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Abstract

Background/Objectives: Pest management strategies rely on insecticides such as deltamethrin
(DM), a commonly applied type II pyrethroid. As a natural component of food-associated
microflora, Saccharomyces cerevisiae inevitably encounters DM residues in crops used for fer-
mentation processes, including dough leavening and winemaking. However, the prolonged
effect of DM exposure on yeast fermentation performance and its capacity to remove DM
remained unclear. Methods: In this study, S. cerevisiae was continuously exposed to a non-lethal
concentration (10 mg/L) and a low-inhibition toxic concentration (30 mg/L) of DM for 30 days.
Results: Yeast exhibited high removal capacity, removing 98.05 £ 1.2% and 98.28 £ 0.4% of
DM at 10 mg/L and 30 mg/L, respectively. Prolonged exposure to DM at both concentrations
did not significantly affect biomass formation, glucose consumption, ethanol production, or
acetic acid levels. In contrast, glycerol production increased markedly, reaching 1.1 g/L and
1.5 g/L in cultures exposed to 10 mg/L and 30 mg/L DM, respectively. Consistent with these
changes, the expression levels of GPD1 and GPD2, which encode rate-limiting enzymes in
glycerol biosynthesis, were upregulated in a dose-dependent manner. Conclusions: Given the
fact that Saccharomyces cerevisiae is a workhorse for the biotechnological industry and has a wide
range of applications, including in the food industry, elevated glycerol production in yeast
under DM exposure is noteworthy in terms of yeast-based applications.

Keywords: Deltamethrin; Saccharomyces cerevisiae; fermentation; glycerol; glycerol
3-phosphate dehydrogenase; GPD1; GPD2

1. Introduction

With the increasing global demand for food production, ensuring crop safety during
the preharvest period and maintaining crop efficiency during the postharvest stage have
become paramount [1]. In accordance with this, the integration of effective pest man-
agement strategies, including the application of pyrethroid insecticides, has been widely
implemented. Pyrethroids are classified into two categories: Type I and Type II [2]. The
distinction between the two types of pyrethroids is based on their chemical structures and
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mode of action on insects. Type II pyrethroids contain an alpha-cyano-3-phenoxybenzyl
moiety whereas Type I pyrethroids do not have such a moiety [3,4]. Deltamethrin
([cyano-[3-(phenoxy)phenyl] methyl] 3-(2,2-dibromoethenyl)-2,2-dimethylcyclopropane-1-
carboxylate) is classified as a Type II pyrethroid, which has not only been used in agricul-
tural applications but also in aquaculture to eliminate arthropods that carry vector-borne
parasitic diseases [5]. Despite its effectiveness against target organisms, the persistence of
DM residues after treatment poses potential risks to human health and biodiversity due to
off-target effects on non-target organisms [1,6]. Saccharomyces cerevisiae can be a non-target
organism for DM exposure due to being naturally present in food microflora [7,8]. S. cere-
visiae is extensively employed in industrial fermentation processes, particularly in bread
and wine production. Therefore, understanding how pesticide residues affect yeast physi-
ology and fermentation activity has become increasingly important. To that end, previous
studies have investigated the impact of pesticide residues on yeast fermentation [7-10]. Six
pesticides, including DM, were investigated during breadmaking and it was found that DM
concentrations between 1 mg/kg and 4 mg/kg did not adversely affect yeast growth [9].
Similarly, no changes were observed in the fermentation performance of steamed bread
prepared with flour derived from wheat grown on a farm treated with 25 g/L DM. Also, it
was further demonstrated that fermentation of grapes containing 0.19 mg/kg DM did not
impair yeast cellular activity [5]. While these studies suggest that DM has minimal effects
on S. cerevisiae at relatively low concentrations, it was reported that baker’s yeast becomes
susceptible to DM at higher concentrations. Following 2 h DM exposure, yeast mortality
reached 9% and 12% for 20 mg/L and 40 mg/L DM, respectively [11]. Since S. cerevisiae
serves as a well-established eukaryotic model organism for investigating xenobiotic modes
of action, an exposure model in yeast for bisphenol-A was employed. In that study, the
low-inhibition toxic concentration of bisphenol-A was defined as the exposure concen-
tration through which cellular mortality remained below 10% of overall cells exposed to
bisphenol-A, while the non-lethal concentration of bisphenol-A was adjusted to the highest
applied bisphenol-A dose that did not cause any cellular death [12]. Based on this approach
and the findings of [11], this study defined 30 mg/L DM as a low-inhibition toxic concen-
tration and 10 mg/L as the highest non-lethal exposure concentration for yeast. Since it
was reported that DM can remain in crops for up to 32 days [13], in this study, yeast strains
that were continuously exposed to low-inhibition toxic and non-lethal DM concentrations
for 30 days were assessed for their ability to remove DM from the fermentation medium.
To ensure continuous exposure, fresh medium w/o DM was provided at the end of 24 h
during 30 days. Subsequently, fermentation experiments of the strains (not) exposed to DM
for 30 days were conducted under the same exposure conditions to assess cellular growth,
glucose consumption, and extracellular metabolite production, including ethanol as the
main fermentation product and acetic acid and glycerol as byproducts of fermentation
(Figure 1). The results revealed a marked increase in glycerol production, which was
associated with dose-dependent upregulation of the glycerol-3-phosphate dehydrogenase
genes GPD1 and GPD2. To the best of our knowledge, this is the first study to evaluate
both DM removal ability and the fermentation performance of yeast strains continually
exposed to DM for a 30-day period.
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Figure 1. Schematic representation of dose-dependent response to DM exposure in yeast.

2. Materials and Methods
2.1. Strains, Culture Conditions, and DM Treatment

The Saccharomyces cerevisine BY4742 strain (Matox; his3A1; leu2AQ; lys2A0; ura3A0), sourced
from the Euroscarf collection (Frankfurt, Germany), was used as the model organism. A
preculture was prepared by inoculating cells from a 30% glycerol stock stored at —80 °C. At 180
rpm and 30 °C, yeast was grown in Yeast Peptone Dextrose (YPD) medium (10 g/L yeast extract,
20 g/L peptone, 20 g/L glucose; Sigma-Aldrich, St. Louis, MO, USA). For the 30-day exposure,
yeast cells were treated with either 10 mg/L or 30 mg/L deltamethrin (Sigma-Aldrich, St. Louis,
MO, USA). Before starting the exposure experiments, we performed a fermentation in medium
alone without yeast with 10 mg and 30 mg DM to ensure that self-degradation/removal did
not occur due to the pure fermentation conditions (Figure S1). Every 24 h during the 30-day
DM exposure, at the end of each day, 1% of the preculture was collected by centrifugation at
10,000 rpm for 10 min, washed twice with sterile YPD, and then inoculated into 25 mL of fresh
YPD medium in a 125 mL flask with a corresponding replenished DM concentration. This
was repeated during the 30-day exposure. Before the inoculation for the next loop, cellular
growth was measured as ODgyonm (Figure S2). The yeast fermentation control group was only
replenished with fresh YPD without DM. After 30 days of the non-DM treatment, yeast cells
were grown in 2% YPD containing 10 mg/L, 30 mg/L, or no DM. Fermentation was initiated
for 24 h when ODggonm was 1. All experiments were performed in triplicate.

2.2. LC-MS/MS Analysis for DM Detection

For every treatment, DM was controlled in YPD medium. The extraction of DM from YPD
medium was carried out according to a previous study [14]. An aliquot of the medium from the
fermentation broth was diluted with MS-grade water (Merck, Darmstadt, Germany) to reach
a working volume of 15 mL. The dilution was carried out based on the calibration points in
LC-MS/MS analysis (0.1, 1, 5, 20, 40, 80, 100 ppb deltamethrin) with an acceptable linearity (r2
> 0.99). Recovery rates were found within the range of 80-110%, and relative uncertainty was
found at 20.01%. The diluted samples were shaken vigorously. An equal volume of extraction
solvent, acetonitrile (Merck, Darmstadt, Germany) acidified with 1% glacial acetic acid (Merck,
Darmstadt, Germany), was added to the mixture. The mixture of the extraction solvent and
the sample was shaken for 1 min. A QUEChERS AOAC extraction kit (Agilent Technologies,
Santa Clara, CA, USA) containing 6 g MgSO, and 1.5 g sodium acetate was added to the
mixture, then the tube was shaken for an additional 1 min. Following that, the centrifugation
was done at 5000 rpm for 1 min; 8 mL was transferred to another tube containing 400 mg PSA,
400 mg C18, and 1200 mg MgSO; to clean up the extract (Agilent Technologies, Santa Clara,
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CA, USA). The tube was shaken briefly and then centrifuged at 5000 rpm for 1 min; 500 uL.
of the supernatant was filtered using a PVDF syringe filter (0.22 um) before inoculation. The
filtered extract was mixed with 475 pL 10.53 mM 99% pure ammonium formate (Fluka, Buchs,
Switzerland) in water and 25 pL acetonitrile to increase ionization of deltamethrin. A Shimadzu
UFLC XR coupled to a Shimadzu LCMS-8050 triple quadrupole mass spectrometer (Shimadzu
Corporation, Kyoto, Japan) was used to determine deltamethrin concentrations in YPD medium.
Chromatographic separation of DM was performed through a Fusion-RP HPLC column (50
mm X 2.0 mm, 2.5-um particle size) coupled to a C18 4 x 3 mm guard column (Phenomenex,
Torrance, CA, USA) and 40 °C column oven. The flow rate was set to 0.4 mL min~!, and 5
uL of samples was injected onto the column. Totals of 1 mM ammonium formate in water
(A) and 1 mM ammonium formate in methanol (B) were utilized as the mobile phases. The
gradient conditions were employed as follows: 0-2.5 min, 0-90% B; 2.5-4.0 min, 90-90% B;
4.0-4.1 min, 90-5% B; 4.1-6.0 min, 5.0-5.0% B. The analyses were carried out in ESI positive and
negative ion mode using multiple reaction monitoring (MRM) for quantitative measurement.
Mass spectrometry variables were as follows: nebulizing gas flow, 3.0 L min~!; drying gas flow,
15 L min~}; interface voltage, 3.5 kV; detector voltage, 1.68 kV; DL temperature, 250 °C; and
heat block temperature, 400 °C. All experiments were performed in triplicate.

2.3. HPLC-RID Analysis for Extracellular Metabolite Detection

Extracellular metabolites, including ethanol as the main fermentation product of
glucose assimilation, glucose as the carbon source for yeast fermentation, and glycerol
and acetic acid as byproducts of glucose fermentation, were determined as described
previously [15]. A high-performance liquid chromatography (HPLC) system (Shimadzu
Corporation, Kyoto, Japan) with a Refractive Index Detector (RID) was utilized with a
Rezex ROA-Organic acid H* (8%) column (Phenomenex, Torrance, CA, USA) to quantify
extracellular metabolite fermentation medium. The flow rate was set to 0.6 mL min~1.
Oven temperature was maintained at 50 °C. The calibration points for all analytes in HPLC-
RID were set from 0.1 g/L to 2 g/L with a good linearity (1> > 0.997). Even if there was a
peak quantified below 0.1 g/L of chromatograms of yeast strains, the peak was considered
as not detected since its quantity was below the limit of quantification. All experiments
were performed in triplicate.

2.4. Quantitative Real-Time Reverse Transcription PCR Analysis

For quantitative real-time reverse transcription PCR (qRT-PCR), cDNA was synthe-
sized from total RNA extracted using the QuantiTect Reverse Transcription Kit (Qiagen,
Valencia, CA, USA), following the manufacturer’s instructions. The qRT-PCR analysis was
carried out with the LightCycler FastStart DNA Master PLUS SYBR Green I Kit (Roche
Molecular Biochemicals, Mannheim, Germany), in accordance with the supplier’s protocol.
The primers employed are listed in Table 1. Each sample was run in biologically separate
triplicates, and gene expression fold changes were calculated using the 2~*4¢t method, as
described in [16]. All experiments were performed in triplicate.

Table 1. The list of primers used in this study for QPCR analysis of yeast samples.

Primes Name Directions Sequence

GPD1_Forward 5-3' CTGCCATCCAAAGAGTCGGT
GPD1_Reverse 5'-3/ GCGCAGGTGGTGATCAAATC
GPD2_Forward 5-3' TGGGATGGGGTAACAATGCC
GPD2_Reverse 5'-3/ GCAACACCAGCGGATTCTTG
ACT1_Forward 5'-3 GCCTTCTACGTTTCCATCCA
ACT1_Reverse 5'-3/ GGCCAAATCGATTCTCAAAA
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2.5. Bioinformatic Analysis

The raw RNA sequencing files used in this study were retrieved from the GEO
database with the accession number PRJNA1393177. The experimental design of the
RNA sequencing harbors the raw sequencing files of the 10 mg DM, 30 mg DM, and
non-treated groups. Kallisto was utilized to map raw reads to the Saccharomyces cerevisiae
reference genome in the NCBI database with the accession number GCA_003086655.1 [17].
Based on the count data obtained from bioinformatic analysis, enrichment analysis was
conducted through R packages(Version 4.1.0) [18].

2.6. Statistical Analysis

The comparison of fold changes for GPD1 and GPD2 genes was conducted using
biorender.com with one-way ANOVA (Dunnett’s post-test) followed by Tukey’s multiple-
comparison test to compare multiple groups. p values < 0.05 of two genes were utilized to
find out statistical differences. If the p value is lower than 0.05, it is marked with an asterisk
of corresponding value (* p value < 0.05, ** p value < 0.01, *** p value < 0.001). Unless there
are no asterisks between expression levels, differences between expression levels are not
statistically significant. All expression levels were compared between each other during
statistical analysis.

3. Results

The non-lethal dose and low-inhibition toxic dose of DM were set as 10 mg/L and
30 mg/L according to the concentrations tested in [11]. Both concentrations and YPD
medium were replenished and refreshed every 24 h. In doing so, DM was continuously
applied to yeast for 30 days. Throughout the 30-day exposure, the leftover DM concen-
trations were monitored in LC-MS/MS at the end of each day (Table 2). At the end of
the 30-day DM exposure, the 24 h fermentation profile of yeast exposed to both concen-
trations generated through the chromatographic analysis in HPLC-RID. On the basis of
the increase in glycerol production during 24 h fermentation, the expression levels of the
rate-limiting enzymes GPD1 and GPD2 in yeast exposed to the highest non-lethal dose and
low-inhibition toxic concentrations were compared to the yeast strain that was not exposed
to DM. We found that the rate-limiting enzymes of glycerol production GPD1 and GPD2
were regulated depending on DM dose. The results of these experiments are presented
below. For 10 mg/L (non-lethal) and 30 mg/L (low-inhibition toxic) DM concentrations,
the remaining DM concentrations at the end of each day were detected in LC-MS/MS. The
lowest remaining DM concentrations were achieved in the 21st (0.195 & 0.146 mg/L) and
20th (0.517 £ 0.042 mg/L) loops for non-lethal and low-inhibition toxic doses.

To observe the effect of DM exposure on yeast fermentation, cellular growth, glucose
consumption rate, and extracellular compounds produced during fermentation were pro-
filed after chronic exposure to both doses for 30 days (Figure 2). There was no notable
difference in terms of cellular growth (Figure 2A), glucose consumption (Figure 2B), and
ethanol production (Figure 2C) among yeast strains tested in this study during the fermen-
tation. Although the ethanol concentrations at the end of fermentation were similar in yeast
strains, the ethanol concentrations at 15 h were found to be 7.15 £ 0.32 g/L for 30 mg/L
DM-exposed yeast, 7.035 & 0.21 g/L for 10 mg/L DM-exposed yeast, and 7.93 4 0.48 g/L
for yeast not exposed to DM (Figure 2D). There was, however, a dramatic increase in
glycerol production in yeast exposed to DM regardless of the applied doses. The glycerol
production by the yeast exposed to 30 mg/L DM reached 1.5 + 0.01 g/L, and 1.1 £ 0.02 g/L
glycerol was produced by the yeast exposed to 10 mg/L DM, while 0.8 &= 0.02 g/L glycerol
was found in the fermentation medium of yeast not exposed to DM (Figure 2E).
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Table 2. The leftover DM concentrations of each loop after exposure at 10 mg/L and 30 mg/L doses.

Day Remaining DM After 10 mg/L DM Exposure (mg/L) Remaining DM After 30 mg/L DM Exposure (mg/L)
1 0.323 £ 0.162 1.314 £0.175
2 0.256 £ 0.209 1.458 + 0.260
3 0.468 £ 0.003 1.314 £0.175
4 0.301 £ 0.028 1.458 + 0.260
5 0.293 £ 0.111 2.015 £ 0.410
6 0.663 £ 0.161 2.616 £ 0.065
7 0.345 £ 0.039 1.806 £ 0.472
8 0.808 £ 0.148 0.989 + 0.600
9 1.502 £ 0.160 1.389 £ 0.099
10 0.280 £ 0.027 1772 £0.217
11 0.372 £ 0.202 1.897 £ 0.534
12 0.457 £ 0.419 1.681 4 0.088
13 0.998 £ 0.290 1.706 £ 0.267
14 0.784 £+ 0.148 1.295 £ 0.008
15 0.852 +0.211 0.824 £ 0.007
16 1.288 £ 0.368 1.063 £ 0.320
17 1.083 £ 0.061 1.337 £ 0.418
18 0.817 £ 0.196 0.909 £ 0.232
19 0.661 £ 0.018 0.651 £ 0.133
20 0.355 £ 0.127 0.517 £ 0.042
21 0.195 £ 0.160 0.435 £ 0.132
22 0.264 £ 0.007 0.454 £ 0.205
23 0.234 £ 0.148 0.437 £ 0.123
24 0.201 £ 0.028 0.455 £ 0.343
25 0.293 £ 0.111 0.456 £ 0.141
26 0.263 £+ 0.161 0.486 £ 0.214
27 0.245 £ 0.039 0.472 £+ 0.019
28 0.208 £ 0.148 0.485 £ 0.208
29 0.198 £ 0.146 0.486 + 0.047
30 0.280 £ 0.027 0.443 £ 0.234
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Figure 2. The fermentation profiles of yeast exposed to 10 mg/L and 30 mg/L DM. The cellular
growth (A), glucose consumption (B), ethanol production (C), acetic acid production (D), and glycerol
production (E) are plotted throughout the 24 h fermentation in YPD medium. 30-30 mg: yeast strain
exposed to 30 mg/L DM for 30 days, 30-10 mg: yeast strain exposed to 10 mg/L DM for 30 days,
control: yeast strain not exposed to DM.

https://doi.org/10.3390 /metabo16050305


https://doi.org/10.3390/metabo16050305

Metabolites 2026, 16, 305 7 of 13

Fold changes in expression

The chromatographic overlapping of the yeast strains exposed to 30 mg/L and
10 mg/L DM and the control strain are shown in Figure 3.
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Figure 3. The overlapping chromatograms indicate the analytes detected in fermentation medium
through HPLC-RID. For each peak, 1 denotes glucose, 2 denotes glycerol, 3 denotes acetic acid, and
4 denotes ethanol in 21 h fermentation data for 30 mg/L DM- and 10 mg/L DM-exposed yeast and
non-exposed yeast. The chromatogram with a dark line (30_30t2_21h) represents the 30 mg/L DM-
exposed yeast, the chromatogram with a pink line (30_10t2_21h) represents the 10 mg/L DM-exposed
yeast, and the chromatogram with a blue line (cont2_21h) represents the non-exposed yeast.

Quantitative real-time reverse transcription PCR analysis of two genes (GPD1, GPD2)
related to glycerol biosynthesis in yeast was employed to ascertain the elevated glycerol
production in yeast exposed to DM. Regarding GPD1 expression levels, the 10 mg/L DM
treatment led to overexpression, while there was no difference between the 30 mg/L DM
treatment and the yeast that was not exposed to DM (Figure 4). On the contrary, GPD2 was
upregulated in both yeast strains exposed to DM (Figure 4).

GPD1 GPD2
3.5- s 3- il |
ok I * *
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M & 24
3
24
£
e 1.54
1.5 =4
a 14
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N IIIi'iII EE 1
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No 30mg 10mg No 30 mg 10mg
treatment DLM DLM treatment DLM DLM

Figure 4. Quantitative real-time reverse transcription PCR analysis of two genes (GPD1, GPD2)
related to glycerol production. The p value ranges, as a result of gene expression level comparisons,
are statistically shown with asterisks (* p value < 0.05, ** p value < 0.01, *** p value < 0.001). Unless
there are no asterisks between expression levels, differences between expression levels are not
significant. Multiple comparisons were performed during statistical analysis.

To elucidate the glycerol production of yeast, an enrichment analysis was carried out
for the raw RNA-seq data for yeast strains (not) exposed to DM at both doses for 30 days

https://doi.org/10.3390 /metabo16050305


https://doi.org/10.3390/metabo16050305

Metabolites 2026, 16, 305 8of 13

that was obtained from the NCBI database with the accession number PRJNA1393177. The
enrichment analysis indicated that 14 different pathways were influenced by DM exposure.
RNA processing was found to be the most affected pathway, while xylose metabolism was
the least affected metabolism among the 14 pathways (Figure 5).

Pathway and Process Enrichment
Comparing 10 mg/L vs 30 mg/L concentrations

mitochondrial ATP synthesis coupled electron |
transport

response to abiotic stimulus

glycolytic process through |
glucose-6-phosphate

glycolytic process through |
fructose-6-phosphate

response to oxidative stress 4 GO Biological Processes

cellular response to chemical stress -

—log10(p-value)

cellular response to oxidative stress 10

8

cellular response to reactive oxygen species - 6

4
iron ion transport 4

Biosynthesis of secondary metabolites - |
Saccharomyces cerevisiae (budding yeast)
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KEGG Pathway

Carbon metabolism - Saccharomyces cerevisiae | .
(budding yeast)

Principal pathways of carbon metabolism 4 .
Glycolysis P WikiPathways

Glycolysis and gluconeogenesis A )

10 30

Concentration (mg/L)

Figure 5. The enrichment analysis of raw RNA-seq data for yeast strains exposed to DM.

4. Discussion

Owing to the health risks associated with pesticide residues in food and potential
resistance development in insects, the biotransformation and biodegradation of DM has
been a focal point of previous studies [7-9,17]. At 100 mg/L DM in the fermentation
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medium, Lactiplantibacillus plantarum was able to metabolize 86% of DM [17]. Given the
high concentration applied in [19], an 89% DM (4 mg/kg) removal was reported in dough
fermented with S. cerevisiae [9]. Also, 13-day fermentation with grapes naturally harboring
S. cerevisiae led to complete DM (0.19 mg/kg) detoxification [7]. To evaluate whether
S. cerevisiae subjected to 10 mg/L and 30 mg/L DM for 30 days removed DM, and to
what extent, we monitored DM concentrations for 30 days via LC-MS/MS. Consistent
with previous reports, the highest DM removal in this study was 98.05 £ 1.2% for the
non-lethal dose, and 98.28 & 0.4% for the low-inhibition toxic dose. Although a significant
reduction in deltamethrin levels was observed in the presence of yeast during the 30-day
exposure period, this study does not enable a clear differentiation between biodegradation
and adsorption-based removal processes. The medium-only control groups showed that
deltamethrin did not undergo abiotic degradation under the fermentation conditions, indi-
cating that the decrease in deltamethrin levels is linked to the presence of Saccharomyces
cerevisiae (Figure S1A). However, we cannot determine whether this removal is driven
by metabolic change or by physical adsorption to yeast biomass from the present dataset.
Determining the underlying mechanism would require further assays like the identification
of potential degradation products, adsorption tests, or intracellular pesticide analyses.
Consequently, while the findings indicate a substantial decrease in deltamethrin concentra-
tion during yeast fermentation, additional analyses are required to reveal the underlying
mechanism behind this removal. To determine whether DM is completely removed and/or
converted into its degradation products and how yeast enables this conversion and/or
removal during DM exposure, further investigation is needed to determine potential DM
degradation methods and products via yeast fermentation.

Saccharomyces cerevisiae is an industrially important organism, a workhorse for biotech-
nological applications including food fermentations and strain development for commodity
production. In accordance with this, the capability of yeast assimilating carbon sources effec-
tively to produce desirable products has been crucial for its industrial applications [15,19].
While previous reports indicated that DM exposure up to 4 mg/kg did not have any debil-
itating effects on fermentation capacity and efficiency [8], the effects of higher exposure
levels on nutrient utilization and metabolite production has remained poorly understood.
In accordance with previous reports, we found that biomass generation (Figure 2A), glucose
consumption (Figure 2B), and acetic acid production rates (Figure 2C) were not influenced
by DM exposure. Of note, there was a slight decrease in ethanol production at 15 h in
yeast strains exposed to DM even though similar ethanol concentrations were obtained at
the end of fermentation, possibly due to the ethanol uptake when glucose was depleted
in the medium (Figure 2D). It is widely known that S. cerevisiae can uptake ethanol when
available carbon sources are not present in the medium [20]. Since the ethanol production
at the end of fermentation was similar in the yeast strains used in this study, it can be
inferred that DM exposure might have delayed ethanol assimilation in yeast in the absence
of available carbon sources. Also, the increase in glycerol production (Figure 2E) due to
DM exposure shows that the metabolic flux could be diverted towards glycerol production
instead of ethanol production. The strain that was not exposed to DM produced 0.8 g/L
glycerol while yeast exposed to 10 mg/L and 30 mg/L DM produced 1.1 g/L and 1.5 g/L,
respectively. All chromatograms of three strains overlapped in Figure 3, showing increased
glycerol production in yeast exposed to DM regardless of the applied dose.

The GPD1 and GPD2 isogenes catalyze rate-limiting metabolic reactions for glycerol
biosynthesis in yeast, converting glyceraldehyde-3-phosphate to glycerol with reducing
NADH to NAD". Even though there is a high similarity between these isogenes, their
regulatory aspects significantly differ from each other [21,22]. It was reported that the
upregulations of both enzymes were expressed depending on the stressors. If stressors act
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as osmatic stressors, GPD1 is upregulated. On the other hand, GPD2 was overexpressed in
the absence of oxygen to maintain redox balance in yeast [23]. In this study, even though
glycerol production (Figure 2E) increased in yeast exposed to DM regardless of DM dose,
GPD1 and GPD2 expression levels were fine-tuned depending on the applied dose. Upon
10 mg DM exposure, GPD1 and GPD2 were upregulated; however, GPD1 upregulation was
not observed in yeast exposed to 30 mg DM (Figure 4). The lack of GPD1 overexpression
in yeast treated with 30 mg DM might be elucidated by the enrichment analysis shown
in Figure 5. It is plausible that more metabolic flux towards glycerol might be produced
under 30 mg DM exposure than 10 mg DM. Prior to generation of the substrate of glycerol
biosynthesis, dihydroxyacetone phosphate, during glycolysis, glucose is converted to
glucose-6-phoshate, fructose-6-phosphate, and fructose-1.6-biphospahte [24]. According to
the enrichment analysis, 30 mg DM exposure had more impact on glycolysis metabolism in
yeast than 10 mg exposure (Figure 5). The enrichment analysis indicated that glucose-6-
phosphate and fructose-6-phosphate were affected by 30 mg DM exposure while no effect
was found in 10 mg DM exposure. Fructose-6-phosphate is the precursor of fructose-1,6-
biphosphate, and fructose-1,6-biphosphate is the precursor of dihydroxyacetone phosphate
in glycerol metabolism. Therefore, it can be speculated that 30 mg DM exposure might
lead to more dihydroxyacetone phosphate generation through the metabolic flux from
glycolysis. Thus, yeast could manage excessive dihydroxyacetone phosphate through
only GPD2 overexpression. Given the fact that GPD1 is mainly responsible for stress
responses [25,26], and GPD?2 is active in the presence of excessive redox imbalance [26], the
glycerol overproduction in yeast exposed to 10 mg DM might occur due to stress, while
the phenomenon during 30 mg DM exposure might be due to the increased metabolic flux
in glycolysis. Also, it was shown that GPD1 cannot act as GPD2 under non-respiratory
conditions, and GPD2 acts alone under non-respiratory conditions [25]. Corroborating
this, 10 mg DM exposure affected mitochondrial ATP synthesis that is not functional under
non-respiratory conditions (Figure 5). It might be inferred that 10 mg DM exposure led to
aerobic fermentation while 30 mg DM exposure forced yeast into anaerobic fermentation
through glycolysis. To elucidate the further distinction of GPD1 non-upregulation under
30 mg DM exposure, it might help us to seek the possible connection of which mechanism
might provide non-respiratory conditions potentially created by 30 mg DM exposure.

It was found that rodents show increased GPD1 and GPD2 expression levels owing
to DM exposure, corroborating the theory that DM exposure might cause an increase in
glycerol production in yeast [27]. Accordingly, GPD1 upregulation in yeast led to up to
10-fold increased glycerol production, confirming that the increase in glycerol production
arose from the activity of GPD1 [28]. Moreover, it was noted that GPD1 upregulation
helped yeast resume growth in the face of myo-inositol synthase deletion to provide more
dihydroxyacetone phosphate flux for glycerol production in yeast [28]. Yeast contributes to
dough structure in the breadmaking process through its metabolites during fermentation.
While CO; and ethanol are the main metabolites shaping dough properties, acetic acid,
succinic acid, and glycerol secondarily support dough to trap gas before baking. In the
face of osmatic stress, yeast produces more glycerol during dough fermentation [28-30]. In
accordance with this, GPD1 overexpression of yeast strains led to a 30% increase in glycerol
production for bread dough fermentation [31], and a 10.66% increase in glycerol during
wine fermentation [32]. At30 mg/L DM exposure, the level of GPD1 expression in yeast was
not statistically different from non-exposed yeast while GPD2 was upregulated (Figure 4B).
These findings suggested that GPD1 may contribute to glycerol production under a low
DM dose, whereas GPD2 may act in a more effective role for glycerol production in high-
DM-dose exposure. Since GPD2 has been previously linked to maintaining intracellular
NADH/NAD" balance under stress conditions [24,25], the observed induction could
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suggest a shift in redox metabolism. However, this interpretation remains speculative and
further analyses need to be performed to elucidate the potential correlation between DM
exposure and redox imbalance in yeast.

Another aspect of glycerol overproduction in yeast is related to iron stress response [33,34].
It was reported that glycerol production in yeast was increased to 2 g/L from 1 g/L in the
presence of iron as a stressor [34]. As a result of the enrichment analysis conducted in this
study, carbon metabolism was highly regulated in the presence of DM regardless of the applied
concentrations. Even though elevated glycerol production was previously associated with
iron stress response [34], only 30 mg/L DM exposure altered iron transport regulation in yeast
(Figure 5). The fact that iron stress due to DM exposure resulted in glycerol overproduction
cannot be generalized, since the enrichment analysis of 10 mg DM did not provide any
evidence regarding iron transport mechanisms. In line with this, the differences in glycerol
production between the non-lethal dose and the low-inhibition toxic dose in this study might
be due to the iron stress caused by DM toxicity.

5. Conclusions

In agricultural practices, pyrethroids have been applied to combat insects. A growing
number of reports indicate that DM can also be present within non-target organisms [35].
Saccharomyces cerevisiae, found to facilitate fermentation in crop microflora, could be a
non-target organism for DM treatment. In this study, yeast was exposed to DM at both
a non-lethal dose and low-inhibition toxic dose for 30 days. We found that glycerol
production was increased in yeast exposed to DM for 30 days, which was influenced by
dose-dependent DM exposure. Taken together, DM exposure affected the fermentation
capability of Saccharomyces cerevisiae by fine-tuning GPD1 and GPD2 in a dose-dependent
manner. Even though glycerol production was high in these strains, there are reports
indicating that the higher glycerol produced by yeast during fermentation could improve
the textural and sensorial properties of bread and wine, respectively [28,31].

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /metabo16050305/s1. Figure S1 represents 0 h and 24 h data of the
medium alone containing 10 mg and 30 mg deltamethrin, and shows deltamethrin peaks detected in
LC-MS/MS. In the method, 523 m/z is considered the mother ion and 505 and 281 are set as daughter
ions. Figure 52 demonstrates the cellular growth of yeast strains (not) exposed to DM for 30 days.

Author Contributions: M.Y.: writing—original draft, visualization, methodology, investigation, formal
analysis, data curation. H.G.Y.: writing—review and editing, investigation, formal analysis, finding
funding. R.A K.: Writing—review and editing, investigation, formal analysis. O.E.: writing—review and
editing, investigation, formal analysis. C.B.: conceptualizing, supervising, writing—review and editing,
visualization, methodology, investigation, formal analysis, data curation, project administration, finding
funding. B.T.: conceptualizing, supervising, writing—review and editing, visualization, methodology,
investigation, formal analysis, data curation, project administration, finding funding. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by TUBITAK (Grant Number 2237086) and funding from
Marmara University Scientific Research Project Fund (Grant Numbers FDK-2022-10757, FYL-2023-
11016 and ADF-2024-11119).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Please add the corresponding content of this part.

https://doi.org/10.3390 /metabo16050305


https://www.mdpi.com/article/10.3390/metabo16050305/s1
https://www.mdpi.com/article/10.3390/metabo16050305/s1
https://doi.org/10.3390/metabo16050305

Metabolites 2026, 16, 305 12 of 13

Acknowledgments: The authors thank Aytag Dursun Okstizoglu for his contribution to RN Aseq
analysis. The raw RNA sequencing data generated and analyzed in this study are publicly available
in the NCBI BioProject database under accession number PRJNA1393177.

Conflicts of Interest: The authors declare that they have no known competing financial or non-
financial, professional, or personal conflicts that could have appeared to influence the work reported
in this paper.

Abbreviations

The following abbreviations are used in this manuscript:

DM deltamethrin
GPD1  glycerol 3-phosphate dehydrogenase 1
GPD2  glycerol 3-phosphate dehydrogenase 2

References

1. Yavuz, M,; Kaya, R.A.; Bereketoglu, C.; Turanli, B. Gaining Biological Insights into Deltamethrin-Induced Toxicity and Resistance
at the Molecular Level. . Biochem. Mol. Toxicol. 2025, 39, €70469. [CrossRef]

2. Pitzer, E.M.; Williams, M.T.; Vorhees, C.V. Effects of pyrethroids on brain development and behavior: Deltamethrin. Neurotoxicol-
ogy Teratol. 2021, 87, 106983. [CrossRef]

3. Gammon, D.W.; Brown, M.A.; Casida, ].E. Two classes of pyrethroid action in the cockroach. Pestic. Biochem. Physiol. 1981, 15,
181-191. [CrossRef]

4.  Lawrence, L.J.; Casida, J.E. Pyrethroid toxicology: Mouse intracerebral structure-toxicity relationships. Pestic. Biochem. Physiol.
1982, 18, 9-14. [CrossRef]

5. Liu, Q.; Feng, Y,; Dai, B.; Shi, L.; Zhang, S. Toxicity comparison of avermectins, chlorantraniliprole and deltamethrin on
Procambarus clarkii: Histopathology, apoptosis, antioxidation, transcriptome response and intestinal microflora. Pestic. Biochem.
Physiol. 2025, 216, 106815. [CrossRef] [PubMed]

6.  Mackei, M.; Huber, F; Olah, B.; Neogrady, Z.; Matis, G. Redox metabolic disruptions in the honeybee brain following acute
exposure to the pyrethroid deltamethrin. Sci. Rep. 2025, 15, 28322. [CrossRef] [PubMed]

7. Zara, S.; Caboni, P;; Orro, D.; Farris, G.A.; Pirisi, E; Angioni, A. Influence of fenamidone, indoxacarb, pyraclostrobin, and
deltamethrin on yeast microflora during winemaking. J. Environ. Sci. Health Part B 2011, 46, 491-497.

8.  Yu, L., Zhang, H,; Niu, X,; Wu, L.; Zhang, Y.; Wang, B. Fate of chlorpyrifos, omethoate, cypermethrin, and deltamethrin during
wheat milling and Chinese steamed bread processing. Food Sci. Nutr. 2021, 9, 2791-2800. [CrossRef]

9. Sharma, J.; Satya, S.; Kumar, V.; Tewary, D.K. Dissipation of pesticides during bread-making. Chem. Health Saf. 2005, 12, 17-22.
[CrossRef]

10. van Leeuwen, ].S.; Vermeulen, P.E.N.; Chris Vos, J. Yeast as a humanized model organism for biotransformation-related toxicity.
Curr. Drug Metab. 2012, 13, 1464-1475. [CrossRef]

11. Krzepitko, A.; Swiecilo, A. The Influence of Selected Pyrethroid on the Growth and Number of p-Mutants in Saccharomyces
Cerevisiae Yeast. Pol. . Environ. Stud. 2007, 16, 403—406.

12. Bereketoglu, C.; Arga, K.Y,; Eraslan, S.; Mertoglu, B. Analysis of transcriptional profiles of Saccharomyces cerevisiae exposed to
bisphenol A. Curr. Genet. 2017, 63, 253-274. [CrossRef] [PubMed]

13.  Verma, R. Deltamethrin: Properties, Mode of Action, and Safety Issues. IJPRUR 2024, 12, 3696-3701.

14. Akgtin, B.; Hamzaoglu, M.; Tosunoglu, H.; Demir, S.; Deniz, A.; Zengingtniil Gokcay, R. A survey of 59 pesticide residues in
Turkish chicken eggs using LC-MS/MS. Food Addit. Contam. Part B 2020, 13, 252-259. [CrossRef] [PubMed]

15.  Wei, N.; Quarterman, J.; Kim, S.R.; Cate, ].H; Jin, Y.S. Enhanced biofuel production through coupled acetic acid and xylose
consumption by engineered yeast. Nat. Commun. 2013, 4, 2580. [CrossRef]

16. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2—AACT method.
Methods 2001, 25, 402—408. [CrossRef]

17.  Pimentel, H.; Bray, N.L.; Puente, S.; Melsted, P.; Pachter, L. Differential analysis of RNA-seq incorporating quantification
uncertainty. Nat. Methods 2017, 14, 687-690. [CrossRef]

18. R Core Team. R: A Language and Environment for Statistical Computing, Version 4.1.0; R Foundation for Statistical Computing:
Vienna, Austria, 2002; Available online: https://www.R-project.org/ (accessed on accessed on 22 April 2026).

19. Kumral, A.; Kumral, N.A.; Gurbuz, O. Chlorpyrifos and deltamethrin degradation potentials of two Lactobacillus plantarum

strains. Turk. J. Entomol. 2020, 44, 165-176. [CrossRef]

https://doi.org/10.3390 /metabo16050305


https://doi.org/10.1002/jbt.70469
https://doi.org/10.1016/j.ntt.2021.106983
https://doi.org/10.1016/0048-3575(81)90084-5
https://doi.org/10.1016/0048-3575(82)90082-7
https://doi.org/10.1016/j.pestbp.2025.106815
https://www.ncbi.nlm.nih.gov/pubmed/41350069
https://doi.org/10.1038/s41598-025-14089-7
https://www.ncbi.nlm.nih.gov/pubmed/40754625
https://doi.org/10.1002/fsn3.1523
https://doi.org/10.1016/j.chs.2004.08.003
https://doi.org/10.2174/138920012803762783
https://doi.org/10.1007/s00294-016-0633-z
https://www.ncbi.nlm.nih.gov/pubmed/27460658
https://doi.org/10.1080/19393210.2020.1767218
https://www.ncbi.nlm.nih.gov/pubmed/32498611
https://doi.org/10.1038/ncomms3580
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/nmeth.4324
https://www.R-project.org/
https://doi.org/10.16970/entoted.625156
https://doi.org/10.3390/metabo16050305

Metabolites 2026, 16, 305 13 of 13

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Jeffries, TW.,; Jin, Y.S. Ethanol and thermotolerance in the bioconversion of xylose by yeasts. Adv. Appl. Microbiol. 2000, 47,
221-268.

Ansell, R.; Granath, K.; Hohmann, S.; Thevelein, ].M.; Adler, L. The two isoenzymes for yeast NAD+-dependent glycerol
3-phosphate dehydrogenase encoded by GPD1 and GPD2 have distinct roles in osmoadaptation and redox regulation. EMBO ].
1997, 16, 2179-2187. [CrossRef]

Pagliardini, J.; Hubmann, G.; Bideaux, C.; Alfenore, S.; Nevoigt, E.; Guillouet, S.E. Quantitative evaluation of yeast’s requirement
for glycerol formation in very high ethanol performance fed-batch process. Microb. Cell Factories 2010, 9, 36. [CrossRef]
Dmytruk, K.; Semkiv, M.; Sibirny, A. Glycerol bioconversion to biofuel and value-added products by yeasts. FEMS Yeast Res.
2025, 25, foaf038. [CrossRef]

Shi, X.; Chang, J.; Lee, M.E.; Oh, ] W.; Hwang, D.H.; Cho, B.H.; Han, S.O. In situ engineering of synthetic yeast consortia for
cross-species metabolic conversion of crude glycerol and byproducts into circular renewable bioenergy. Trends Biotechnol. 2026.
Available online: https://doi.org/10.1016/j.tibtech.2025.12.002. [CrossRef]

Hubmann, G.; Guillouet, S.; Nevoigt, E. Gpd1 and Gpd2 fine-tuning for sustainable reduction of glycerol formation in Saccha-
romyces cerevisiae. Appl. Environ. Microbiol. 2011, 77, 5857-5867. [CrossRef]

Valadi, A.; Granath, K.; Gustafsson, L.; Adler, L. Distinct intracellular localization of Gpd1p and Gpd2p, the two yeast isoforms of
NAD-+-dependent glycerol-3-phosphate dehydrogenase, explains their different contributions to redox-driven glycerol production.
J. Biol. Chem. 2004, 279, 39677-39685. [CrossRef]

Lesseur, C.; Kaur, K,; Kelly, S.D.; Hermetz, K.; Williams, R.; Hao, K.; Marsit, C.J.; Caudle, W.M.; Chen, ]. Effects of prenatal
pesticide exposure on the fetal brain and placenta transcriptomes in a rodent model. Toxicology 2023, 490, 153498. [CrossRef]
[PubMed]

Aslankoohi, E.; Rezaei, M.N.; Vervoort, Y.; Courtin, C.M.; Verstrepen, K.J. Glycerol production by fermenting yeast cells is
essential for optimal bread dough fermentation. PLoS ONE 2015, 10, e0119364. [CrossRef] [PubMed]

Cordier, H.; Mendes, F.; Vasconcelos, I.; Frangois, ]. M. A metabolic and genomic study of engineered Saccharomyces cerevisiae
strains for high glycerol production. Metab. Eng. 2007, 9, 364-378. [CrossRef] [PubMed]

Liza-Diaz, E.; De Roeck, K.; Struyf, N.; Lobry, J.; Bautil, A.; Monnet, C.; Toussaint, R.; Courtin, C.M.; Durand-Dubief, M.; Rezaei,
M.N. Performance and viability of yeast (Saccharomyces cerevisine) during baking: An integrative electrical resistance oven (ERO)
approach. Food Chem. 2026, 509, 148376. [CrossRef]

Rezaei, M.N.; Jayaram, V.B.; Verstrepen, K.J.; Courtin, C.M. The impact of yeast fermentation on dough matrix properties. J. Sci.
Food Agric. 2016, 96, 3741-3748. [CrossRef]

Chen, L.; Gao, J.; Wang, H.; Liu, G.; Yang, H.; Qin, Y. Regulating Glycerol Metabolism to Investigate the Effects of Engineered
Saccharomyces cerevisiae on Simulated Wine Flavor Compounds. Foods 2026, 15, 300. [CrossRef]

Ansell, R.; Adler, L. The effect of iron limitation on glycerol production and expression of the isogenes for NAD+-dependent
glycerol 3-phosphate dehydrogenase in Saccharomyces cerevisiae. FEBS Lett. 1999, 461, 173-177. [CrossRef]

Balaban, B.G.; Yilmaz, U.; Alkim, C,; Topaloglu, A.; Kisakesen, HI,; Holyavkin, C.; Cakar, Z.P. Evolutionary engineering of an
iron-resistant Saccharomyces cerevisiae mutant and its physiological and molecular characterization. Microorganisms 2019, 8, 43.
[CrossRef]

Basak, M.; Choudhury, R.A.; Goswami, P.; Dey, B.K.; Laskar, M.A. A review on non-target toxicity of deltamethrin and piperonyl
butoxide: Synergist. J. Pharm. Res. Int. 2021, 33, 85-89. [CrossRef]

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 /metabo16050305


https://doi.org/10.1093/emboj/16.9.2179
https://doi.org/10.1186/1475-2859-9-36
https://doi.org/10.1093/femsyr/foaf038
https://doi.org/10.1016/j.tibtech.2025.12.002
https://doi.org/10.1016/j.tibtech.2025.12.002
https://doi.org/10.1128/AEM.05338-11
https://doi.org/10.1074/jbc.M403310200
https://doi.org/10.1016/j.tox.2023.153498
https://www.ncbi.nlm.nih.gov/pubmed/37019170
https://doi.org/10.1371/journal.pone.0119364
https://www.ncbi.nlm.nih.gov/pubmed/25764309
https://doi.org/10.1016/j.ymben.2007.03.002
https://www.ncbi.nlm.nih.gov/pubmed/17500021
https://doi.org/10.1016/j.foodchem.2026.148376
https://doi.org/10.1002/jsfa.7562
https://doi.org/10.3390/foods15020300
https://doi.org/10.1016/S0014-5793(99)01456-8
https://doi.org/10.3390/microorganisms8010043
https://doi.org/10.9734/jpri/2021/v33i51B33517
https://doi.org/10.3390/metabo16050305

	Introduction 
	Materials and Methods 
	Strains, Culture Conditions, and DM Treatment 
	LC-MS/MS Analysis for DM Detection 
	HPLC-RID Analysis for Extracellular Metabolite Detection 
	Quantitative Real-Time Reverse Transcription PCR Analysis 
	Bioinformatic Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

