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A B S T R A C T

Ultraviolet-B radiation is a major abiotic stress factor that can impair pollen performance and limit plant 
reproductive success. It primarily targets the architecture of pollen tube cell walls and induces cultivar-specific 
sensitivity patterns. However, the way in which these structural effects are coordinated with biochemical and 
molecular responses remains unclear. We examined the responses of pollen grains from three Italian olive cul
tivars to ultraviolet-B radiation by integrating analyses of reactive oxygen species dynamics, antioxidant capacity 
and stress-related proteins. Different tolerance strategies were observed among the cultivars. The ‘Leccino’ 
cultivar maintained a redox balance through enhanced antioxidant capacity but showed alterations in cyto
skeletal and membrane-associated proteins that were likely to affect turgor and pollen tube growth. The ‘Oli
vastra Seggianese’ cultivar exhibited a coordinated tolerance strategy involving stable regulation of reactive 
oxygen species, high levels of polyphenols, sustained induction of heat shock protein 70, and preserved aqua
porin and actin, which support tube elongation. By contrast, the ‘Pendolino' cultivar exhibited increased levels of 
reactive oxygen species and significant variability in metabolic and structural parameters, suggesting poor 
integration of stress responses. Taken together with previous cell wall analyses, these findings show that the 
ability of olive pollen to tolerate ultraviolet-B radiation depends on the cultivar and is not solely due to indi
vidual defensive components, but rather to the coordinated regulation of biochemical, molecular and structural 
mechanisms.

1. Introduction

Solar ultraviolet-B (UV-B) radiation is a major environmental stress 
factor that affects plant growth, development, and reproduction by 
inducing DNA damage, protein denaturation, lipid peroxidation, and 
oxidative stress (Shahzaidi et al., 2025; Mahdavian, 2024). These effects 
compromise membrane integrity and cellular homeostasis, ultimately 
reducing plant fitness. While most research has focused on vegetative 
tissues, the impact of UV-B on generative structures has received far less 
attention (Zhang et al., 2020; Çetinbaş-Genç et al., 2024). Among these 
structures, pollen grains are particularly sensitive to UV-B due to their 
short lifespan, high metabolic activity, and direct exposure to environ
mental conditions (Kravets et al., 2023).

For species of high economic importance, such as the olive tree (Olea 
europaea L.), which naturally grow under intense solar (UV-B) radiation, 

pollen performance and response to abiotic stresses is critical for 
reproductive success and fruit yield (Khaerani et al., 2025). UV-B 
exposure has been shown to impair pollen viability, germination, and 
pollen tube elongation in many plant species (Cun et al., 2024; Khaerani 
et al., 2025). These parameters (viability, germination rate, and tube 
growth) are widely recognized as consistent indicators of pollen 
response to abiotic stress (Zhao et al., 2025; Chebli and Geitmann, 
2007). Of the many stress targets in the pollen tube, the cell wall is one 
of the most important, as it contributes to defining the cell shape, and 
therefore the pollen tube function (Hepler et al., 2013). Previous studies 
have also highlighted the importance of the pollen tube cell wall as a 
primary target of environmental stresses, including UV-B (Wang et al., 
2016; Parrotta et al., 2016; Cascallares et al., 2020; Çetinbaş-Genç et al., 
2024).

In a recent study, we analyzed four Italian olive cultivars ('Frantoio', 
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‘Leccino', ‘Olivastra Seggianese', and ‘Pendolino') to assess the effects of 
UV-B radiation on pollen grains and tubes. We evaluated pollen 
viability, germination rate, pollen tube length, and the distribution of 
cell wall components; we found that the pollen tube cell wall likely 
represents the primary target or defense mechanism against UV-B stress 
(Çetinbaş-Genç et al., 2024). In addition, the manuscript demonstrated 
that each cultivar's pollen exhibited a distinct sensitivity profile to UV-B 
radiation. These responses were dependent on both intensity and 
duration of exposure; frequent exposure typically reduced viability and 
growth, whereas prolonged, low-intensity exposure yields variable ef
fects. Analyses of pollen cell walls revealed alterations in the distribu
tion of pectins, cellulose, callose, CalS, and AGP, accompanied by 
swelling and loss of polarity. Cultivar sensitivity differed significantly: 
‘Frantoio’ and ‘Leccino’ exhibited greater sensitivity to high intensities, 
‘Pendolino’ was susceptible to prolonged low intensities, and ‘Olivastra 
Seggianese’ demonstrated intermediate tolerance. These results sug
gested that pollen resilience to UV-B is related to the preservation of 
apical growth and cell wall integrity. However, it remains unclear 
whether the cell wall is the sole (direct or indirect) compartment 
affected or whether UV-B triggers broader biochemical changes. UV-B is 
known to induce excessive reactive oxygen species (ROS) production 
(Cun et al., 2024), which can compromise membrane structure and cell 
wall integrity (Khaerani et al., 2025; Sharma et al., 2017). As the pollen 
tube is a highly polarized and dynamic structure whose growth depends 
on a balance between ROS signaling and antioxidant defenses, enzy
matic antioxidants such as superoxide dismutase (SOD) and catalase 
(CAT) play a central role in maintaining redox homeostasis during tip 
growth. The concerted regulation of SOD and CAT, in addition to total 
phenolic and flavonoid compounds, is essential for maintaining the 
redox homeostasis necessary for polarized pollen tube growth (Fujita 
and Hasanuzzaman, 2022; Martin et al., 2022). SOD converts superoxide 
radicals primarily produced by plasma membrane NADPH oxidases 
(RBOHs) into H2O2 (Martin et al., 2022; Potocký et al., 2007). The 
localized accumulation of H2O2 is essential for sustaining elongation and 
correlates with the rapid influx of calcium that drives tip growth (Kaya 
et al., 2014). CAT is mainly found in peroxisomes and breaks down H2O2 
to prevent excessive accumulation (Podolyan et al., 2021), which could 
lead to depolymerized (balloon-like) growth (Podolyan et al., 2021). 
This is demonstrated by evidence that up-regulation of SOD significantly 
improves pollen germination and viability (Podobedova et al., 2025). 
Precise spatial regulation of these enzymes is therefore essential for 
pollen tube growth (Xie et al., 2022).

Beyond antioxidant enzymes, reproductive plant tissues also rely on 
non-enzymatic antioxidants, such as flavonoids and polyphenols (Xie 
et al., 2022). Flavonoids act as antioxidants against UV-B radiation and 
regulate cellular signaling (Shi and Liu, 2021; Ulm and Jenkins, 2015); 
flavonols are a key subgroup that is required for male fertility in several 
plant species (Muhlemann et al., 2018). Pollen mutants that are defi
cient in flavonol synthesis have higher levels of ROS and are more 
sensitive to heat stress (Muhlemann et al., 2018). Other non-enzymatic 
defenses include polyamines such as spermidine, which regulate the 
redox status and boost the activity of antioxidant enzymes (Xie et al., 
2022; Podolyan et al., 2021).

Other proteins also contribute to stress adaptation in pollen tubes. 
HSPs, particularly HSP70, prevent protein denaturation and facilitate 
protein refolding under abiotic stress conditions (Ren et al., 2019; 
Mukhopadhyay et al., 2024). They are widely used to monitor stress 
responses in plant cells, including pollen (Pan et al., 2024). Exposure to 
UV-B radiation has been shown to alter HSP70 levels in pollen tubes (Del 
Casino et al., 2024). HSP70 is also associated with a pollen tube kinesin 
(Parrotta et al., 2013) suggesting that changes in its activity could affect 
the slow movement of organelles and vesicles along microtubules. 
Cytoskeletal components, including actin filaments and microtubules, 
are highly responsive to UV-B (Du et al., 2021; Krasylenko et al., 2013). 
UV-B radiation causes microtubules to reorganize rapidly, resulting in 
randomization and fragmentation, and widespread depolymerization 

(Krasylenko et al., 2012, 2013). Exposure to UV-B radiation triggers the 
aggregation of actin filaments, resulting in gathering of actin filaments 
into bundles (Du et al., 2021; Chen and Han, 2016). This altered actin 
distribution is associated with a localized burst of ROS (Du et al., 2021). 
In addition, actin filaments orchestrate a rapid nuclear avoidance 
movement (Iwabuchi et al., 2016; Du et al., 2021). Moreover, UV-B 
stress can also result in changes to the cytosolic levels of actin and 
tubulin (Del Casino et al., 2024). Among the actin filament-associated 
proteins, sucrose synthase (SuSy) is a key enzyme in plant metabolism 
that also provides carbon substrates (UDP-glucose) for the synthesis of 
cellulose and callose (Lei et al., 2012; Salnikov et al., 2001; Winter et al., 
1998). SuSy can also store sucrose energy as UDP-glucose, which is 
useful in stressful situations. The dual role of SuSy depends on its 
localization: either in the cytosol or associated with the cell membrane. 
The latter depends on SuSy interaction with actin filaments (Persia et al., 
2008). While the impact of UV-B radiation on SuSy levels remains un
clear, it is known that UV stress affects the periodicity of callose plug 
deposition, potentially impacting turgor pressure (Del Casino et al., 
2024). The maintenance of turgor pressure in the pollen tube also de
pends on the influx of water, which is facilitated by specific proteins, 
such as aquaporins (AQPs) (Sommer et al., 2008; Perez Di Giorgio et al., 
2017). SIP2; 1 is an ER-localized AQP involved in pollen germination 
and pollen tube elongation in Arabidopsis thaliana. Mutants lacking SIP2; 
1 exhibited a reduction in pollen germination rates and pollen tube 
lengths, affecting fertility and reducing seed number in mutant siliques. 
NIP4; 1 and NIP4; 2 are two pollen-specific AQPs; expression of NIP4; 2 
peaks during pollen tube growth and is correlated with enhanced water 
transport. Reduced germination rates in NIP4 mutants underscore the 
importance of AQPs in pollen tube emergence and elongation.

Despite the recognized roles of these molecular actors in stress re
sponses, their combined contribution to UV-B tolerance in pollen re
mains poorly understood. UV-B-induced changes at the cell wall level 
(Çetinbaş-Genç et al., 2024) appear just as one consequence of UV-B 
exposure, suggesting that additional tolerance mechanisms are pre
sent. Given that previous studies have shown that stress tolerance varies 
not only among species but also among cultivars (Tan et al., 2023; 
Piccini et al., 2021; Zeng et al., 2024), we hypothesized that studying 
cultivar-specific responses would clarify the different biochemical stra
tegies. Therefore, our aim is to identify tolerance mechanisms and 
establish links between biochemical responses and cell wall alterations 
that have been observed previously. To this end, we also employed a 
heatmap approach to visualize correlations among molecular indicators 
and reveal cultivar-specific patterns. This allows us to move beyond 
isolated parameter analysis towards a comprehensive understanding of 
pollen adaptation to UV-B stress.

2. Materials and methods

2.1. Pollen material

Pollen grains of three Italian olive cultivars (Olea europaea L.; ‘Lec
cino', ‘Olivastra Seggianese', and ‘Pendolino') were collected in May 
2025 from rainfed, non-fertilized olive trees older than 10 years growing 
naturally at the Follonica site (Grosseto, Tuscany, Italy) of the National 
Research Council of Italy, Institute of BioEconomy. For each cultivar, 
pollen collected during a single sampling period was pooled and used for 
all subsequent analyses. The cultivar ‘Frantoio', included in the previous 
study (Çetinbaş-Genç et al., 2024), was not analyzed here due to un
availability of fresh pollen during the sampling period. After collection, 
pollen samples were dehydrated for 24 h in a silica-gel desiccator at 
room temperature and stored at − 20 ◦C until use. Prior to experiments, 
samples were equilibrated for 30 min at 4 ◦C and then rehydrated 
overnight at room temperature.
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2.2. UV-B exposure and in vitro germination of pollen grains

UV-B radiation was provided by a TL20W/12 lamp (Philips, Milan, 
Italy), which emits radiation in the ‘B’ bandwidth of the UV spectrum 
(290 to 315 nm) and has been widely described in the literature (Allen 
Brady and Halloran, 1997). Based on the cultivar-specific response index 
established in our previous study (Çetinbaş-Genç et al., 2024), the UV-B 
treatment groups used in the present work were selected to represent the 
most and least stressful conditions for each cultivar. UV-B treatments 
were applied by adjusting both the distance between the lamp and the 
samples and the exposure duration. The same experimental setup was 
used as in our previous study (Çetinbaş-Genç et al., 2024). The radiation 
output of the UV-B lamp was verified using an 840 Power Meter 
equipped with an 818-UV sensor (Newport Optical, Irvine, CA, USA). 
Specifically, samples placed at 10 cm from the lamp were exposed to an 
irradiance of 7 W/m2 (considered acute stress), while samples at 40 cm 
received 2 W/m2 (a value very similar to the natural irradiance on a 
sunny summer's day in a mid-latitude region) (Kasthurirengan et al., 
2025). The same UV-B lamp, experimental setup and exposure geometry 
were consistently used throughout all experiments, enabling reliable 
relative comparisons between treatments. The cumulative stress 
response index classification was defined by integrating pollen viability, 
germination rate, and pollen tube elongation responses under varying 
UV-B intensities and exposure durations. Accordingly, for Leccino and 
Olivastra Seggianese, the 10 cm/2 h exposure corresponded to the 
high-stress condition, while 40 cm/2 h (Leccino) and 40 cm/1 h (Oli
vastra Seggianese) represented the low-stress condition. In Pendolino, 
10 cm/3 h and 40 cm/1 h were chosen as high- and low-stress condi
tions, respectively. Rehydrated pollen grains of each cultivar were 
exposed to UV-B radiation under the conditions described above and 
thoroughly described in Çetinbaş-Genç et al. (2024). Pollen grains from 
the control groups were not subjected to UV-B exposure. Afterwards, 
pollen grains were germinated for 4 h in Brewbaker & Kwack medium 
containing 8% sucrose (Brewbaker and Kwack, 1963).

2.3. Determination of ROS distribution

To investigate the effects of UV-B radiation on the distribution of 
ROS in pollen tubes, samples were incubated with 10 μM 5-(and 6-) 
chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) 
and subsequently visualized under fluorescence excitation/emission at 
530-540 nm (Serrazina et al., 2014). At least three independent prepa
rations were analyzed for each treatment condition. Due to rapid signal 
decay, images were acquired within 5 min under identical settings and 
focal conditions. Pseudo color imaging was applied to enhance the 
visualization of differential ROS concentrations along the pollen tubes. 
Integrated density (I.D.) was quantified in 30 pollen tubes per treatment 
along the growth axis (tip to 100 μm) using the ImageJ “Segmented 
Line” tool with a line width sufficient to cover the pollen tube diameter. 
After fluorescence profiles were obtained, curve similarities among 
treatments were evaluated, and R2 values were calculated in RStudio 
using Pearson correlation analysis to quantify the correspondence be
tween their ROS distribution patterns. Since the comparison was con
ducted with reference to the control group, the R2 value of the control 
group was defined as 1, while the R2 values of the treatment groups 
ranged from 0 to 1. A high R2 value indicated a strong correspondence 
between the curves, whereas a low R2 value reflected greater divergence 
among them.

2.4. Determination of antioxidant capacity, total polyphenols and 
flavonoids

To evaluate the effects of UV-B radiation on the antioxidant capacity 
and the total polyphenol and flavonoid contents, pollen tubes were 
extracted in 70% acetone. A single extract was prepared for each 
treatment condition, and all spectrophotometric measurements were 

performed in triplicate. The total antioxidant capacity was determined 
using the ferric reducing antioxidant power (FRAP) method (Benzie and 
Strain, 1996). For each measurement, 204 μL of 300 mM acetate buffer 
(pH 3.6), 20 μL of 10 mM TPTZ solution (2,4,6-tripyridyl-s-triazine), 20 
μL of 20 mM FeCl3, and 2 μL of extract (dH2O for the blank) were mixed. 
The reaction mixture was incubated at 37 ◦C for 1 h, and absorbance was 
recorded at 593 nm using a microplate reader. Results were calculated 
against a ferrous sulfate calibration curve and expressed as mmol Fe2+

equivalents per 100 g of pollen.
Total polyphenol content was determined using the Folin–Ciocâlteu 

colorimetric method (Singleton and Rossi, 1965). The reaction mixture 
was prepared by adding 25 μL of extract (dH2O for the blank), 197.5 μL 
of distilled water, 12.5 μL of Folin–Ciocâlteu reagent, and 37.5 μL of 
saturated sodium carbonate (Na2CO3) solution. The mixtures were 
incubated at 37 ◦C for 30 min, and absorbance was measured at 795 nm 
using a microplate reader. Total polyphenol concentration was calcu
lated from a gallic acid standard curve and expressed as mg gallic acid 
equivalents (GAE) per 100 g of pollen.

Total flavonoid content was determined using the aluminum chlo
ride colorimetric method (Smirnova and Pervykh, 1998). The reaction 
mixture was prepared by adding 25 μL of extract (dH2O for the blank), 
75 μL of 95% ethanol, 5 μL of 10% aluminum chloride, 5 μL of 9.8% 
potassium acetate, and 140 μL of distilled water. The mixtures were 
incubated at room temperature for 1 h, and absorbance was measured at 
415 nm using a microplate reader. Total flavonoid concentration was 
calculated from a quercetin standard curve and expressed as mg quer
cetin equivalents (QE) per 100 g of pollen.

2.5. Analysis of stress-related proteins

To examine the effects of UV-B radiation on stress-related protein 
levels in pollen tubes, we performed a differential extraction procedure. 
Samples were homogenized in HEM buffer containing 1 mM DTT (50 
mM HEPES, pH 7.5; 2 mM EGTA; 2 mM MgCl2). The homogenate was 
centrifuged at 16,000×g for 1 h at 4 ◦C. The resulting supernatant and 
pellet were used as the cytosolic and membrane fractions, respectively. 
The cytosolic and membrane protein fractions were treated as inde
pendent extracts for subsequent analysis. Each fraction was mixed with 
Laemmli sample buffer (20% glycerol, 2% SDS, 0.032% bromophenol 
blue, 2% β-mercaptoethanol, 0.25 M Tris-HCl, pH 6.8), incubated at 
90 ◦C for 5 min, and centrifuged at 16,000×g for 2 min. Supernatants 
were used as the protein sources for subsequent analyses (Del Casino 
et al., 2024).

Stress-related proteins were analyzed by one-dimensional SDS-PAGE 
and immunoblotting. The TGX Stain-Free FastCast Acrylamide Kit (Bio- 
Rad) was used for gel preparation according to the manufacturer's in
structions. Gels containing 10% acrylamide were used for CAT, HSP70, 
tubulin, actin, and SuSy, while 12% gels were used for AQPs and SOD. 
Electrophoresis was carried out at 200 V for 35-45 min using a 10-250- 
kDa protein marker and XT MOPS (Bio-Rad Laboratories, Hercules, CA, 
USA) as the running buffer. Proteins were transferred onto nitrocellulose 
membranes using a Trans-Blot system (2.5 A, 25 V, 7 min). After 
blocking in EveryBlot Blocking Buffer (Bio-Rad), membranes were 
incubated for 1 h with the following primary antibodies: anti-16-kDa 
Cu/Zn SOD (1:1500, AS184243 Agrisera) (Del Casino et al., 2024), 
anti-55-kDa CAT (1:1000, AS09501 Agrisera) (Del Casino et al., 2024), 
anti-75-kDa HSP70 (1:5000, AS081371 Agrisera) (Piccini et al., 2021), 
anti-50-kDa tubulin (1:3000, Agrisera) (Del Casino et al., 2024), 
anti-43-kDa actin (1:3000, Agrisera) (Del Casino et al., 2024), 
anti-80-kDa SuSy1 (1:5000, AS152830 Agrisera) (Persia et al., 2008), 
and anti-37-kDa AQP (1:1000, Agrisera) (Conti et al., 2022). Secondary 
antibodies were applied as follows: StarBright Blue 700 nm-conjugated 
anti-rabbit IgG (1:2500; 12004161 Bio-Rad) for HSP70, SuSy, AQP, 
SOD, and CAT, and StarBright Blue 520 nm-conjugated anti-mouse IgG 
(1:2500; Bio-Rad) for actin and tubulin. After antibody incubation, 
immunoreactive protein bands were visualized and quantified using the 

A. Çetinbaş Genç et al.                                                                                                                                                                                                                        Plant Physiology and Biochemistry 233 (2026) 111264 

3 



ChemiDoc gel visualizing instrument. Immunoblot signal quantification 
was performed using Bio-Rad Image Lab software (version 6.1; Bio-Rad, 
Hercules, CA, USA). Each membrane was visualized in the Stain-Free 
Blot channel, with the lane displaying the highest protein abundance 
selected as the reference. This lane was then used to normalise the 
proteins present in all the other lanes on the same membrane. The in
tensity of the immunoblotting signal in each lane was then normalized 
according to the relative protein content. The obtained I.D. values were 
normalized separately for each cultivar and fraction on a scale from 1 to 
100 to facilitate comparison among treatments. Immunoblot analyses 
were performed using single cytosolic and membrane extracts per 
treatment condition.

2.6. Statistical analysis

Unless otherwise stated, statistical analyses were performed on 
triplicate technical measurements. Statistical comparisons of measure
ment results were performed using one-way ANOVA followed by Tukey's 
HSD post hoc test in the SPSS software (p < 0.05) (Koubouris et al., 
2009). For the heat-map evaluation, R2 values derived from the ROS 
analyses were included. In the case of other parameters, the optimal 
condition of each cultivar was taken as the reference (control) group. To 
assess the influence of UV-B radiation on these parameters, the per
centage change of each variable was calculated relative to its respective 
control. Because increases or decreases in the measured values could not 
be directly interpreted as beneficial or detrimental for pollen tube 
behavior, the absolute values of percentage changes were used when 
constructing the heat map. To integrate and visualize the parameter 
variations, a heat map was generated in the R environment (RStudio 
interface) using the “pheatmap” package. The customized script devel
oped for this study applied a “row” scaling approach. Control groups 

were excluded from the clustering process; therefore, six experimental 
groups were analyzed in total. To improve the interpretability of the 
figure, the dataset was normalized on a scale from 1 to 6, assigning 1 to 
the lowest and 6 to the highest value in each row. Clustering of both 
rows and columns was conducted based on Euclidean distance (Galili 
et al., 2018). Pearson correlation analysis was performed on percentage 
change values across all treatment groups (n = 6) to quantitatively 
assess the relationships among the measured biochemical and structural 
parameters. To highlight patterns that emerged consistently across 
different cultivars, a correlation analysis was carried out on the com
bined dataset. Pooling the experimental conditions allowed for a more 
robust statistical evaluation and made it easier to identify general as
sociations among the measured parameters under UV-B exposure. This 
approach offered a broader view of UV-B responses in olive pollen. 
Correlation coefficients (r) were calculated using the Pearson method in 
the R statistical software package. The statistical significance of the 
correlations was evaluated using two-tailed tests, with p-values below 
0.05 being considered significant. Due to the small number of experi
mental groups, the correlation results were interpreted as indicative of 
associations rather than as definitive causal relationships.

3. Results

3.1. ROS distribution and antioxidant responses

In ‘Leccino', ROS distribution showed a similar trend in the control 
group and after a 2 h exposure at 10 cm, increasing to approximately 6 
μm and then gradually decreasing. However, after a 2 h exposure at 40 
cm, the ROS signal increased to approximately 6 μm and then stabilized 
(Fig. 1a). Fig. 1b shows that the control (blue line) and the 10 cm/2 h 
exposure (red line) exhibited similar trends. The 40 cm/2 h exposure 

Fig. 1. The effect of UV-B radiation on ROS distribution and antioxidant capacity in ‘Leccino'. a ROS distribution along the pollen tubes under control condition (left 
panel), at 10 cm/2 h exposure (central panel) and at 40 cm/2 h (right panel); b I.D. measurement of ROS starting from the tube apex (100 μm); c Antioxidant capacity 
in the three experimental conditions; d Total polyphenol content in the three experimental conditions; e Total flavonoid content in the three experimental conditions. 
Bar: 20 μm. Data represent means ± SD; asterix indicates significant differences (p < 0.05).
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(green line) showed a distinct divergence from these two samples. Based 
on the ROS distribution observed in the control sample, which exhibited 
a peak at the pollen tube tip followed by a consistent decrease along the 
shank, only the samples treated for 2h at 40 cm showed a different 
behavior. These samples displayed a uniform ROS content along the 
entire length of the pollen tube. To quantitatively evaluate the results, 
we assessed the similarity between the treatment and control curves 
using R2 values, where higher values indicate greater similarity. The R2 

value was 0.97 for the 2 h exposure at 10 cm and 0.32 for the 2 h 
exposure at 40 cm.

The antioxidant activity of the treated samples remained unchanged 
compared to the control (Fig. 1c). However, total polyphenol content 
increased by 227.44% relative to the control after 2 h of UV-B exposure 
at 10 cm. In contrast, treatment for 2 h at 40 cm did not result in a 
significant change (Fig. 1d). Total flavonoid content did not significantly 
differ from the control under either treatment condition (Fig. 1e). 
Samples with significantly higher polyphenol content exhibited a ROS 
distribution similar to that of the control. Conversely, samples with 
substantially different ROS profiles did not show significant increases in 
polyphenol content.

Similar trends in ROS signal intensity were observed in treated and 
untreated control samples of ‘Olivastra Seggianese' under two different 
treatment conditions. In both groups, ROS signal intensity increased, 
peaking at around 10 μm, before decreasing slightly and consistently 
(Fig. 2a and b). The R2 values, which are used to quantify the goodness 
of fit, were found to be 0.84 for the 2 h exposure at 10 cm and 0.91 for 1 
h exposure at 40 cm. These values indicate a strong correlation between 
the distance from pollen tube tip and ROS signal intensity. UV-B expo
sure did not alter ROS distribution in pollen tubes compared to the 
control. There was no significant difference in antioxidant activity 
compared to the control under either treatment condition (Fig. 2c). 

However, exposure to UV-B for 2 h at 10 cm increased the total poly
phenol content by 62.80%, whereas exposure for 1 h at 40 cm had no 
significant effect (Fig. 2d). The total flavonoid content did not change 
significantly from the control under either treatment condition (Fig. 2e). 
However, the basal polyphenol content of ‘Olivastra Seggianese' is at 
least twice that of ‘Leccino', which suggests an inherent protective ac
tivity. This could explain the stable ROS distribution and minor increase 
in polyphenol content in ‘Olivastra Seggianese’.

In the ‘Pendolino' experiment, the control group exhibited a signifi
cant increase in the ROS signal, peaking at around 6 μm and then 
declining steadily. Both treatment groups displayed similar ROS re
sponses, with the signal increasing to around 10 μm before stabilizing 
and remaining relatively constant (Fig. 3a and b). Correlation analysis 
between treatment and ROS signal yielded an R2 value of 0.06 for the 3 h 
exposure at 10 cm, indicating a weak positive correlation. 1 h exposure 
at 40 cm showed an even weaker relationship, with a very low R2 value 
of 0.03. Following 3 h UV-B exposure at 10 cm, antioxidant activity 
increased by 42.01% compared to the control. In contrast, 1 h exposure 
at 40 cm did not result in any significant changes (Fig. 3c). The total 
polyphenol content remained stable following a 3 h exposure at 10 cm. 
However, 1 h UV-B exposure at 40 cm resulted in a 70.86% reduction 
compared to the control (Fig. 3d). Total flavonoid content increased by 
32.64% relative to the control after 3 h UV-B exposure at 10 cm; how
ever, 1 h exposure at 40 cm did not induce significant changes (Fig. 3e). 
The stability of polyphenol levels also indicates significant changes in 
the ROS distribution profile in the two experimental conditions 
compared to the control. Previous experimental studies have demon
strated a correlation between variations in the ROS profile and changes 
in polyphenol content. In this case, however, none of the treated samples 
exhibited increased polyphenol levels. In fact, the sample exposed to 40 
cm for 1 h showed a decrease in polyphenol content. This suggests that 

Fig. 2. The effect of UV-B radiation on ROS distribution and antioxidant capacity in ‘Olivastra Seggianese'. a ROS distribution along the pollen tubes for the first 100 
μm from the tube apex under control condition (let panel), at 10 cm/2 h exposure (central panel) and at 40 cm/1 h (right panel); b I.D. measurement of the ROS 
signal. c Antioxidant capacity under the three experimental conditions. d Total polyphenol content under the three experimental conditions. e Total flavonoid 
content under the three experimental conditions. Bar: 20 μm. Data represent means ± SD; asterix indicates significant differences (p < 0.05).
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the ‘Pendolino' pollen has limited protective capacity against UV expo
sure. Interestingly, ‘Pendolino', like ‘Leccino', had half the basal poly
phenol content of ‘Olivastra Seggianese'.

3.2. Stress-related and structural proteins

To provide a more detailed assessment of cellular responses to UV-B 
radiation at the protein level, we analyzed the levels of stress-related and 
structural proteins in membrane and cytosolic fractions. These proteins 
included SOD, CAT, HSP70, SuSy, AQP, actin and tubulin. Immunoblot 
analyses of ‘Leccino' pollen extracts (Fig. 4a) showed the presence of the 
target proteins in both the membrane and the cytosolic fractions under 
all experimental conditions. However, their relative abundance differed 
between the two compartments. The SOD content was lower in the 
membrane samples than in the cytosolic fraction. The CAT analysis 
revealed an opposite trend, showing higher levels of protein in the 
membrane fraction and lower levels in the cytosol. HSP70 was evenly 
distributed, although slightly more abundant in cytosolic extracts. SuSy 
was more concentrated in the cytosol, with a weaker signal observed in 
the membrane fraction. AQP exhibited a distinct profile, with a single 
37-kDa band detected in the membrane fraction and two bands 
(approximately 37 and 50-kDa) observed in the cytosolic samples. Actin 
was distributed relatively evenly between the membrane and cytosolic 
fractions, whereas tubulin was more concentrated in the cytosolic 
samples.

Following both treatments, SOD levels increased in both the mem
brane and cytosolic fractions (Fig. 4b), suggesting that SOD may func
tion as a defense protein against UV-B exposure. CAT levels in the 
membrane fraction showed a slight increase under both treatment 
conditions. In the cytosol, however, CAT levels increased after a 2 h UV- 
B exposure at 10 cm but decreased after a 2 h UV-B exposure at 40 cm, 

compared to the control (Fig. 4c). HSP70 levels decreased in membrane 
fractions after both treatments, while cytosolic HSP70 content remained 
relatively stable (Fig. 4d). SuSy levels in the membrane fraction 
increased following 2 h UV-B exposure at 10 cm; however, there was no 
change compared to the control following a 2 h UV-B exposure at 40 cm. 
SuSy levels in the cytosolic fraction remained stable across control and 
treated samples (Fig. 4e). A 37-kDa AQP immunoreactive band was 
detected in all fractions of the control group and the UV-B-treated group. 
The 37-kDa AQP content decreased in the membrane fractions of both 
groups, while the levels of 37-kDa AQP in the cytosolic fraction slightly 
increased following the 40 cm/1 h exposure. In contrast, 50-kDa AQP 
was not detected in the membrane fraction but showed a consistent 
increase in the cytosolic fraction following both treatments (Fig. 4f). In 
the membrane fraction, actin levels decreased after both treatments, 
whereas actin levels in the cytosol were similar to the control after a 2 h 
UV-B exposure at 10 cm, but increased after a 2 h UV-B exposure at 40 
cm (Fig. 4g). Finally, tubulin levels in the membrane fraction increased 
following a 2-h UV-B exposure at 10 cm, but decreased following a 2 h 
UV-B exposure at 40 cm. The opposite trend was observed in the cyto
solic fraction: tubulin levels decreased after a 2 h UV-B exposure at 10 
cm and increased after a 2 h UV-B exposure at 40 cm (Fig. 4h).

Compared to the control group, immunoblot analysis of ‘Olivastra 
Seggianese’ pollen after UV-B exposure revealed a weak SOD signal 
associated with the membrane fraction and a variable SOD signal in the 
cytosolic fraction, where the protein appeared to be more abundant. 
CAT expression was stronger in the membrane fraction than in the 
cytosol. HSP70 was distributed more evenly between the two fractions, 
with a slight prevalence in the latter. SuSy was more abundant in the 
cytosolic fraction than in the membrane fraction. In contrast to ‘Leccino’ 
pollen, ‘Olivastra Seggianese’ pollen exhibited a single AQP isoform 
with a molecular weight of around 37-kDa. The distribution of actin was 

Fig. 3. The effect of UV-B radiation on ROS distribution and antioxidant capacity in ‘Pendolino'. a ROS distribution along the pollen tubes for the first 100 μm of 
length under control condition (left panel), at 10 cm/3h exposure (central panel) and at 40 cm/1h (right panel); b I.D. of the ROS distribution; c Antioxidant capacity 
under the three experimental conditions; d Total polyphenol contents under the three experimental conditions; e Total flavonoid contents under the three exper
imental conditions. Bar: 20 μm. Data represent means ± SD; asterix indicates significant differences (p < 0.05).
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Fig. 4. The effect of UV-B radiation on protein contents in ‘Leccino’. a Immunoblotting results for the seven analyzed proteins; b I.D. of the SOD bands; c I.D. of the 
CAT bands; d I.D. of the HSP70 bands; e I.D. of the SuSy bands; f I.D. of the AQPs bands; g I.D. of the actin bands; h I.D. of the tubulin bands. Both the raw 
immunoblotting data and the graphs of normalized data are related to protein samples extracted from membrane and cytosolic fractions under the following 
conditions: control, UV-B exposure at 10 cm/2 h and at 40 cm/2 h.
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relatively uniform between the membrane and cytosolic fractions, 
whereas tubulin accumulated preferentially in the cytosolic fraction 
(Fig. 5a). To enable comparisons to be made between the two fractions 
and between the control and UVB-treated samples, the immunoblotting 
signals were normalized to the total protein content of each electro
phoretic lane.

Following both treatments, SOD levels decreased in the membrane 
fraction but increased in the cytosolic fraction (Fig. 5b). CAT levels 
decreased in the UVB-treated membrane fractions, whereas a decrease 
was only observed in the 10 cm/2 h stressed cytosolic sample (see 
Fig. 5c). HSP70 levels increased in both the membrane and the cytosolic 
fractions following the treatments (Fig. 5d). SuSy levels in the mem
brane fraction increased slightly under both treatment conditions. In the 
cytosolic fraction, SuSy levels increased slightly after a 2 h UV-B expo
sure at 10 cm but decreased after a 1 h UV-B exposure at 40 cm (see 
Fig. 5e). An AQP immunoreactive band was detected at 37-kDa in 
‘Olivastra Seggianese'. The abundance of this band in the membrane 
fraction increased following both treatments. In the cytosolic fraction, 
AQP levels decreased following a 2 h UV-B exposure at 10 cm but 
remained unchanged after a 1 h UV-B exposure at 40 cm compared to 
the control (see Fig. 5f). In the membrane fraction, actin levels were 
similar to the control after a 2 h UV-B exposure at 10 cm but decreased 
following a 1 h UV-B exposure at 40 cm. Actin levels increased in 
cytosolic fractions following both treatments (Fig. 5g). In the membrane 
fraction, tubulin levels were comparable between the control and 
stressed samples. However, in the cytosolic fractions, tubulin levels 
decreased following both treatments (Fig. 5h).

Immunoblot analysis of protein extracts from the ‘Pendolino' pollen 
membrane and cytosolic fractions (Fig. 6a) revealed that SOD levels 
were lower in the membrane fraction than in the cytosol. Conversely, 
CAT exhibited a stronger signal in the membrane fraction and a weaker 
signal in the cytosol. Both HSP70 and SuSy were present in both com
partments, with slightly higher levels observed in the cytosol. The 
expression pattern of AQP was similar to that observed in ‘Leccino'. A 
37-kDa isoform was present in both the membrane and cytosolic frac
tions under all experimental conditions. In contrast, a 50-kDa isoform 
was only detected in the cytosol. The two cytoskeletal proteins, actin 
and tubulin, exhibited a comparable distribution between the mem
brane and cytosolic fractions. Although slight changes in protein content 
were observed, SOD levels were low in the membrane fraction. More 
distinct changes in SOD levels were observed in the cytosol: they 
increased after a 3 h UV-B exposure at 10 cm but decreased compared to 
the control after a 1 h UV-B exposure at 40 cm (Fig. 6b). Under both 
treatment conditions, CAT levels decreased in the membrane fraction 
but increased in the cytosolic fraction (Fig. 6c). Similarly, HSP70 levels 
increased in both the membrane and cytosolic fractions after treatment 
(Fig. 6d). SuSy levels in the membrane fraction increased after a 3 h UV- 
B exposure at 10 cm, but decreased compared to the control after a 1-h 
UV-B exposure at 40 cm. In the cytosolic fraction, SuSy levels increased 
under both treatment conditions (Fig. 6e). The level of 37-kDa AQP in 
the membrane fraction increased after 3 h of UV-B radiation at 10 cm, 
but decreased after 1 h of UV-B radiation at 40 cm. In the cytosolic 
fraction, the level of the 37-kDa AQP decreased following a 3-h UV-B 
exposure at 10 cm, but increased significantly after a 1 h UV-B expo
sure at 40 cm. The level of 50-kDa AQP in the cytosolic fraction was 
similar to the control level after a 3 h UV-B exposure at 10 cm but 
increased significantly after a 1 h UV-B exposure at 40 cm (Fig. 6f). 
Following a 3 h UV-B exposure at 10 cm, actin levels in the membrane 
fraction were similar to the control level; however, they decreased 
slightly following a 1 h UV-B exposure at 40 cm. In the cytosolic fraction, 
actin levels decreased slightly under both treatment conditions (see 
Fig. 6g). In the membrane fraction, tubulin levels increased following 3 
h UV-B exposure at 10 cm; however, they decreased compared to the 
control group following 1 h UV-B exposure at 40 cm. However, in the 
cytosolic fraction, tubulin levels increased following both treatment 
conditions (Fig. 6h).

3.3. Integrated multivariate analysis

Heat-map analysis was used to compare the differences in various 
parameters between the control and stressed groups for all cultivars 
(Fig. 7). This multivariate approach integrates R2 values derived from 
ROS distribution analyses with normalized percentage changes in 
biochemical and molecular parameters. This provides a quantitative 
framework for evaluating coordinated UV-B stress responses across 
cultivars, rather than relying on isolated variations in individual vari
ables. In the heatmap, columns with the highest intensity of green 
indicate the groups with the greatest changes, while columns with the 
highest intensity of red indicate the groups with the least changes. In 
addition, a ranking was created by summing the total values of the cells 
in each column, as follows: ‘Pendolino’ 40 cm/1 h, ‘Pendolino’ 10 cm/3 
h, ‘Olivastra Seggianese’ 40 cm/1 h, ‘Olivastra Seggianese’ 10 cm/2 h, 
‘Leccino’ 10 cm/2h, and ‘Leccino’ 40 cm/2 h. Under UV-B exposure at 
10 cm, the cultivars ranked from highest to lowest rate of change were: 
‘Pendolino’ (10 cm/3 h), ‘Olivastra Seggianese’ (10 cm/2 h) and ‘Lec
cino’ (10 cm/2 h). Similarly, at 40 cm, the order was: ‘Pendolino’ (40 
cm/1 h), ‘Olivastra Seggianese’ (40 cm/1 h) and ‘Leccino’ (40 cm/2 h). 
The clusterization was based on cultivar rather than exposure intensity. 
The high- and low-stressed ‘Leccino’ lay in one cluster, as did the ‘Oli
vastra Seggiaanese’ groups. ‘Pendolino’ 40 cm/1 h was grouped with 
‘Olivastra Seggianese’ and showed more similarity in changes to it than 
to its high-stress relative. Finally, the measured parameters are hetero
genically clustered allowing for experimental group-specific changes 
rather than changes based on biochemical function.

To further evaluate the coordinated behaviour of the measured in
dicators, a Pearson correlation analysis was performed across all treat
ment groups (n = 6). Only statistically significant correlations (p < 0.05) 
are reported in Supplementary File 1. The ROS distribution similarity 
showed a strong negative correlation with the total polyphenol content 
(r = − 0.87). This indicates that treatments associated with higher 
phenolic accumulation tend to maintain more stable, tip-focused ROS 
gradients. A strong positive correlation was detected between the 
abundance of cytosolic catalase (CAT) and heat shock protein 70 
(HSP70) (r = 0.96), suggesting the coordinated activation of antioxidant 
defence and protein-protection systems. Significant associations were 
also observed between membrane-associated antioxidant enzymes and 
structural components related to cytoskeletal organisation and water 
transport. These relationships reveal consistent patterns of parameter 
co-variation across treatments.

4. Discussion

This study combines biochemical data with existing evidence that 
UV-B primarily affects pollen tube cell wall architecture, resulting in 
cultivar-specific consequences for tip growth. From a mechanistic 
viewpoint, sustained pollen tube elongation requires (i) a spatially 
restricted ROS gradient at the apex that acts as a signalling module, (ii) 
efficient antioxidant buffering to prevent ROS diffusion causing global 
oxidative stress, (iii) cytoskeletal organisation to maintain polarised 
vesicle delivery and (iv) water influx through aquaporins to sustain 
turgor pressure and couple cell wall to growth. Therefore, UV-B toler
ance can be interpreted as the capacity to preserve the coupling between 
redox homeostasis, turgor control and cell wall remodelling.

Excessive ROS accumulation caused by UV-B stress is known to 
damage biomolecules (Frohnmeyer and Staiger, 2003). In response, 
plants can boost their antioxidant systems, comprising both enzymatic 
(CAT and SOD) and non-enzymatic components (Frohnmeyer and 
Staiger, 2003; Rao et al., 2025). Murakami et al. (2004) found that 
chaperone proteins such as HSP70 can also mitigate ROS-induced 
damage. However, the disruption of ROS homeostasis can affect the 
mechanisms that control pollen tube elongation directly (Potocký et al., 
2007). ROS could affect fundamental processes such as actin-directed 
exocytosis and turgor pressure either alone or in conjunction with 
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Fig. 5. The effect of UV-B radiation on protein contents in ‘Olivastra Seggianese’. a Raw immunoblotting result of the analyzed proteins; b I.D. of the SOD bands; c I. 
D. of the CAT bands; d I.D. of the HSP70 bands; e I.D. of the SuSy bands; f I.D. of the AQPs bands; g I.D. of the actin bands; h I.D. of the tubulin bands. The raw 
immunoblotting and normalized data relate to protein samples extracted from membrane and cytosolic fractions under the following conditions: control; UV-B 
exposure at 10 cm for 2 h and at 40 cm for 1 h.
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Fig. 6. The effect of UV-B radiation on protein contents in ‘Pendolino’. a Immunoblotting results on the seven proteins analyzed; b I.D. of the SOD bands; c I.D. of the 
CAT bands; d I.D. of the HSP70 bands; e I.D. of the SuSy bands; f I.D. of the AQPs bands; g I.D. of the actin bands; h I.D. of the tubulin bands. The raw immunoblotting 
and normalized data relate to protein samples extracted from membrane and cytosolic fractions under the following conditions: control; UV-B exposure at 10 cm for 
3 h and at 40 cm for 1 h.
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Ca2+ levels (Geitmann, 2010). Turgor is maintained by water uptake, 
facilitated by membrane-localized AQPs, particularly the 37-kDa AQP 
isoform (Wudick et al., 2014). Actin filaments promote vesicle traf
ficking and exocytosis of pectin-containing vesicles, while microtubules 
regulate the intracellular trafficking of cellulose synthase (CesA) and 
callose synthase (CalS). CesA and CalS are responsible for synthesizing 
cellulose and callose, respectively (Cai et al., 2011). These poly
saccharides, together with acidic and esterified pectins, determine the 
mechanical properties of the cell wall, with SuSy playing a dual role. The 
membrane-bound form of SuSy provides the UDP-glucose necessary for 
cellulose and callose biosynthesis. Meanwhile, the cytosolic form of 
SuSy contributes to the metabolic energy balance, supporting both cell 
wall formation and cellular energy metabolism (Persia et al., 2008).

According to the heatmap analysis (Fig. 7), ‘Leccino’ and ‘Olivastra 
Seggianese’ exhibited lower coefficients of variation than ‘Pendolino’, 
which showed more pronounced fluctuations in several cellular pa
rameters. This increased variability in ‘Pendolino' likely reflects a 

reduced ability to stabilize ROS homeostasis, as indicated by elevated 
ROS levels, reduced membrane-associated CAT, and decreased AQP 
abundance. The stability of the other two cultivars corresponds with the 
consistent biochemical responses, such as the maintenance of AQP 
abundance and accumulation of enzymatic and non-enzymatic antioxi
dants. To gain a more comprehensive understanding of how olive pollen 
tubes respond to UV-B stress, we combined the biochemical findings 
from this study with the observations on cell walls reported in our 
previous work (Çetinbaş-Genç et al., 2024). The schematic diagrams in 
Fig. 8 summarise the structural and biochemical mechanisms involved 
in pollen tube elongation. The diagrams illustrate the significant varia
tions in data from this study and summarise information from previous 
UV-B investigations (Çetinbaş-Genç et al., 2024). This integrated anal
ysis reveals that differences between cultivars concern not only indi
vidual mechanisms, but also the coordination of redox homeostasis, 
turgor and cytoskeletal dynamics specific to each cultivar that support 
pollen tube growth.

Fig. 7. Heat-map analysis of the UV-B stressed samples of all cultivars. The red color indicates low values, and the green color indicates high values.
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Even under high stress exposure (10 cm/2 h), ‘Leccino' maintained a 
robust antioxidant pool, with unchanged HSP70 and increased poly
phenol levels, thus keeping ROS at control-like levels. This is consistent 
with previous evidence suggesting that the accumulation of phenolic 

compounds in the tissues of Silene littorea acts as a protective mechanism 
against UV-B radiation (Del Valle et al., 2020). Phenolic compounds play 
a critical role in maintaining ROS homeostasis in pollen exposed to 
environmental stress (Xie et al., 2022). The observed association be
tween increased polyphenol accumulation and maintenance of a 
tip-focused ROS distribution suggests that phenolic compounds play a 
protective role in stabilizing redox gradients under moderate UV-B 
exposure. Polyphenols are known to function as both efficient ROS 
scavengers and UV-absorbing molecules. This limits excessive oxidative 
stress while preserving the localised ROS signalling required for polar
ised pollen tube growth (Del Valle et al., 2020). In this context, the 
marked increase in total polyphenol content observed under the 10 
cm/2 h UV-B exposure may help to stabilize ROS levels without dis
rupting the physiological ROS gradient at the pollen tube tip. This 
supports controlled growth under moderate UV-B stress. Despite ROS 
homeostasis being preserved in ‘Leccino', our previous analysis revealed 
that high-stress treatment (10 cm/2 h) negatively impacted several cell 
wall components (Çetinbaş-Genç et al., 2024). Assuming that preserved 
ROS homeostasis maintains the stability of cytosolic Ca2+ levels, cell 
wall modifications may be related to the observed decrease in tubulin, 
consistent with the high sensitivity of microtubules to UV-B radiation 
(Krasylenko et al., 2012). Together with reduced AQP levels, which are 
likely to disrupt turgor pressure, the negative effect of UV-B stress on the 
cell wall could explain the previously documented reduction in pollen 
tube growth (Çetinbaş-Genç et al., 2024). This is likely to disrupt turgor 
pressure. The negative effect of UV-B stress on the cell wall could explain 
the previously documented reduction in pollen tube growth 
(Çetinbaş-Genç et al., 2024). Under low stress conditions (40 cm/2 h), 
cell wall remodelling appears to be compensatory (Çetinbaş-Genç et al., 
2024). Increased pectin deposition combined with decreased callose 
results in a less rigid cell wall structure, which may enable pollen tube 
growth despite the potential limitation of turgor associated with reduced 
AQPs. Although exocytosis was not measured here, an increase in actin 
levels could plausibly enhance the trafficking of vesicles to the apex and 
the subsequent deposition of esterified pectins (Fig. 8a). This interpre
tation is supported by evidence that actin filaments undergo structural 
reorganization in response to UV-B radiation (Chen and Han, 2016).

‘Olivastra Seggianese’ pollen tubes showed efficient and stable re
sponses to cope with both low and high stress conditions. Given that ROS 
originate from the plasma membrane and organelles (Das and Roy
choudhury, 2014), the decrease in membrane-localized SOD and CAT in 
both treatments suggests that ‘Olivastra Seggianese' rapidly senses and 
effectively regulates UV-B stress. This cultivar also has higher basal 
polyphenols, even under control conditions, with a further increase only 
under high stress treatment (10 cm/2h), which mirrors UV-B-induced 
phenolic accumulation in leaves of Brassica oleracea (Yoon et al., 
2022). Furthermore, it shows increased HSP70 under both treatments, 
resulting in ROS levels under both stress conditions comparable to those 
in the control group, likely supporting pollen tube growth. In parallel, 
maintenance of tube growth was presumably facilitated by the observed 
increase in actin, consistent with a role in maintaining both exocytosis 
and tip elongation; genes associated with actin organization are 
frequently upregulated in salt-tolerant Arabidopsis genotypes (Chun 
et al., 2021). The observed increase in HSP70 at both intensities may 
counteract ROS-induced protein damage, thereby indirectly promoting 
pollen tube growth. This finding is consistent with evidence that 
increased HSP70 expression improves tolerance to UV-B radiation 
(Murakami et al., 2004). As previously reported (Çetinbaş-Genç et al., 
2024), the pollen of this cultivar exhibited a high pectin/callose ratio 
under UV-B; this, combined with a consistent AQP investment, indicates 
that the ‘Olivastra Seggianese' pollen tube can adapt its structural 
components to maintain growth under stress. Notably, while the 37-kDa 
AQP band was present in all cultivars, a 50-kDa AQP band appeared in 
the cytosolic fractions of ‘Leccino' and ‘Pendolino' pollen tubes but was 
absent in ‘Olivastra Seggianese' pollen tubes (Fig. 8b). This banding 
difference may be a cultivar-specific feature, consistent with reports 

Fig. 8. Schematic representation of cultivar-specific responses. a ‘Leccino’, b 
‘Olivastra Seggianese’, c ‘Pendolino’. The red shapes show values in the treat
ment groups that are lower than those in the control group. The green shapes 
indicate higher values. Neutral colouring indicates a lack of variation. Param
eters that are not measured directly are shown in italics. The arrows and T-end 
line indicate whether the biological process is enhanced or slowed down due to 
the measured parameter. Data on calcium (CalS), callose and cellulose accu
mulation, as well as on acid and esterified pectins and pollen tube growth, were 
obtained from Çetinbaş-Genç et al. (2024).
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linking AQP isoform patterns to stress tolerance in tomato cultivars 
(Conti et al., 2022).

‘Pendolino’ showed more pronounced fluctuations in several cellular 
parameters (Figs. 7 and 8) compared to the other cultivars. Pollen tubes 
showed elevated ROS levels under both stress conditions. Since ROS are 
predominantly generated at membrane/organelle interfaces, 
membrane-localized antioxidant enzymes will provide a first line of 
defense (Sachdev et al., 2021). Here, membrane-associated SOD was 
unchanged in both treatments, while membrane CAT decreased, indi
cating a different antioxidant enzymatic pattern compared to ‘Leccino' 
and ‘Olivastra Seggianese'. Consistently, UV-B exposure did not signifi
cantly alter CAT/SOD activity in the leaves of the UV-B tolerant cultivar 
Giarraffa (Piccini et al., 2021), while distinct CAT/SOD responses were 
found in the less tolerant ‘Olivastra Seggianese'. At lower stress (40 
cm/1 h), ‘Pendolino' uniquely showed reduced polyphenols and no in
crease in cytosolic SOD, suggesting ineffective activation by the stress 
signal, comparable to the dose-dependent ROS response (Ozgur et al., 
2021). Our previous work (Çetinbaş-Genç et al., 2024) indicated that the 
cell wall integrity of the ‘Pendolino' pollen tube was weakened by the 
low-stress treatment. The decrease in membrane-bound SuSy may have 
contributed to reduced cellulose and callose synthesis, resulting in a less 
stable cell wall architecture. In contrast, the increased cytosolic SuSy 
may imply a resource allocation towards energy conservation rather 
than cell wall biosynthesis suggesting that metabolic resources are not 
being allocated efficiently. Consequently, energy is conserved at the 
expense of cell wall biosynthesis. This imbalance helps to explain the 
wide variations that the ‘Pendolino' shows across many cellular pa
rameters. In fact, studies in maize, rice, and tobacco have shown that the 
distribution of SuSy in the cytoplasm or membrane can change signifi
cantly under stress (Mu et al., 2009; Li et al., 2022; Parrotta et al., 2016). 
The concomitant reduction of AQPs in the ‘Pendolino' pollen tube under 
both stress conditions likely compromised turgor maintenance, consis
tent with the inhibition of pollen tube growth even at lower stress (40 
cm/1 h). Increased HSP70 at low stress may indicate an effort to 
counteract ROS-induced protein damage and a repair-oriented rather 
than preventive approach when multiple structural defects are present 
(Fig. 8c). Finally, in ‘Pendolino', the weak activation of both enzymatic 
and non-enzymatic antioxidants in response to UV-B radiation suggests 
that, while stress is detected, an effective, coordinated response is not 
initiated.

To complement the cultivar-specific comparisons, correlation anal
ysis provided quantitative evidence of the coordinated regulation of 
redox balance, structural dynamics and stress-related proteins in 
response to UV-B exposure. While the limited number of treatment 
groups requires cautious interpretation, several significant associations 
were identified to reinforce the proposed mechanistic framework. 
Notably, the strong negative correlation between ROS distribution and 
total polyphenol content suggests that the accumulation of phenolic 
compounds contributes to the stabilisation of ROS gradients, thereby 
supporting polarised pollen tube growth. Similarly, the strong positive 
correlation between cytosolic CAT and HSP70 indicates the synchron
ised activation of antioxidant and protein folding protection systems, 
reflecting an integrated response to oxidative stress. It is important to 
note that these correlations were not intended to make direct compari
sons between cultivars, but rather to identify general patterns of coor
dination among biochemical and structural parameters under UV-B 
stress. The quantitative relationships together support the concept that 
UV-B tolerance in olive pollen is not determined by the activation of 
isolated defence components, but rather by synchronised regulation of 
redox homeostasis, turgor control and cytoskeletal organisation.

The cultivar-dependent pollen responses observed in this study are of 
particular interest when considered alongside the well-documented 
ecological adaptation and stress tolerance profiles of Tuscan olive cul
tivars. Within this framework, ‘Leccino' and ‘Olivastra Seggianese' are 
generally recognized as having moderate to high tolerance of adverse 
environmental conditions, whereas ‘Pendolino' is more sensitive, 

particularly at the reproductive level (Çetinbaş-Genç et al., 2024). Our 
results are consistent with these agronomic observations. 'Olivastra 
Seggianese', reported to exhibit high tolerance to adverse climatic con
ditions (Piccini et al., 2021), displayed the most stable and coordinated 
pollen response to UV-B radiation. This response was characterised by 
controlled ROS distribution, sustained antioxidant investment and 
preservation of cytoskeletal and water transport components. ‘Leccino’, 
which is known for its relatively good stress tolerance (Gucci et al., 
2003), maintains redox homeostasis through enhanced antioxidant ca
pacity. However, concomitant alterations in cytoskeletal elements and 
aquaporin abundance suggest that its tolerance strategy relies on partial 
compensation rather than full coordination. In contrast, Pendolino, 
generally considered less tolerant of environmental stress 
(Çetinbaş-Genç et al., 2024), exhibited pronounced variability and weak 
integration of redox regulation, turgor control and structural dynamics 
at the pollen level. Together, these observations suggest that pollen-level 
UV-B tolerance is indicative of broader, cultivar-specific adaptation 
patterns, and that reproductive resilience is likely to be determined by 
the ability to coordinate conserved cellular processes rather than by the 
activation of individual defence mechanisms alone. Consequently, the 
response patterns identified here could inform the evaluation of UV-B 
sensitivity in other olive cultivars and guide the selection of genotypes 
better suited to future Mediterranean environments characterised by 
increasing UV radiation.

5. Conclusion

This study, together with previous research (Çetinbaş-Genç et al., 
2024), consistently demonstrates that the ‘Pendolino’ cultivar is more 
sensitive to low-intensity UV-B radiation. In contrast, the ‘Leccino’ and 
‘Olivastra Seggianese’ cultivars exhibit a more balanced response under 
both high and low radiation intensities. Combined data provide mech
anistic insights into the biochemical and molecular processes underlying 
these differences, showing that UV-B exposure induces distinct 
biochemical responses in olive pollen, which are cultivar-specific. While 
earlier work identified the pollen tube cell wall as the primary defense 
line and/or the initial target of UV-B-induced stress, current results 
reveal that UV-B-induced cell wall adjustments are accompanied by 
coordinated changes in both enzymatic and non-enzymatic antioxidant 
systems, as well as in proteins involved in cellular protection, metabolic 
regulation, and cytoskeletal dynamics. Taken together, these findings 
suggest that olive pollen from different cultivars employs distinct de
fense strategies to maintain pollen tube functionality under UV-B stress, 
and that tolerance to UV-B radiation varies between cultivars.

Beyond their mechanistic significance, these findings may have im
plications for cultivar selection in the context of future climate scenarios 
involving increased UV-B exposure. The coordinated biochemical and 
molecular responses observed in ‘Olivastra Seggianese', such as stable 
ROS homeostasis, sustained antioxidant capacity and the maintenance 
of cytoskeletal and water transport components, suggest the presence of 
advantageous traits under elevated UV-B conditions. By contrast, the 
weaker integration of stress responses observed in ‘Pendolino' suggests 
vulnerabilities that could restrict reproductive performance in such 
environments. Although the present study focuses on pollen-level re
sponses, cultivar-specific tolerance patterns could inform breeding 
strategies aimed at improving reproductive resilience in the face of 
increasing UV-B stress.
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species produced by NADPH oxidase are involved in pollen tube growth. New 
Phytol. 174 (4), 742–751. https://doi.org/10.1111/j.1469-8137.2007.02042.x.

Rao, M.J., Duan, M., Zhou, C., Jiao, J., Cheng, P., Yang, L., Wei, W., Shen, Q., Ji, P., 
Zheng, B., 2025. Antioxidant defense system in plants: reactive oxygen species 
production, signaling, and scavenging during abiotic stress-induced oxidative 
damage. Horticulturae 11 (5), 477. https://doi.org/10.3390/ 
horticulturae11050477.

Ren, R., Jiang, X., Di, W., Li, Z., Li, B., Xu, J., Liu, Y., 2019. HSP70 improves the viability 
of cryopreserved Paeonia lactiflora pollen by regulating oxidative stress and 
apoptosis-like programmed cell death events. PCTOC 139 (1), 53–64. https://doi. 
org/10.1007/s11240-019-01661-z.

Sachdev, S., Ansari, S.A., Ansari, M.I., Fujita, M., Hasanuzzaman, M., 2021. Abiotic stress 
and reactive oxygen species: generation, signaling, and defense mechanisms. 
Antioxidants 10 (2), 277. https://doi.org/10.3390/antiox10020277.

Salnikov, V.V., Grimson, M.J., Delmer, D.P., Haigler, C.H., 2001. Sucrose synthase 
localizes to cellulose synthesis sites in tracheary elements. Phytochemistry (Elsevier) 
57 (6), 823–833. https://doi.org/10.1016/S0031-9422(01)00045-0.
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