

Yeasts were seeded on a plate with YPD medium and 2 % agar-agar.
Isolations were made from each strain to obtain single colonies previ-
ously incubated at 28°C without shaking for 48 h. Then, inocula were
transferred into 500 pL of liquid YPD and incubated with 3 pM of
FM4-64 (Ex: 565 nm - Em: 744 nm) (ThermoFisher Scientific, N°
F34653, U.S.A) for 24 h in 48-hour cultures in control condition (Seeley
et al., 2002) and with 75 pg/mL Paraquat at 28°C with shaking
(150 rpm) in the dark. 4 pL of each incubated strain was added to a slide
and squeezed with a coverslip gently for in vivo viewing and observed
on Leica SP8 confocal microscope (Leica Microsystems, Germany), using
63X objective and 5X magnification. Images were processed in ImageJ
and LASX software (Leica Microsystems, Germany). The vacuolar
characteristics of 110-150 cells per field were analyzed and classified
according to their phenotype into "A", "B" or "C", as proposed by Seeley E.
et al. (Seeley et al., 2002). The assay was repeated three times and
quantified by three researchers independently for each yeast strain.

4.5. Measurement of intracellular NAD+ and NADH levels

Intracellular NAD+ and NADH levels and NAD+ /NADH ratio were
determined by NAD+ /NADH Assay Kit (Abcam, Cat #65348, Cam-
bridge, UK) according to the manufacturer’s instructions, with modifi-
cations. Briefly, 2 mL of yeast culture per condition was harvested,
washed with ice-cold PBS, and lysed using 300 pL of extraction buffer
through three cycles of freezing (liquid nitrogen), vortexing, and
thawing. The lysate was centrifuged at 10,000 g for 10 min at 4°C to
remove proteins. Then, half of the supernatant volume was incubated at
60 °C for 30 min to decompose NAD+ , while the other half volume was
designated as total NAD (NADH plus NAD™"). Then, 0.85 pL of each half
of the supernatant was then transferred to a clear-bottom 386-well plate.
For each assay a series of NADH standards of 0, 0.4, 0.8, 1.2, 1.6, and
2 uM per well was included. 33.3 pL of NAD cycling buffer and enzyme
mix (32.97 pL cycling buffer and 0.33 pL cycling enzyme mix from the
manufacturer) was added to each sample and incubated for 5 min at
room temperature to convert all NAD+ to NADH. 1.7 pL of the manu-
facturer’s NADH developer was added to each well. Absorbance at
450 nm was measured using a plate reader after 1 h of incubation. Total
NADt and NADH levels were calculated using a standard curve and
expressed as pM.

4.6. Statistical analysis

Growth parameters uMax, ROS level by DHE and DCFH-DA, NAD+ /
NADH levels, and percentage of vacuolar phenotypes were used as
quantitative variables in the control condition and PQ at a 75 pug/mL
concentration. For reference and deletant strain, we used a PQ con-
centration at 200 ug/mL. Shapiro-Wilk normality test p > 0.05, para-
metric ANOVA test p < 0.05 with multiple comparisons, and non-
parametric Kruskal-Wallis test p-value < 0.05 with multiple compari-
sons were used for all measurements. For the percentage of vacuolar
phenotypes in deletant strains validation, the Shapiro-Wilk normality
test (p > 0.05) and T-test (p < 0.05) were done. Sample “N” in the ex-
periments was 5 biological replicates and 3 technical replicates per
sample for uMax, 6 biological replicates and 3 technical replicates per
sample for ROS level by DHE and DCFH-DA probe, and 3 biological
replicates with 3 technical replicates per sample for quantification of
vacuolar phenotypes, 6 biological replicates and 3 technical replicates
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per sample for pMax in Afen2 and BY4742 strains, 3 biological replicates
and 3 technical replicates per sample for NAD+ /NADH in Afen2 and
BY4742 strains and 4 biological replicates and 3 technical replicates per
sample for DHE and DCFH-DA in Afen2 and BY4742 strains. Statistical
significance was considered for a value of p < 0.05. Furthermore, mul-
tiple correlations were conducted in this study. Pearson correlations
were performed for the fold change of DHE, DCFH, uMax, and vacuolar
phenotypes A, B, and C, as the data exhibited normal distribution
(Shapiro-Wilk test p > 0.05). The potential effects of variants in each
gene of the four yeast strains were determined using SIFT software
(Supplementary Table 3) and the S. cerevisiae S288C reference genome
(https://www.yeastgenome.org/). The number of variants in oxidative
stress and lysosomal genes was correlated with pMax, ROS levels (DHE
probe), and phenotype B using Pearson correlations. To adjust for
multiple comparisons, we applied the Bonferroni procedure to control
for the error rate and establish a corrected statistical significance
threshold and adjusted P-value (P,qj a) based on a significance level of
0.05. Statistical analysis was performed in SPSS software version 20.0
(Illinois, U.S.A) and plotted in GraphPad (California, U.S.A) and RStudio
(U.S.A).
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