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Climate change-driven water scarcity poses increasing challenges to strawberry
production worldwide. This study evaluated drought tolerance mechanisms in
fifteen strawberry (Fragaria X ananassa Duch.) cultivars in the first year and seven
selected cultivars in the second year, including Turkish local varieties, using
polyethylene glycol (PEG)-induced drought stress in controlled greenhouse
conditions. Key physiological and biochemical parameters were assessed,
including relative water content (RWC), chlorophyll content, Photosynthetic
Quantum Yield, leaf dry matter content (LDMC), sugar composition, and
antioxidant capacity. Drought stress significantly reduced RWC by 13.1% in year
one and 7.5% in year two, while chlorophyll content declined by 4.8% and 6.6%,
respectively. Photosynthetic Quantum Yield decreased by 7.9% and 12.2% across
the two years. Conversely, LDMC increased by approximately 16% in both years,
indicating morphological adaptation to water deficit. The most striking response
was carbohydrate accumulation, particularly in year one, where total sugar
content in ‘Sweet Charlie’ increased from 3.48% to 28.42%, and 'Monterey’
showed an increase from 2.69% to 22.90%. Year two exhibited more moderate
sugar responses but stronger correlations between sugar content and RWC
(glucose: r = 0.93), suggesting refined osmotic adjustment mechanisms.
Antioxidant activity increased across all genotypes under stress, with 'Festival’
and ‘'Sabrina’ achieving over 90% antioxidant activity. Principal component
analysis and hierarchical clustering effectively discriminated drought-tolerant
from sensitive cultivars. 'Brilliance’ demonstrated superior drought tolerance,
maintaining high RWC (89.2%) and stable sugar metabolism under stress
conditions. In contrast, ‘Calderon’ and 'Plared’ showed significant declines in
physiological performance. The study reveals cultivar-specific drought response
strategies, with sugar accumulation, chlorophyll stability, and antioxidant
capacity serving as reliable screening markers. The identified physiological
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benchmarks and tolerant genotypes (Brilliance’, 'Festival’, 'Sweet Charlie’, and
local variety 'Arnavutky’) provide valuable resources for breeding programs
targeting enhanced drought resilience. These findings contribute to
understanding strawberry adaptation mechanisms under water stress and offer
practical tools for sustainable production in water-limited environments.

KEYWORDS

strawberry, drought stress, PEG-induced stress, physiological traits, biochemical
markers, cultivar-specific response, antioxidant activity

1 Introduction

Climate change poses an escalating threat to global agricultural
systems, with water scarcity emerging as one of the most critical
constraints on crop productivity and food security. Projections from
contemporary climate models suggest increasingly severe, frequent,
and prolonged drought events across diverse agroecological regions
(Dai, 2013). The intricate interplay between rising global temperatures
and altered precipitation patterns continues to disrupt traditional
cropping systems, challenging conventional water management
practices (Trenberth, 2011).

Strawberry (Fragaria x ananassa Duch.), a globally cultivated
high-value horticultural berry crop, is particularly susceptible to
drought due to its shallow root architecture, high leaf area index,
and continuous water demands during critical developmental stages
(Ghaderi and Siosemardeh, 2011). Under water deficit conditions,
strawberry plants undergo complex morphological and biochemical
changes including reduced photosynthetic efficiency, overproduction
of reactive oxygen species (ROS), and shifts in osmotic regulation
mechanisms (Klamkowski and Treder, 2008). Despite its sensitivity to
drought, global strawberry production has remained robust, with total
output reaching approximately 9.56 million metric tons in 2022 (FAO,
2023). The economic significance of the crop is equally remarkable,
with the global strawberry market valued at nearly USD 20.22 billion
in 2023 (Zion Market Research, 2023). In addition to its economic
value, strawberries are rich in bioactive compounds, including vitamin
C, anthocyanins, and antioxidants, contributing to their increasing
popularity in the functional food sector (Giampieri et al., 2015).

Like other fruit species drought stress profoundly influences
both yield and fruit quality in strawberry. Even moderate water
deficit can lead to rapid declines in photosynthetic rate and
significant yield losses (Martinez-Ferri et al, 2016; Cordoba-
Novoa et al,, 2021). Terry et al. (2008) demonstrated that deficit
irrigation could reduce berry weight by up to 1.4-fold compared to
fully irrigated controls. The plant’s response to drought is
inherently dynamic, involving a coordinated activation of
physiological and molecular defense pathways. Fang and Xiong
(2015) outlined four fundamental drought resistance strategies:
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avoidance, tolerance, escape, and recovery each reflecting distinct
adaptations that support survival in water-limited environments.

Water scarcity triggers a cascade of physiological processes in
plants. One of the earliest responses involves abscisic acid (ABA)
mediated stomatal closure to minimize transpirational water loss (Yang
Y.J, et al,, 2021; Tombesi et al,, 2015). While this response conserves
water, it also limits CO, diffusion, reducing photosynthetic efficiency
and leading to photoinhibition and chlorophyll degradation (Chaves
etal, 2009; Muhammad et al., 2021). Furthermore, drought conditions
often lead to the overproduction of ROS, which disrupt cellular
homeostasis and damage membranes, proteins, and DNA (Li et al,
2022; Panda et al., 2024). Plants counteract these effects by
accumulating compatible solutes such as sugars, amino acids, and
ions which help maintain osmotic balance and water uptake under
stress (Ashraf and Harris, 2004; Chen and Jiang, 2010).

At the molecular level, drought signaling involves key molecules
including ABA, Ca®*, nitric oxide (NO), and secondary messengers,
which modulate gene expression and physiological responses (Yang
X, etal,, 2021). Morphologically, plants adapt through reductions in
leaf area, increased leaf thickness, and higher leaf tissue density
traits that enhance water conservation and stress tolerance.

Importantly, the wide genetic diversity among cultivated
strawberry genotypes offers valuable opportunities to explore
differential drought responses. The cultivated octoploid strawberry
(2n = 8x = 56) possesses considerable genetic plasticity due to its
interspecific hybrid origin, enabling a broad range of physiological
adaptations (Folta and Barbey, 2019). Zahedi et al. (2020) highlighted
that drought stress adversely affects strawberry morphology, enzyme
activities, and developmental processes, underscoring the need for
cultivar-specific evaluations.

In the present study, sixteen strawberry cultivars including
fourteen commercially cultivated varieties and two locally adapted
Turkish cultivars were systematically screened under drought stress
induced by Polyethylene Glycol (PEG) in greenhouse conditions.
Through a comprehensive physiological and biochemical approach,
key traits such as chlorophyll content, photosynthetic quantum
yield, antioxidant enzyme activity, carbohydrate accumulation, and
plant water status were evaluated. The primary objectives of this
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research were to: (1) assess genotypic variability in drought
tolerance; (2) identify reliable physiological and biochemical
markers associated with drought adaptation; and (3) generate
cultivar-specific response profiles to support future breeding
programs targeting enhanced drought resilience in strawberry.
This integrative analysis aims to provide both practical insights
and scientific foundations for improving strawberry performance
under water-limited conditions.

2 Materials and methods
2.1 Experimental location

The study was conducted in the plastic greenhouse of the
Research and Experimental Center of Cukurova University,
located in Adana provinces in Turkey (Latitude: 37.0392°N,
Longitude: 35.3710°E; Elevation: 127 meters above sea level). The
region has a Mediterranean climate characterized by hot, dry
summers and mild, wet winters. The greenhouse used in this
study was a tunnel-type structure equipped with a partial
environmental control system, allowing passive ventilation and
regulation of temperature and humidity. The location provided
consistent daylight exposure during the experimental periods,
supporting uniform plant growth conditions. All experiments
were carried out within the same facility in both years (2022 and
2024) to ensure consistency across environmental variables.

2.2 Plant materials and growing conditions

Fifteen strawberry (Fragaria x ananassa Duch.) cultivars were
used in the first year of the study. These included fourteen
commercially cultivated international varieties (San Andreas,
Sabrina, Brilliance, Beauty, Festival, Ananas, Calderon, Camarosa,
Fronteras, Merced, Monterey, Plared, Portola, and Sweet Charlie)
and one local Turkish cultivar, Arnavutkéy. Seven cultivars were
selected for further evaluation in the second year. This set included
five commercial cultivars (San Andreas, Sabrina, Brilliance, Beauty,
and Festival) and two local Turkish genotypes (Arnavutkoy and
Eregli). The selections used in the second year were chosen based on
contrasting physiological and biochemical responses observed in
the first year. All plants were re-established in fresh cocopeat
substrate at the beginning of each growing season to ensure
consistency in root development and nutrient availability.

Each plant was grown individually in 5-liter plastic pots filled
with a soil-based growing medium consisting of peat moss, perlite,
and sand in a 2:1:1 ratio (v/v/v), adjusted to a pH of 5.5 - 6.5. To
prevent inter-plant competition and ensure uniform light and air
exposure, pots were spaced 30 cm apart throughout the experiment.
Greenhouse temperature was maintained at 24 + 2 °C during the
day and 18 + 2 °C at night, with relative humidity between 60%
and 70%.
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2.3 Experimental design and treatments

The experiment was conducted over two consecutive years
(2022 and 2024) following a randomized complete block design
(RCBD) with three replications per treatment. In the first year
(2022), plants were subjected to two irrigation treatments: 100%
irrigation (control) and drought stress treatment induced by
polyethylene glycol (PEG - 6000). For the control treatment, soil
moisture was maintained at field capacity (35 - 40% volumetric
water content), while drought stress was simulated by irrigating
plants with a 20% (w/v) PEG - 6000 solution, corresponding to an
osmotic potential of approximately -0.5 MPa.

Each experimental unit consisted of a single plant per
replication, resulting in a total of 96 plants in 2022 (16 entries X
2 treatments x 3 replications) and 42 plants in 2024 (7 entries X 2
treatments x 3 replications). The stress period lasted for eight weeks
during the plants’ active growth stage. Standard cultural practices,
including fertilization, pest control, and pruning, were applied
uniformly to all plants throughout the experiment.

2.4 Data collection and measurements

2.4.1 Morphological parameters
2.4.1.1 Leaf number

Leaf number was determined by counting the total number of
fully expanded leaves per plant at the time of measurement.

2.4.1.2 Leaf dry matter content

Fresh leaves were weighed after collection for fresh weight (FW).
The samples were dried in an oven at 70 °C for 72 hours, or until they
reached a constant weight, and then reweighed to determine dry weight
(DW). Leaf dry matter content was calculated as (DW/FW) 100%.

2.4.2 Physiological parameters
2.4.2.1 Leaf temperature

Leaf temperature was measured using a Fluke 62 Max infrared
thermometer between 08:00 and 10:00 a.m. to minimize
environmental variation. The device was held 0.5 m above the
canopy, and each leaf was measured three times to obtain an
average. This method enables non-contact assessment of plant
physiological responses under drought stress (Gonzalez-Villagra
et al., 2024; Barai et al., 2022).

2.4.2.2 Chlorophyll content

The non-destructive estimation of leaf chlorophyll content utilized
a chlorophyll meter (SPAD - 502 Plus, Konica Minolta, Japan). Five
measurements were made per leaf (to prevent measuring over major
veins) on five leaves per plant and averaged. SPAD values were
converted into mmol m™ of chlorophyll content using the following
calibration equation, developed by Markwell et al. (1995), which
converts SPAD values to chlorophyll content: Chlorophyll content =
107 (SPAD x 0.0265 + 0.9).
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2.4.2.3 Photosynthetic quantum yield

Chlorophyll fluorescence was measured using a portable
fluorometer (MINI-PAM-II, Walz, Germany) following Baker
(2008). Measurements were performed on five fully expanded
leaves per plant (three plants per treatment) from the middle
section of the shoots, between 08:00-10:00 h to avoid potential
effects of midday photoinhibition. The effective quantum yield of
PSII (DPSII) was calculated as (Fm’ - Fs)/Fm’, where Fs is steady-
state fluorescence and Fm’ is maximum fluorescence under actinic
light. Lower ®PSII values were interpreted as an indication of
greater stress impact on photosynthetic efficiency.

2.4.2.4 Leaf relative water content

Relative Water Content (RWC) was determined following the
method of Turner (1997), with modifications by Wilkinson et al.
(2001). Freshly detached leaves (~1 g) were weighed for fresh weight
(FW), then submerged in water overnight in the dark to obtain
turgid weight (TW). Subsequently, leaves were dried at 80 °C for 24
hours to determine dry weight (DW). RWC was calculated using
the formula:

RWC (%) = [(FW — DW)/(TW — DW)] x 100

This method provides a reliable estimate of plant water status
under drought conditions.

2.4.3 Biochemical parameters
2.4.3.1 Preparation of the extracts

The leaves were pulverized and powdered finely using an
analytical mill. 100 mg of the leaf powder was mixed with 10 mL
ultra-pure water. The solution was subjected to a 1-hour ultrasound
treatment followed by centrifugation at 10,000 rpm. The clear
supernatant liquid was poured gently into vials for analysis. 1 mL
of the supernatant was diluted 50 times for analysis and kept for
other tests.

2.4.3.2 Determination of antioxidant activity and free
radical scavenging
2.4.3.2.1 DPPH radical scavenging activity

The antioxidant and free radical scavenging activity of the dried
leaf extracts was assessed using the DPPH assay, following the
method described by Pekal and Pyrzynska (2013). In this
procedure, 0.1 mL of extract was mixed with 2.4 mL of DPPH
solution (9 x 10 mol/L) prepared in methanol. After thorough
mixing, the reaction mixture was incubated in the dark at room
temperature for 30 minutes. Absorbance was then recorded at 518
nm using a spectrophotometer, with methanol as the blank. The
percentage of DPPH radical scavenging activity (DPPH_RSA) was
calculated using the corresponding formula.

DPPH_RSA (%) = [(A_blank — A_extract)/A_blank] x 100

where A_control is the absorbance of DPPH solution in the
absence of extract, and A_sample is the absorbance of the reaction
mixture with extract.
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2.4.3.2.2 DPPH inhibition

The DPPH radical scavenging activity (DPPH_inh) was also
evaluated using the same assay, with absorbance measured at 518
nm. The percentage of inhibition, reflecting the sample’s capacity to
neutralize DPPH free radicals, was calculated using the
corresponding formula:

DPPH_inh (%) = [(A_control — A_sample)/A_control] x 100

Both results were expressed as percentages (%), representing the
antioxidant potential of the dried leaf extracts.

2.4.3.3 Individual sugar determination

The concentrations of sucrose, glucose, fructose, and total
sugars were determined using a Shimadzu LC 20A VP HPLC
system (Kyoto, Japan) equipped with a refractive index detector.
Sugar separation was carried out on a reverse-phase Ultrasphere
Coregel-87 C column (300 mm x 7.8 mm, 5 pm) maintained at 70 °
C, with ultrapure water as the mobile phase at a constant flow rate
of 0.6 mL/min under isocratic conditions. A 20 uL sample volume
was injected for each run. Sugar contents were quantified based on
calibration with external standards and expressed as a percentage of
dry weight (DW).

2.5 Statistical analysis

Statistical analyses were performed using analysis of variance
(ANOVA) in SAS software (version 9.4; SAS Institute Inc., USA),
considering the effects of cultivar, treatment, year, and their
interactions. Significant differences among treatments were
determined using Duncan’s multiple range test at p< 0.05. The
results are indicated by different lowercase letters in the tables and
figures. Pearson correlation coefficients were calculated to assess
relationships among the measured traits. Multivariate analyses,
including principal component analysis (PCA) and hierarchical
clustering with heatmap visualization, were conducted using R
software (version 4.4.3; R Foundation for Statistical Computing)
to identify patterns and illustrate associations between treatments
and parameters.

3 Results and discussion
3.1 Analysis of variance

To evaluate variability in drought responses, separate ANOV As
were conducted for each year (Supplementary Tables 52, S3), and a
combined ANOVA was performed for the six cultivars common to
both years (Supplementary Table SI). This approach enabled
assessment of seasonal variation and genotype stability under
stress conditions. The combined analysis revealed highly
significant effects (P< 0.001) of year, cultivar, and treatment on
most physiological and biochemical traits. Year effects were
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especially evident in leaf temperature, chlorophyll content, and
relative water content, indicating a strong environmental influence.
Cultivar effects were consistently significant across all traits, with
the greatest variation observed in leaf number and total sugar
content, reflecting notable genetic diversity. Treatment effects
(drought vs. well-watered) were also highly significant for most
parameters, particularly sugar metabolism traits (sucrose, glucose,
and fructose), though leaf number showed non-significant
differences in some interactions. Significant cultivar x treatment
interactions highlighted genotype-specific drought responses,
especially in sugar content and antioxidant-related traits,
suggesting different biochemical adaptation strategies. Year X
treatment interactions were also significant for several parameters,
particularly those related to sugar metabolism, confirming that
drought responses varied between seasons. The consistency of
cultivar and treatment effects across years, along with significant
three-way interactions (cultivar x treatment x year) for biochemical
traits, underscores the complexity of drought adaptation and
supports the use of multi-year evaluations in breeding drought-
resilient strawberry cultivars.

3.2 Physiological responses

3.2.1 Leaf temperature response

Variations in leaf temperature between the two years were
substantial, primarily due to seasonal differences in measurement
timing. The experiment was conducted in the first year during
winter (January), and in the second year during early summer
(June), resulting in different baseline temperature conditions.
Consequently, absolute leaf temperatures were naturally higher in
the second year. Specifically, in the first year, average leaf
temperature increased from 12.3 °C (control) to 14.7 °C under
drought stress—a 19.5% rise—as shown in Table 1. In the second
year, it increased from 23.7 °C to 26.2 °C, corresponding to a 10.5%
increase (Table 2). This increase in leaf temperature under water
deficit aligns with earlier studies showing that drought-induced
stomatal closure reduces transpirational cooling, leading to thermal
buildup in leaves (Pefiuelas et al., 1992). Thus, leaf temperature
serves as a sensitive, non-invasive indicator of physiological stress in
strawberry. Interestingly, in the first year, cultivars Camarosa and
Plared exhibited reduced leaf temperatures under drought stress—
an exception to the general trend. This atypical response may be
linked to cultivar-specific mechanisms such as increased leaf
reflectance, altered leaf orientation, or distinct stomatal behavior.
Similar traits have been described in wild strawberries; notably, Cao
et al. (2022) identified structural, transcriptional, and epigenetic
responses associated with drought tolerance in Fragaria nilgerrensis.

3.2.2 Chlorophyll content

Drought stress led to a consistent reduction in chlorophyll
content across most strawberry cultivars in both experimental years
(P< 0.01). In the first year, the average chlorophyll content
decreased from 51.6 pmol m™> under control conditions to 49.1
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umol m* under PEG-induced stress, representing a 4.8% decline.
Similarly, in the second year, it dropped from 37.8 umol m™ to 35.3
umol m™, corresponding to a 6.6% reduction. These trends are
detailed in Tables 1, 2, which summarize the cultivar-wise
chlorophyll means under both irrigation regimes for each year.

The visual representation of these changes for the first year is
provided in Figure 1, which highlights the cultivar-specific declines in
chlorophyll content under drought conditions. Likewise, changes
observed in the second year are illustrated in Figure 2, further
emphasizing the seasonal differences and variation among genotypes.

The observed pigment loss is consistent with the findings of
Zahedi et al. (2023), who reported that drought stress in strawberry
leads to a reduction in chlorophyll and carotenoid levels as part of a
photoprotective mechanism. This physiological adjustment helps
minimize light absorption and protects the photosynthetic
apparatus from photooxidative damage when water is limited.

Notably, baseline chlorophyll values in the second year were
significantly lower than those in the first—an overall 26.7% decrease
in control plants—likely due to elevated temperatures and higher
light intensity during the summer season.

3.2.3 Relative water content

Relative water content (RWC) declined significantly under
drought stress in all cultivars across both years (P< 0.001),
indicating a clear physiological response to water limitation. In
Year 1, mean RWC dropped from 77.9% to 67.7% (a 13.1%
reduction), and in Year 2, from 93.0% to 86.0% (a 7.5%
reduction). These results, presented in Table 1 (Year 1) and
Table 2 (Year 2), confirm RWC as a reliable and sensitive
indicator of plant water status under drought conditions. This
trend is consistent with the findings of Zahedi et al. (2023), who
also reported simultaneous reductions in chlorophyll and
carotenoid contents under water deficit.

Maintaining higher RWC under drought is widely recognized as
a key trait associated with drought tolerance. As shown in
Tables 1, 2, all cultivars experienced reductions in RWC, though
second-year plants generally retained more water under both
control and stress conditions. This improved water retention may
reflect enhanced root development or improved hydraulic
functioning over time. Gonzalez-Fuentes et al. (2016) emphasized
the contribution of stable root zone temperature in supporting
water uptake and RWC maintenance in strawberries.

Among the tested cultivars, Brilliance exhibited the highest RWC
under drought stress in both years (67.9% and 89.2%, respectively),
indicating superior water retention capacity. In contrast, Sabrina
experienced the greatest RWC decline in Year 1 (25.1%), but
showed notable improvement in Year 2 (9.7%), suggesting possible
physiological acclimation or adaptive adjustments.

These cultivar-specific responses are visually illustrated in
Figure 3 (Year 1) and Figure 4 (Year 2), highlighting the
contrasting water retention behaviors under PEG-induced
drought stress. Further research may help elucidate the
physiological or molecular mechanisms underlying the improved
drought resilience observed in cultivars such as Sabrina.
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TABLE 1 Physiological traits of strawberry cultivars under PEG-induced drought stress and well-watered irrigation conditions in the first year.

Leaf temp (°C)

Chlorophyll (umol/m)?

Photosynthetic quantum yield

Leaf dry matter content (%)

Leaf number

Cultivar

100% 100% PEG 100% PEG 100% PEG 100%
Ananas 11.9 + 0.20 ijk 1573 £ 0.25 ¢ 52.77 + 2.16 bc 52.47 + 1.19 bede 80.77 + 2.48 bed 73.87 + 2.47 fghi 0.62 +0.03 fg 0.61 + 0.01 fghi 3283+0.12¢g 37.13 £ 0.64 ab 19 + 1.73 de 13.33 + 1.53 ghij
Arnavutkéy 11.77 + 0.15 ijk 12.9 +0.10 fgh 4553 + 0.81 kI 43.1+0.27 m 84.33 +4.83 ab 69.8 + 0.56 ij 0.66 + 0.02 bede 0.63 + 0.01 ef 30.07 + 0.21 jk 34.7 + 243 de 32+200a 2467 + 416 b
Beauty 11.17 £ 0.15 kl 14.07 +0.21d 52.63 + 1.16 bed 47.3 + 147 ijk 75.37 % 0.38 efgh 61.1 + 1.56 m 0.62 +0.04 fg 0.55 + 0.04 jkl 357 £0.17 cd 35.7 £0.00 cd 15 + 1.00 fgh 8 + 1.73 mnop
Brilliance 10.53 + 0.31 Im 11.77 + 0.15 ijk 55+0.70 a 5533 +0.71a 8725+ 0.85a 67.9 % 0.10 jkl 0.58 + 0.03 ghij 0.58 = 0.02 hijk 28.63 + 1.35 Imn 3237 +035gh | 9.67 + 1.53 klmno 7 + 1.00 op
Calderon 12.5 + 0.10 ghi 13 £0.20 fg 46.93 + 1.33 jk 43.73 +2.71 Im 70.1 + 1.30 ij 68.03 + 2.83 jk 0.62 +0.03 fg 0.55 % 0.03 jkl 29.47 + 023 jkl 33.4 £ 0.00 fg 14.67 + 0.58 fghi 6+1.73p
Camarosa 1433 £0.31d 10.37 £ 091 m 50.73 + 0.68 cdefgh 50.3 + 0.66 efgh 75.5 + 2.54 efgh 63.77 + 1.68 Im 0.54 + 0.02 kI 0.47 £ 0.02 m 29.17 £ 0.06 klm 37.5 +0.00 ab 20 + 2.00 cde 12 + 1.00 hijk
Festival 12.97 +0.59 fg 1523 £021 ¢ 51 + 0.36 cdefgh 50.03 + 0.75 fgh 79.37 + 0.64 cde 64.73 + 1.27 klm 0.74 £0.01 a 0.64 + 0.03 cdef 29.2 +0.17 klm 33.3 +0.00 fg 21.67 + 5.03 bed 11.67 + 1.53 hijkl
Fronteras 11.67 + 0.55 jk 16.63 + 0.35 b 53.9 +£291 ab 49.8 + 0.60 fgh 75.13 + 1.64 efgh 73.67 + 1.65 fghi 0.63 + 0.03 ef 0.57 +0.00 jk 27.53 £ 0.31 nop 30.6 = 1.11 jj 12 + 1.73 hijk 7.67 £ 1.53 nop
Merced 124 + 0.46 ghij 157 £0.52 ¢ 49.37 + 0.35 fghi 48.7 + 0.66 hij 75.1 + 1.13 efgh 69 576 0.65 + 0.02 bedef  0.64 + 0.01 cdef 31.5+0.17 hi 3557 +£0.12 cd 9 + 1.00 klmnop 7.33 £ 1.16 op
Monterey 12.17 + 0.15 hij 17.1 + 0.36 ab 51.17 + 0.70 cdefg 47.03 + 0.50 jk 77.47 + 1.36 cdef 72.1 + 2.50 ghij 0.67 + 0.01 bed 0.66 + 0.01 bede 25.07£0.12 q 29.4 +0.35 jkl 13.33 + 1.53 ghij 8.33 + 0.58 Imnop
Plared 1543 £ 038 ¢ 11.9 + 0.36 ijk 48.87 + 0.72 ghij 50.43 + 0.21 defgh 81.2 +3.12 be 76.8 + 2.10 def 0.54 + 0.02 kI 0.61 + 0.02 fgh 28.07 £ 0.12 mno 3793+ 134a 23 +2.00 be 9.33 + 0.58 klmnop
Portolo 13.27 + 0.15 ef 16.9 + 0.10 ab 55.77 + 1.63 a 50.43 + 0.64 defgh 77.6 + 1.18 cdef 63.87 £ 0.95 klm | 0.68 + 0.01 bc 0.66 + 0.01 bede | 28.2 + 0.27 Imno 34.23 + 0.81 ef 15.67 + 2.52 fg 11.33 + 0.58 ijklm
Sabrina 11.93 + 1.04 ijk 15.87 £ 0.35 ¢ 50.7 + 1.25 cdefgh 44.5 +0.76 Im 76.4 + 3.41 defgh 572 +4.52n 0.57 + 0.01 ijk 0.51 £0.02 1 30.13 + 0.67 jk 36.53 + 0.91 be 21.33 £2.52 cd 13.67 + 0.58 ghij
San Andreas 12.27 + 0.45 ghij 17.57 £ 0.51 a 5547 +0.84 a 51.53 + 1.62 cdef 76.43 + 1.36 defgh | 71.97 + 1.16 hij 0.63 £ 0.01 def 0.56 + 0.04 jk 2653 +0.12 p 27 +0.30 op 14.67 + 1.53 fghi 11 + 1.73 jklmn
Sweet charlie 10.6 + 0.60 Im 13.77 £ 0.25 de 54.53 + 0.86 ab 52.37 + 1.23 bede 76.53 + 0.85 defg 61.73 £2.29 m 0.68 £ 0.01 b 0.56 + 0.01 jk 30.17 + 0.31 jk 35.27 + 0.45 de 17.33 + 1.16 ef 10.33 + 0.58 jklmno

Values followed by different lowercase letters within a column are significantly different at p< 0.05 (Duncan’s test).
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TABLE 2 Physiological traits of strawberry cultivars under PEG-induced drought stress and well-watered irrigation conditions in the second year.
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Values followed by different lowercase letters within a column are significantly different at p< 0.05 (Duncan’s test).
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3.2.4 Photosynthetic quantum yield

Photosystem II (PSII) efficiency significantly declined under
drought stress in most strawberry cultivars (P < 0.01). In the first
year, mean values decreased from 0.63 to 0.58 (a 7.9% reduction),
while in the second year they dropped from 0.74 to 0.65 (a 12.2%
decline). These results, presented in Table 1 and 2, confirm that
drought stress adversely affects PSII function across both growing
season .Such findings are consistent with previous studies reporting
that water deficit disrupts the electron transport chain in PSII,
leading to diminished photosynthetic performance. For instance,
Razavi et al. (2008) demonstrated that drought stress significantly
reduces the efficiency of energy capture by PSII in strawberry. This
physiological impairment is closely associated with reduced plant
growth and yield under water-limited conditions.

Among the tested cultivars, Brilliance maintained the highest
PSII efficiency under drought in the second year (0.75), with only a
2.6% reduction compared to the control. This suggests the presence
of effective photoprotective mechanisms and stable PSII
performance under stress, supporting its classification as a
drought-tolerant genotype. Arief et al. (2023) also emphasized the
value of chlorophyll fluorescence imaging as a non-invasive
and rapid tool for detecting early drought and heat stress
symptoms in strawberry, reinforcing the role of PSII-related
parameters as reliable physiological markers in screening for
stress-tolerant cultivars.

The stable photosynthetic efficiency observed in Brilliance
highlights its potential for use in breeding programs targeting
drought resilience and supports the application of fluorescence-
based phenotyping tools in cultivar selection.

3.2.5 Leaf dry matter content

Leaf dry matter content (LDMC) increased significantly in all
cultivars under drought stress during both experimental years (P<
0.001), reflecting a common adaptive response to water limitation. In
Year 1, LDMC rose from 29.4% to 34.0% (a 15.6% increase), and in Year
2 from 26.3% to 30.7% (a 16.7% increase). These data, summarized in
Table 1 (Year 1) and Table 2 (Year 2), indicate a shift in carbon
allocation toward structural compounds that enhance tissue rigidity and
help maintain physiological function under dehydration.

The observed increase in LDMC is commonly associated with
osmotic adjustment, as a higher proportion of dry matter relative to
fresh weight supports cell wall stability and turgor maintenance.
Odemis et al. (2020) emphasized the roles of osmotic regulation,
reduced transpiration, and smaller leaf area in enhancing drought
resilience in strawberries.

Among the tested cultivars, Plared exhibited the highest LDMC
increase in Year 1 (35.1%), while Festival ranked highest in Year 2
(30.1%), suggesting effective osmotic regulation and drought-
induced carbon partitioning. These changes may involve the
accumulation of compatible solutes such as proline and soluble
sugars, which protect cellular structures and sustain metabolic
activity under stress. This interpretation is consistent with the
findings of Save et al. (1993), who highlighted the importance of
osmotic and elastic adjustments in strawberry leaves under mild
water stress.
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Chlorophyll content (umol m™?) of strawberry cultivars under control and P

3.2.6 Leaf number

Leaf number decreased significantly under drought stress in all
cultivars across both years (P< 0.001), indicating a morphological
drought avoidance strategy aimed at reducing transpirational
surface area. In Year 1, the average number of leaves dropped
from 17.9 to 10.8 (a 39.7% reduction), and in Year 2, from 15.6 to
5.8 (a 62.8% reduction). These data are presented in Tables 1, 2,
which summarize cultivar-specific changes in leaf number under
both irrigation regimes.

This reduction likely reflects both decreased leaf initiation and
accelerated senescence. Odemis et al. (2020) reported similar
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FIGURE 2

Chlorophyll content (umol m™2) of strawberry cultivars under control
and PEG-induced drought stress in Year 2 (2024).

Frontiers in Plant Science

08

Attar et al. 10.3389/fpls.2025.1655320
Year 1
60
M 100%
B PEG
E
3 40
£
=
3
K=
[-3
g
= 20
o
0 T : I
2 LN RN LS PR LD L
S S S S
W &' (&40{\\ 2 <% ¢ o'b'\ 'b&Q‘o Qéo Q é’(,
S S % ¥
® )
Cultivar
FIGURE 1

EG-induced drought stress in Year 1 (2022).

findings, noting that increased drought severity reduces both leaf
number and leaf area in strawberries—traits associated with
reduced light interception and water use. The sharper decline
observed in Year 2 may suggest a shift in resource allocation
toward reproductive organs in physiologically more mature plants.

Nezhadahmadi et al. (2015) also observed significant reductions
in leaf number and area across strawberry cultivars under water
stress, with genotype-dependent variability. In our study,
Arnavutkoy exhibited the least reduction in Year 1 (22.9%),
indicating better vegetative maintenance under stress, while
Calderon showed the largest decline (59.1%), suggesting greater
sensitivity. Similarly, Ghaderi et al. (2015) found that cultivar-
specific responses to drought could be alleviated by exogenous
application of salicylic acid, which helped maintain leaf number
under water-limited conditions.

3.2.7 Carbohydrate accumulation dynamics

The analysis of carbohydrate content in strawberry leaves
revealed significant differences in drought response mechanisms
between the first and second years of cultivation. In the first year, all
cultivars exhibited a marked increase in total sugar content under
PEG-induced drought stress (Table 3). The most notable response
was observed in the Sweet Charlie cultivar, where total sugar
content rose from 3.48% under control conditions to 28.42%
under drought (an 8.2-fold increase). Similarly, Monterey and
Fronteras showed sharp increases, from 2.69% to 22.90% (8.5-
fold) and 13.58% to 25.43% (1.9-fold), respectively. This
pronounced carbohydrate accumulation reflects a classic osmotic
adjustment mechanism, whereby plants synthesize and store
compatible solutes to lower osmotic potential and maintain water
uptake during water deficit. These findings are consistent with those
of Zahedi et al. (2023), who reported enhanced soluble sugar
accumulation under drought stress in strawberry. According to
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FIGURE 3

Relative water content (RWC, %) of strawberry cultivars under control and PEG-induced drought stress in Year 1 (2022).

their study, this response plays a key role in maintaining cell turgor
and protecting cellular structures during dehydration.

As illustrated in Figure 5, not only did total sugar content
increase, but also the proportions of major sugars—glucose,
fructose, and sucrose—shifted significantly under drought stress
in Year 1. Glucose and fructose, in particular, exhibited the most
substantial increases, with maximum values reaching 10.51% and
11.03% in Sweet Charlie, respectively. The relative contribution of
each sugar varied by genotype, suggesting cultivar-specific
metabolic adjustments in response to water deficit.

In contrast, the carbohydrate accumulation pattern changed
considerably in the second year. As shown in Table 4, baseline sugar
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FIGURE 4

Relative water content (RWC, %) of strawberry cultivars under
control and PEG-induced drought stress in Year 2 (2024).

Frontiers in Plant Science

content in control plants was generally higher than in the first year
(ranging from 3.00% to 7.48%), while the drought-induced increases
were markedly reduced. For example, in San Andreas, total sugar
content rose only slightly from 6.29% to 6.79% under drought—a mere
7.9% increase—compared to the 6.9-fold rise in the first year (from
3.11% to 21.49%). A similar pattern was observed in Beauty, which
showed just a 2.2% increase in Year 2 (from 7.18% to 7.34%) versus a
3.9-fold increase in Year 1 (from 4.86% to 18.95%).

Figure 6 illustrates both total sugar content and individual sugar
components under control and PEG-induced drought in the second
year. Compared to Year 1, cultivars accumulated smaller amounts
of glucose and fructose, and in some cases, sucrose concentrations
remained nearly unchanged. This substantial shift in carbohydrate
dynamics suggests a transition in drought response strategy
between years. While the first-year responses are consistent with
classical osmotic adjustment, the second-year data indicate the
possible activation of alternative or complementary mechanisms,
such as enhanced antioxidant activity, altered hormonal signaling,
or improved membrane stability.

This interpretation is further supported by Ghaderi and
Siosemardeh (2011), who reported that both soluble
carbohydrates and proline contribute to osmotic adjustment in
strawberry under drought conditions. However, when sugar
accumulation is limited as observed in Year 2 other stress
mitigation pathways may take precedence. Moreover, Sun et al.
(2015) demonstrated that carbohydrate accumulation under
drought often accompanies broader metabolic changes, including
the activation of antioxidant enzymes that help protect against
oxidative stress.

The observed differences in sugar composition and accumulation
across years and cultivars highlight the dynamic and genotype-
dependent nature of drought response in strawberry and emphasize

09 frontiersin.org


https://doi.org/10.3389/fpls.2025.1655320
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

292UBIDS JUeld Ul SISIUO.I4

0T

640" UISISNUO.Y

TABLE 3 Biochemical traits of strawberry cultivars under drought stress (PEG) and well-watered conditions in the first year.

Dried leaf sucrose Dried leaf glucose Dried leaf fructose Dried leaf xylose Dried leaf total Antioxidant Free radical Dried leaf succinic
Cultivar content (%) content (%) content (%) content (%) sugar (%) activity (%) scavenging (%) acid content (%)
100% PEG 100% PEG PEG 100% PEG 100% 100% PEG 100% PEG

Ananas 191 + 4.04 + 5.65 7.71 £ 6.21 + 741 £ 0.31 + 0.36 = 14.08 + 19.51 + 75.68 £ 78.58 88.66 91.58 + 16.98 + 17.31 +

0.08 i 0.07 0.30 gh 0.04 cd 0.30 gh 0.04 e 0.07 gh 0.04 fg 0451 0.05 f 0.25 kl 0.06 e 0.14 ef 0.07 a 0.80 f 0.39 ef
Arnavutk 0.99 + 4.16 + 491 + 6.23 + 570 + 6.24 + 0.19 + 0.28 + 11.78 + 1691 + 75.58 76.47 + 87.28 + 91.55 + 5.61 + 9.98 +
t 0.02 ki 0.03 f 0.01 i 0.17 £ 0.01 jk 0.24 gh 0.011i 0.03 h 0.02 n 0.41]j 0.25 ki 0.38 hi 024 h 0.52 a 0.05 op 0.201

Beau 1.51 + 7.33 £ 1.63 + 5.74 = 1.53 + 5.46 + 0.18 + 042 + 4.86 + 18.95 + 87.39 9141 + 75.61 + 7792 + 10.59 + 15.04 +
ty 0.03 ij 0.01c 0.07 k 0.02 g 0.10 no 0.11 jkl 0.021 0.01 cde 0.15 p 0.09¢g 0.27 d 0.07 a 0.251 0.06 i 0.01 k 0.04 h

Brilliance 1.64 £ 3.45 + 4.37 + 6.86 = 452 + 692 + 0.28 + 0.31 + 10.80 + 17.53 + 15.79 + 18.55 +
0.011 0.02 gh 0.06 j 013 e 0.06 m 0.10 f 0.01 h 0.01 gh 0120 0231 040 g 0.01 d

Camarosa 1.53 £ 511 % 4.86 + 6.03 = 5.02 = 6.29 + 0.36 + 0.45 + 11.76 + 17.88 + 75.52 77.24 = 87.81 = 90.73 + 23.74 12.54 +
0.03 ij 1.08 e 0.02 i 0.47 fg 0.011 0.64 gh 0.02 fg 0.01 bed 0.07 n 0.31 hi 0.21 kl 019¢g 020g 0.19 be 0.25a 0.02 j

Eregi 0.78 + 8.20 + 1.52 + 8.54 + 1.63 + 8.36 = 0.09 + 0.29 + 3.53 = 2539 + 7.44 + 17.57 +

0.30 klm 0.19b 0.56 kl 0.01 b 0.60 n 0.13 b 0.02 jk 0.10 h 037r 0.05b 0.49 n 0.20 ef

Festival 1.06 + 531 + 1.53 + 6.15 + 1.40 + 6.13 + 0.17 + 0.35 417 + 17.94 + 88.36 + 90.70 + 76.06 + 77.21 £ 6.01 + 12.24 +
0.26 jk 0.03 e 0.39 kl 0.10 f 0.44 no 0.13 hi 0.051 0.05 fg 0.45 q 0.25h 0.04 ¢ 0.22 b 0.05 k 0.23j 0.60 o 0.53j

Fronteras 329+ 9.11 + 4.55 + 7.86 = 526+ 7.97 £ 0.48 + 0.49 + 13.58 + 2543 + 75.29 77.60 88.78 + 90.61 + 16.01 + 19.13 +

0.04 h 0.12 a 0.01 ij 0.13 cd 0.06 kl 0.14 be 0.03 b 0.05 b 0.06 m 0.10 b 0.191 0.18 fg 0.17 ef 0.18 ¢ 0.05¢g 0.09 cd

Merced 3.10 4.85 + 4.67 7.98 + 540 + 7.85 042 + 0.37 = 13.58 £ 21.04 = 76.39 75.75 = 88.88 = 88.64 + 20.07 1793 +
0.10 h 0.08 e 0.02 ij 0.10 ¢ 0.07 jkl 0.04 cd 0.00 cde 0.03 efg 0.18 m 0.16 e 0.06 hi 0.04 jk 0.11 de 0.17 ef 0.26 b 0.05e

Montere 0.38 + 6.16 + 0.84 + 8.01 = 1.36 £ 8.27 £ 0.04 + 047 2.69 + 2290 + 76.64 + 77.62 89.21 + 90.63 + 394 = 14.94 +
Y 0.08 m 0.05d 0.08 no 0.05 ¢ 0.29 no 0.07 be 0.02 kl 0.06 be 021t 0.13 ¢ 0.27 h 0.39 fg 0.27 d 039 ¢ 0251 0.12h

Plared 0.54 + 7.58 £ 0.73 = 5.85 + 0.84 + 575 0.07 + 0.37 + 217 + 19.54 + 74.62 78.82 = 87.19 + 91.83 + 529 + 19.36 +
0.01 klm 0.17 ¢ 0.02 0 0.06 fg 0.01 p 0.07 ij 0.01 jkl 0.02 efg 0.04 u 0.02 f 0.08 m 0.11e 0.08 h 0.11 a 0.11p 0.05 ¢

Portolo 0.48 + 3.87 = 1.16 + 7.03 = 1.29 + 6.65 + 0.05 + 0.35 = 299 + 17.90 = 75.81 77.78 = 88.38 = 90.78 + 4.63 + 1343 +
0.01 Im 0.08 fg 0.11 Imn 0.06 e 0.06 no 0.08 fg 0.00 jkl 0.01 fg 0.19 st 0.06 hi 0.05 jk 021f 0.05 f 0.21 be 0.33 q 0.20 i

Sabrina 0.65 + 3.80 = 0.88 + 533 + 1.07 £ 557 0.11 + 0.25 + 270 + 14.45 + 76.10 £ 77.64 + 88.59 + 91.10 + 8.68 + 9.87 +
0.01 klm 1.29 fg 0.11 no 0.70 h 0.13 op 0.74 jk 0.01j 0.03 h 023t 0.48 k 0.26 ij 0.05 fg 0.18 ef 0.08 b 1.07 m 0.07 1

San 0.74 + 6.06 + 1.10 + 7.55 1.26 + 7.48 + 0.02 + 0.40 = 3.11 + 21.49 + 74.78 78.72 = 87.35 91.73 551 + 16.17 +
Andreas 0.06 klm 0.03d 0.01 mno 0.18d 0.05 nop 0.12 de 0.00 1 0.02 def 0.01s 0.29d 0.06 m 0.64 e 0.06 h 0.63 a 0.51 op 015g

Sweet 0.60 + 6.28 = 1.29 + 10.51 + 1.55 + 11.03 = 0.05 + 0.61 348 + 2842 + 75.56 + 78.47 + 87.86 91.96 + 7.86 17.37

charlie 0.06 klm 0.12d 0.09 klm 0.02 a 0.01 n 0.04 a 0.01 jkl 0.05a 0.04 r 0.11 a 0.08 kl 03le 0.09 g 031 a 0.26 n 0.25 ef

Values followed by different lowercase letters within a column are significantly different at p< 0.05 (Duncan’s test).
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FIGURE 5

Sugar composition (sucrose, glucose, fructose, xylose) and total sugar content in leaf tissues of 15 strawberry cultivars under control (N) and PEG-

induced drought stress in Year 1 (2022).

the importance of multi-year evaluations for the reliable identification
of drought-tolerant genotypes.

3.2.8 Antioxidant capacity and free radical
scavenging capacity

Drought stress consistently enhanced antioxidant activity
across most strawberry cultivars, indicating the activation of both
enzymatic and non-enzymatic defense systems against oxidative
damage. In the first year, cultivar responses to PEG treatment varied
considerably: Merced showed minimal change (from 76.39% under
control to 75.75% under stress), whereas Beauty and Plared
exhibited notable increases (from 87.39% to 91.41% and 74.62%
to 78.82%, respectively), as presented in Table 3. In the second year,
all seven tested cultivars showed elevated antioxidant levels under
PEG-induced drought, with Festival demonstrating the highest
activity (90.48%), closely followed by Sabrina (90.87%) and
Beauty (90.37%) (Table 4). These findings indicate robust and
stable antioxidant defense systems in these genotypes.

Strawberry plants under drought stress are known to upregulate
both enzymatic antioxidants—such as superoxide dismutase (SOD),
catalase (CAT), and peroxidases (POD)—and non-enzymatic
compounds like flavonoids and polyphenols. These systems
function synergistically to scavenge reactive oxygen species
(ROS), thereby protecting lipids, proteins, and DNA from
oxidative damage (Zahedi et al., 2020, 2023; Mishra et al., 2023).

The genotypic differences observed in our study highlight the
varying capacities of cultivars to activate such protective mechanisms
under water-deficit conditions, underscoring the importance of
antioxidant-based screening in drought tolerance evaluation.
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3.2.8.1 Free radical scavenging capacity

Free radical scavenging activity also followed a consistent pattern of
enhancement under drought stress across both years, underscoring its
critical role in reactive oxygen species (ROS) detoxification. In the first
year, all measured cultivars exhibited increased scavenging capacity
under PEG treatment. The most substantial increases were observed in
San Andreas (from 87.35% to 91.73%), Arnavutkéy (87.28% to
91.55%), and Sweet Charlie (87.86% to 91.96%), as detailed in
Table 3. Festival showed the lowest increase in scavenging capacity
(from 88.14% to 89.29%), yet still exhibited a positive trend.

Second-year results were consistent, with elevated scavenging
activity across all cultivars. Festival again recorded the highest value
(83.81%), with Sabrina (84.20%) and Beauty (83.70%) showing
similarly strong performance, as shown in Table 4. These findings
suggest that efficient ROS scavenging is a reliable and widespread
mechanism of drought tolerance in strawberry.

Previous studies have demonstrated that polyphenols and
flavonoids accumulate under drought conditions and contribute
to ROS neutralization and membrane stabilization (Nakabayashi
et al, 2014; Rahimi et al., 2021). Our results support this concept:
cultivars with stronger scavenging responses—such as San Andreas,
Sweet Charlie, and Arnavutkoy—may possess inherent biochemical
traits associated with improved drought resilience.

3.3 Correlation analysis

Pearson’s correlation analysis was performed for strawberry
cultivars evaluated under both well-watered (control) and PEG-
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FIGURE 6

Sugar composition (sucrose, glucose, fructose, xylose) and total sugar content in leaf tissues of seven strawberry cultivars under control (N) and

PEG-induced drought stress in Year 2 (2024).

plasticity may help strawberry cultivars better withstand prolonged
drought stress by reinforcing osmotic balance and mitigating both
thermal and oxidative damage. The persistent high correlations
among sugars reaffirm their central role in drought resilience and
suggest that enhancing carbohydrate metabolism could be a
promising target in strawberry breeding programs for improved
drought tolerance.

These correlation patterns provide valuable insight into the
complex physiological and biochemical coordination underlying
strawberry responses to water deficit. The interdependence of
osmolyte accumulation, photosynthetic performance, and
antioxidant defense mechanisms reflects an integrated response
network that dynamically adjusts to sustain plant function under
drought stress.

3.4 Principal component analysis

Principal component analysis (PCA) of the first-year data (Figure 9)
effectively discriminated strawberry cultivars based on their drought stress
responses, with PC1 and PC2 explaining 67.6% of total variance (PCI:
55.7%, PC2: 11.9%). The biplot demonstrated clear separation between
normal and drought-stressed treatments, with cultivars showing systematic
displacement from the left quadrants (normal conditions) to the right
quadrants (drought stress), indicating comprehensive physiological
reorganization under water deficit.

PC1 was dominated by sugar metabolism components
including total sugar, sucrose, glucose, fructose, and xylose, all
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loading positively on this axis. This pattern establishes
carbohydrate accumulation as the primary discriminating factor
in drought responses, reflecting the critical role of osmotic
adjustment in stress tolerance. Cultivars such as Monterey,
Camarosa, and Beauty exhibited substantial positive displacement
under drought stress, indicating pronounced metabolic
adjustments, while Sweet Charlie, San Andreas, and Portolo
maintained more conservative positions. This aligns with findings
by Zahedi et al. (2023), who reported that sugars serve as
osmoprotectants stabilizing cellular structures and maintaining
turgor in strawberry under drought conditions. The variation
among cultivars suggests genetic diversity in drought adaptation
strategies, consistent with Unal and Okatan (2023).

PC2 was characterized by photosynthetic parameters including
chlorophyll content, leaf number, relative water content, and
quantum yield, representing plant vigor and photosynthetic
capacity. The negative association of succinic acid with these
variables revealed an inverse relationship between organic acid
accumulation and photosynthetic performance under stress
conditions. This suggests that succinic acid accumulation may act
as a metabolic adjustment or stress signal when photosynthesis is
impaired, supporting Kilic (2023), who highlighted the role of
succinic acid in modulating antioxidant activities and osmotic
balance under drought. Antioxidant parameters loaded
moderately on both components, confirming their fundamental
but intermediate role in the stress response network.

The second-year PCA analysis (Figure 10) of seven cultivars
achieved enhanced treatment discrimination, with PC1 and PC2
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FIGURE 7

Correlation matrix of physiological, biochemical strawberry cultivars under drought (top) and control (bottom) conditions in Year 1 (2022).

explaining 58.0% of variance (PCl: 39.3%, PC2: 18.7%). The
reduced cultivar number improved resolution of genotype-specific
responses while maintaining clear separation between normal (blue
clusters, left quadrants) and drought-stressed (yellow clusters, right
side) treatments. PCl remained dominated by carbohydrate
metabolism variables, reinforcing sugar accumulation as a
consistent drought tolerance mechanism. However, temporal
variation in the importance of individual sugar components
suggests environmental or developmental influences on metabolic
responses, as noted by Mishra et al. (2023).

PC2 was characterized by succinic acid, showing the strongest
positive loading, with antioxidant parameters contributing
significantly. This indicates coordinated responses involving
organic acid metabolism and antioxidant systems. Cultivar
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positioning revealed distinct drought tolerance phenotypes:
Festival demonstrated stable responses, Arnavutkoy and Brilliance
balanced adaptation strategies, while Sabrina and San Andreas
showed strong metabolic reorganization capacity under drought.
The integration of leaf temperature and dry matter vectors in the
biplot further highlighted morphophysiological adjustments
complementing biochemical adaptations, reflecting the
multifaceted nature of drought tolerance.

Cross-year comparison revealed consistent dominance of
carbohydrate metabolism, validating sugar accumulation as a
universal drought tolerance mechanism in strawberry. However,
altered relative contributions of specific metabolites indicate that
stress responses are modulated by environmental conditions,
developmental stage, or genotype background. The enhanced
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FIGURE 8

Correlation matrix of physiological, biochemical, in strawberry cultivars under drought (top) and control (bottom) conditions in Year 2 (2024).

treatment discrimination in the second year suggests that the
selected cultivars represent distinct response phenotypes, offering
clearer insight into tolerance mechanisms. The consistent
positioning of antioxidant parameters across both years confirms
their reliability as biochemical markers for drought stress
evaluation, as supported by Simsek (2024).

Overall, this PCA-based multidimensional analysis
(Figures 9, 10) captures coordinated adjustments across
carbohydrate metabolism, photosynthetic capacity, organic acid
accumulation, and antioxidant activity. It provides a
comprehensive framework for identifying drought-tolerant
strawberry genotypes and informs breeding strategies aimed at
improving resilience amid increasing water scarcity.
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3.5 Hierarchical cluster analysis

Hierarchical cluster analysis of strawberry cultivars under PEG-
induced drought stress revealed clear and consistent patterns across
both experimental years. In Figure 11 (Year 1) and Figure 12 (Year
2), PEG-treated samples formed distinct clusters separated from
control treatments. This clear treatment-based segregation reflects
substantial and coordinated physiological and biochemical changes
caused by drought stress and confirms the effectiveness of PEG as a
reliable method for simulating water deficit conditions (Zahedi
et al., 2023; Odemis et al., 2020).

In addition to treatment, separation, the analysis highlighted
marked genetic differences in drought response strategies. Cultivars
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PCA biplot of strawberry cultivars based on physiological and biochemical traits under control (100% field capacity) and PEG-induced drought in

2022.

such as Sabrina, Festival, Beauty, Calderon, and Camarosa clustered
separately under stress, suggesting distinct adaptive mechanisms. In
contrast, Arnavutkdy appeared in an intermediate position between
clusters, possibly reflecting a moderate or mixed response. These
clustering patterns are consistent with previous studies that report
wide variation among strawberry genotypes in traits related to
drought tolerance, such as sugar accumulation and photosynthetic
performance (Ghaderi and Siosemardeh, 2011; Sun et al.,, 2015).
The heatmap color gradients in Figures 11, 12 clearly illustrate the
regulation patterns of sugar components and chlorophyll. Traits such
as total sugar, glucose, and fructose showed warm colors (red to
orange) under PEG treatment in many cultivars, especially in Year 1,
indicating strong upregulation likely as part of osmotic adjustment
mechanisms. In contrast, chlorophyll content in some stressed cultivars
displayed cooler tones (blue to light green), suggesting possible
reductions and corresponding impacts on photosynthetic efficiency.
Interestingly, cultivars assessed in both years—such as Sweet
Charlie and San Andreas—exhibited consistent clustering behavior,
confirming that their responses were predominantly genotype-
driven rather than environmentally dependent. Dendrogram
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branch lengths further reflected the intensity of stress responses:
some cultivars shifted dramatically from their controls, indicating
strong metabolic reprogramming, while others showed closer
proximity to controls, suggesting milder responses (Ghaderi and
Siosemardeh, 2011).

The clustering of sugar-related biochemical traits indicates that
drought tolerance in strawberry is the result of coordinated
metabolic adjustments, rather than isolated changes in individual
traits. The simultaneous modulation of key carbohydrate markers—
especially evident in Year 1—reflects a systematic physiological
adaptation to drought stress, as also highlighted in recent
metabolomic studies on perennial crops (Gao et al., 2024).

4 Conclusion

This study presents a comprehensive physiological and
biochemical assessment of drought stress responses in a diverse set
of Fragaria x ananassa cultivars under controlled PEG-induced water
deficit conditions. Across two growing seasons, drought stress
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PCA biplot of strawberry cultivars based on physiological and biochemical traits under control (100% field capacity) and PEG-induced drought stress

in 2024.

consistently impaired critical physiological functions, including
photosynthetic efficiency, relative water content, and chlorophyll
stability, while enhancing osmotic adjustment and antioxidant
activity. The observed genotypic variation underscores the complex
interplay between stress-induced damage and adaptive resilience
mechanisms in strawberry. Sugar accumulation, particularly of
glucose and fructose, emerged as a key drought tolerance strategy
in the first year, reflecting strong osmotic adjustment. However, in
the second year, this pattern shifted toward more subtle carbohydrate
responses, suggesting either acclimation or a transition to alternative
metabolic strategies such as enhanced ROS scavenging or membrane
stabilization. Cultivars such as Sweet Charlie, Brilliance, San Andreas,
and the local genotype Arnavutkdy demonstrated robust biochemical
and physiological resilience, evidenced by high antioxidant capacity,
stable Fv/Fm ratios, and relatively maintained water content under
drought conditions. The multivariate analyses (PCA and hierarchical
clustering) further confirmed the genotypic specificity of drought
responses and clearly delineated tolerant cultivars based on integrated
trait performance. Notably, Brilliance maintained high
photosynthetic quantum yield and RWC, while Festival and Beauty
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exhibited strong and stable antioxidant responses, marking them as
promising candidates for drought-resilient breeding. In contrast,
cultivars like Calderon and Plared exhibited more sensitive
physiological profiles, indicating lower drought adaptability.
Overall, the identification of cultivar-specific drought response
patterns provides valuable insights for breeding programs aiming
to enhance strawberry resilience under increasing water scarcity.
Traits such as sugar partitioning, antioxidant potential, and
photosystem II stability emerge as reliable markers for screening
and selecting tolerant genotypes.

In addition to physiological and biochemical traits, future
studies should also assess fruit yield and quality traits—such as
fruit number, weight, Brix, and antioxidant content—to better
reflect cultivar performance under drought. Integrating these with
physiological responses can help identify reliable markers for
breeding. While this study provides valuable insights, its
limitations include the lack of a third year and environmental
differences between the two seasons. Therefore, multi-year trials
under both controlled and field conditions are recommended to
ensure more robust and generalizable conclusions.

frontiersin.org


https://doi.org/10.3389/fpls.2025.1655320
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Attar et al. 10.3389/fpls.2025.1655320

Comparison of Strawberry Cultivars under Normal and Drought (PEG) Conditions
(Cultivars in Rows)

Sabrina_PEG Treatment

[ Festival_PEG B Normal

Il 5eauty_PEG 2 Bl Pec
Calderon_PEG

Camarosa_PEG 1
Sweet charlie_PEG
Monterey_PEG 0
San Andreas_PEG
Fronteras_PEG
Ananas_PEG -1
Merced_PEG

Portolo_PEG -2
Brilliance PEG

Plared_PEG

Beauty_Normal

Il Festival_Normal
Plared_Normal
Sabrina_Normal
Camarosa_Normal
Monterey_Normal

Sweet charlie_Normal

San Andreas_Normal
Portolo_Normal
Arnavutkéy_Normal
Arnavutkéy_PEG
Calderon_Normal
Merced_Normal
Briliance_Normal
Ananas_Normal
Fronteras_Normal

FIGURE 11
Clustered heatmap of 15 strawberry cultivars under control and PEG-induced drought stress conditions in Year 1 (2022).

=’3’=_‘

Eregli_Normal o Treatment

[T  restival_Normal . Normal

- Beauty_Normal PEG
-- - San Andreas_Normal 1 .

Sabrina_Normal
Brilliance_Normal 0
| ] Festival_PEG
| ] I savrina_PEG
B | san Andreas_PEG -1
-.-=--- Eregli_PEG

. Arnavutky_Normal

N

siiln T
EN EEN
m
m

Arnavutkéy_PEG -2

||
N I Briliance PEG
L[ [ | Beauty_PEG
Q2 o8

hq L1 I

N O O SO o L O
S P F 20O F R
S O&OQ%O&‘\O\&O%‘)Q‘?& S A
S & TRSeLT N Tl
KE &N T FR
i~ %

FIGURE 12
Clustered heatmap of 7 strawberry cultivars under control and PEG-induced drought stress conditions in Year 2 (2024).
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