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Abstract: Olive tree growth and reproduction are severely affected by temperature extremes, 
compromising fruit yield. In that aspect, the olive varieties “Koroneiki” and “Mastoidis” were 
employed in a mild cold stress experiment, imitating night frost incidents to assess their 
biochemical, physiological and reproductive functions in relation to genotype. The physiological 
performance of the stressed plants was not significantly altered, suggesting that both cultivars were 
well adapted to mild cold night stress. The biochemical response of the plants, regarding antioxidant 
enzymes, H2O2 and TBARS accumulation, confirmed that both cultivars could cope with the stress 
applied. The mRNA levels of the PPO gene, which participates in hydroxytyrosol biosynthesis and 
plant defense, were elevated after 24-h stress at 0 °C, in both cultivars with “Mastoidis” plants 
exhibiting higher levels for a longer period. Three more genes involved in hydroxytyrosol 
biosynthesis upregulated their expression levels as a response to cold stress. The numerous plant 
phenology aspects measured reinforced the conclusion that both cultivars responded to the stress 
applied. The results of the present study may contribute to better understanding olive tree adaptive 
responses to low temperature events, an abiotic stress condition that is often present in an open 
plantation, thus assisting farmers on breeding and cultivar selection. 
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1. Introduction 

The olive tree is a crop of high economic significance, and a cornerstone of a healthy diet due to 
the high nutritional value of its products, namely table olives and olive oil. Olive cultivation and 
spread are geographically limited by temperature, an important climatic factor [1]. Tree growth, yield 
and olive oil quality are favored in areas with moderately cold winters as well as warm and dry 
weather during fruit maturation, thus olive cultivation is located mainly in the Mediterranean-type 
climate regions. Olive trees are not so resistant to frost and different olive cultivars show diverse 
reactions to cold stress [2]. 

As a xerophytic plant, the exposure to drought and low temperatures is a major limiting factor 
for growing olives. Olive trees cannot tolerate temperatures less than −7 °C, but demand certain 
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exposure to low temperature, at the range of 5–15 °C, during winter to overcome dormancy and be 
able to develop flowers in the subsequent spring [3]. Olive flower induction was shown to be 
regulated by the expression of the FLOWERING LOCUS T gene [4]. Low temperature incidents 
during flowering may be responsible for an increase in shotberry incidence, which are abnormally 
grown small fruit commonly resulting from parthenocarpy [5]. 

In addition, leaf injury induced by frost incidents during spring and autumn retards overall tree 
growth and has a serious impact on plant yields and development [6]. Frost damage is mainly related 
to the physical disruption of cell structures by ice, and subsequent dehydration [7], due to the 
increased water potential of the cellular interior compared to the space between cells where ice 
crystals are formed [8]. In general, olive trees may face dramatic consequences by frost incidents, 
especially in the first years of plantation, and the most common symptoms on the aerial parts of the 
plant consist of shoot tip necrosis, leaf fall as well as bark wounding, while below −12 °C, olive trees 
may be completely damaged and die. 

Photosynthesis is a physiological process that is highly susceptible to abiotic stress factors [9]. In 
olive trees though, previous studies reported that the photosynthetic apparatus is adapted to various 
types of abiotic stresses, like excess UV radiation and drought [10–12]. Moreover, abiotic stress 
enhances the built up of reactive oxygen species (ROS), such as superoxide anion radical (O2−), 
hydroxyl radical (OH−) and hydrogen peroxide (H2O2) in plant cells, and a series of cascade reactions 
for ROS neutralization, including enzymatic (detoxifying enzymes such as superoxide dismutase-
SOD, ascorbate peroxidase-APX and guaiacol peroxidase-GPX) and non-enzymatic (antioxidants of 
low molecular mass, such as ascorbate, glutathione and carotenoids) mechanisms, are being triggered 
[13,14]. In fact, SOD and GPX activities were increased in stress-tolerant plants [15–17]. In addition, 
when exposed to cold stress, olive plants increased the activity of two enzymes implicated in 
response to abiotic stress: phenylalanine ammonia-lyase (PAL) and polyphenol oxidase (PPO). The 
response of PPO, in particular, was suggested to contribute to the antioxidant protection of plant 
tissues [18]. The elevated expression of the PPO gene in plants as a response to pathogens attack has 
been demonstrated [19–21], while more recent studies linked increased PPO activity with abiotic 
stress, such as chilling [22–24]. The PPO gene in olive is involved in the production of a strong 
antioxidant, hydroxytyrosol (HT), along with the genes TYROSINE DECARBOXYLASE (TDC), 
COPPER-AMINE OXIDASE (CuAO) and ALCOHOL DEHYDROGENASE (ALDH) [25–28]. 

Climatic conditions, in general, play a decisive role in tree phenology and adaptation [29]. 
Temperature during spring is considered to have great effect on olive flower development [30], pollen 
germination [31], fruit set and development [5] as well as the number of flowers per panicle [32]. In 
addition, temperature levels as low as 0 °C may cause drastic damages on flower buds and flowers 
[33]. Flowering, pollination, and fruit set were shown to be negatively affected by prolonged periods 
of low spring temperatures [34]. Low temperature during flowering may also retard pollen 
germination [31] thus jeopardizing fruit set. 

The main aim of the present investigation was to assess olive physiological, biochemical and 
reproductive responses under the imposition of mild freezing stress (0 ± 2 °C), imitating night frost 
incidents. We used a multidimensional approach studying visual changes (leaf damage, shoot 
growth, number of inflorescences), physiological performance (gas exchange characteristics), 
biochemical response (antioxidant enzymes) and molecular mechanisms (expression levels of HT 
biosynthetic genes) towards the comprehension of olive capacity to cope with unfavorable 
environmental conditions. The olive cultivars “Koroneiki” and “Mastoidis” were selected due to their 
significance in current and new olive plantations. 

2. Materials and Methods 

2.1. Plant Material and Treatments 

Two-year-old plants of Olea europaea L. “Koroneiki” (50 plants) and “Mastoidis” (50 plants), were 
grown in an outdoor plant nursery in the premises of Institute for Olive Tree, Subtropical Crops and 
Viticulture in Chania, Greece. Olive plants, propagated clonally by rooting cuttings, were grown in 
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pots (12 L in size) filled with a mixture (3:1) Loamy-Sandy soil/perlite and were frequently irrigated 
to avoid drought stress, as described previously [35]. One application of fertilizer, 500 mL of 10 g L−1 
of 20:20:20 (NPK), was added to each pot in early March. Climatic data of average monthly minimum 
and maximum temperatures during the trials are presented in Supplementary Figure S1. 

Olive plants were exposed to cold stress (0 ± 2 °C) in a room with controlled conditions in a 
simulation of night frost incidents (16 h in the cold chamber at 16:00–08:00 in the dark, followed by 8 
h outdoors at ambient temperature and sunlight at 08:00–16:00) in March and replicated in April of 
the same year under similar environmental conditions to confirm our results. The treatment was 
applied for 4 consecutive days and measurements were done every day (1, 2, 3, 4th). Due to excessive 
data collection without statistical differences, we present herein data of the main time points. This 
way, we simulated a frost incident during 2 consecutive nights and a frost incident during 4 
consecutive nights. Daily mean air temperature during the experiment was minimum 12.2 °C and 
maximum 17.8 °C in March and minimum 14.7 °C and maximum 20.1 °C in April. During that period, 
the plants were under active vegetative growth and flower bud development. 

2.2. Gas Exchange Measurements 

Three photosynthetic parameters, net photosynthetic rate (Pn), stomatal conductance (Gs), and 
intercellular CO2 concentration (Ci), were assessed by gas exchange measurements. The 
measurements were made between 10:30 pm and 12:30 a.m.. Four leaves (one leaf from each of four 
plants) from each treatment, variety and date were used to measure Pn, Gs and Ci using a portable 
gas exchange system (LI-6400, Li-Cor Biosciences, Lincoln, NE, USA). Specifically, we used the third 
and fourth fully expanded leaves starting from the top of the shoot at a persistent 400 μmol mol−1 
[CO2] in all the dates. For each date, all measurements were realised at fixed Photosynthetically 
Active Radiation (PAR) values, temperature and relative humidity (RH) levels, according to the daily 
weather conditions. 

2.3. Determination of Antioxidant Enzymes Activity 

A different set of four leaf samples (third and fourth leaves starting from the end of the shoot) 
per cultivar and treatment were harvested at the end of each treatment and directly frozen at −80 °C 
for the analyses of SOD and GPX activities. The medium for extraction contained 0.1 M potassium 
phosphate buffer (pH 7.6), with 1 mM ethylenediaminetetraacetic acid disodium salt, 0.5 mM 
ascorbate as well as 1% PVPP (polyvinylpolypyrrolidone). Tissues (0.2 g) were homogenised with 1.5 
mL extraction buffer and subsequently we centrifuged the homogenate at 13000 g for 30 min. Then, 
we used the supernatant to determine the enzyme activity. Crude enzyme extract absorbance was 
calculated by a Hitachi U-1100 spectrophotometer (Hitachi Ltd., Tokyo, Japan). Total SOD (EC 
1.15.1.1) and GPX (EC 1.11.1.7) activities were determined using the methodology described by [10]. 

2.4. Determination of H2O2 and Thiobarbituric Acid Reactive Substances (TBARS) 

Olive leaves (0.5 g) were homogenised using 5 mL trichloroacetic acid (TCA) 0.1% (w/v) inside 
an ice bath. Then we centrifuged the homogenate at 10,000 g for 30 min and we employed the 
supernatant to determine hydrogen peroxide as well as lipid peroxidation. H2O2 content was 
determined in a spectrophotometer following the reaction with potassium iodide (KI), according to 
the methodology of [10]. Lipid peroxidation was calculated by the quantity of malondialdehyde 
(MDA). TBARS was quantified using the methodology presented in [10] based on the absorbance of 
the supernatant at 532 nm, following the subtraction of non-specific absorption at 600 nm and 440 
nm. 

2.5. Phenological Measurements 

Four shoots per treatment and variety were tagged and several phenotypic characters were 
measured every 10 days in spring: shoot length, leaf number, leaves with symptoms (browning, tip 
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necrosis, abnormal growth), phenological stage and the total number of inflorescences. All 
phenological measurements and observations were implemented according to [36]. 

2.6. Pollen Germination 

To determine pollen germination, we used closed flowers to ensure pollen originality. Pollen 
was subsequently cultured at 25 °C for 24 h with 16 h light/8 h dark, in an incubation chamber 
(Kottermann 2770, D3162; Hanigsen, Germany). Subsequently, pollen germination as well as pollen 
tube length were determined. A solid growing medium was used with 15% (w/v) sucrose, 0.8% (w/v) 
agar, 60 ppm tetracycline hydrochloride and 100 ppm boric acid according to [37]. Measurements of 
germination were done on four petri dish fields with at least 200 pollen grains from each case. 
Measurements of tube length were realized for 80 pollen tubes for each case. The pollen germination 
trial was repeated once to double replications. 

2.7. RNA Isolation and Gene Expression Analysis 

In gene expression study, another group of olive plants of the same varieties, age and growth 
conditions, were exposed to cold stress (0 ± 2 °C) in a growth chamber for 24 h (9 a.m.–9 a.m.) during 
the subsequent winter (December and replicated in January). From December to January plants were 
grown outdoors at ambient temperature and sunlight before transferring to the cold room. Different 
plants were used in December and in January trial to avoid cumulative responses. The time points 
for the gene expression study were 0.5, 1, 2, 3, 6 and 24 h after treatment initiation. Leaf samples (third 
and fourth leaves starting from the top of the shoot) per cultivar and treatment were collected (n = 4) 
in each time point and were directly frozen at −80 °C. Subsequently, we isolated total RNA by 
NucleoSpin® RNA Plant kit (Macherey-Nagel, Duren, Germany). The expressions of specific mRNAs 
were determined by reverse transcription (RT) and then by quantitative PCR (qPCR) employing 
gene-specific primers according to [28] (Table 1). Complementary DNA synthesis was realized with 
0.5–1 μg DNAse-treated RNA with the kit Tetro Reverse Transcriptase (Bioline, London, UK) or 
PrimeScript Reverse Transcriptase (Takara, Clontech, California, USA) with three separate biological 
replicates. The total reaction quantity was 40 μL and then it was diluted five times in nuclease-free 
water. Quantitative PCR analysis was done in reactions with 1× buffer including KAPA™ SYBR® 

Green FAST qPCR Kit Master Mix (KapaBiosystems, Cape Town, South Africa). In every 10 μL 
reaction, we used 2 μL of the RT product. Then we did absolute quantification for qPCR products 
using OeTIP41 as a reference gene. Gene expression was presented as reference gene-normalized 
levels of the target genes. StepOne Software v2.1 was employed to analyze gene expression (Applied 
Biosystems, Foster City, CA, USA). 

Table 1. Primer nucleotides sequences used in quantitative PCR (qPCR). 

Primer 
Code 

Gene 
Name 

Gene Accession 
Number 

Oligonucleotide Sequence (5′–3′) Strand 

KVI106 
OeCuAO 

 CCTTACCTCCAGCTGATCCAT Forward 
KVI107 KP968841 GATCATTGGGATCTCCATAGG Reverse 
KVI108 

OeTDC 
 GGCTACTGCATTCGGGTTAACA Forward 

KVI109 KP968842 GTGTGCATTGAAACTGAATGAATC Reverse 
KVI110 OePPO  CTATGAAAGAATATTGGGCAAACTG Forward 
KVI111 KP968843 ACGCTGCGAATCATTTCACTATAT Reverse 
KVI140 OeALDH  TGGTACATGGTCTGAATATGTCG Forward 
KVI141 KP968844 CCTCCAGGCAGATCCAA Reverse 
KVI164 OeTIP41  CAACGGTGTCTCTCTTTTGACAGT Forward 
KVI165 XM_023020543 TCATAAGCACTCCATCCACTCTCA Reverse 
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2.8. Statistical Analysis 

The software SPSS (SPSS Inc., Chicago, IL, USA) was used for data analysis employing one-way 
analysis of variance (ANOVA). The least significant difference (LSD) test at p = 0.05 was employed to 
detect statistically significant differences among treatments. For gene expression, an additional 
paired t-test was employed for each time point to detect differences among olive cultivars. Fifty plants 
of each cultivar were used in total. In each experiment, 4 plants of each cultivar were used for each 
treatment. 

3. Results 

3.1. Photosynthesis Parameters 

Νet photosynthetic rate (Pn) measured in both cultivars highlighted their difference, as in 
control plants, without cold treatment, “Mastoidis” (Figure 1a, blue line) displayed lower Pn than 
“Koroneiki” (Figure 1b, blue line). In general, cold stress treatment did not affect the photosynthetic 
rate of the plants. In cv. “Mastoidis”, the 4-day treated plants followed the same trend with the control 
plants while the 2-day stressed plants exhibited an increased value during the third day of the 
treatment. In “Koroneiki”, the decrease in the photosynthetic rate of stressed plants was not 
statistically important. Stomatal conductance (Gs), also measured as a photosynthetic parameter, 
followed the same trend in both cultivars as Pn (Figure 1c,d). “Mastoidis” control plants (Figure 1c) 
had lower Gs than “Koroneiki” control plants (Figure 1d). During cold stress, “Mastoidis” 4-day 
stressed plants responded as the control plants, while the 2-day stressed plants had a non-significant 
increased Gs value the third day, as also observed for Pn. “Koroneiki” 2-day stressed plants exhibited 
decreased Gs in the last two days, same as Pn measurements, but this reduction was not statistically 
significant. 
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Figure 1. (a,b) Net photosynthetic rate (Pn); (c,d) Stomatal conductance (Gs); (e,f) Intercellular CO2 
(Ci), in cultivars “Mastoidis” and “Koroneiki” in response to 2-days (2D) and 4-days (4D) low 
temperature stress. Different letters depict statistically significant changes (p ≤ 0.05, LSD test), sample 
size n = 4. (K/C) “Koroneiki” control; (M/C) “Mastoidis” control. The error bars represent standard 
error. 

The quantification of intercellular CO2 (Ci) (Figure 1e,f) revealed no differences between the 
control plants of the two cultivars. Moreover, the Ci values of the stressed plants were not affected 
by the night frost treatment, implying that both cultivars were able to tolerate the stress applied. 

3.2. Αntioxidant Enzymes Activities, H2O2 and TBARS 

Significant downregulation of GPX activity was observed in the leaves of “Mastoidis” plants at 
the 4th day of stress compared to the control (Figure 2a) but not at all in “Koroneiki” (Figure 2b). No 
significant effect on SOD, H2O2 and TBARS was observed in either two or four day-low temperature 
treatment in both olive varieties (Figure 2c–h). The extent of H2O2 production was significantly lower 
in “Koroneiki” trees under the 4-days low temperature treatment, compared to 2-days stressed trees 
of the same cultivar (Figure 2f) and also decreased, but not significantly, in “Mastoidis” (Figure 2e). 

 

Figure 2. (a,b) GPX activity; (c,d) SOD activity; (e,f) H2O2 concentration; (g,h) TBARS concentration 
in cultivars “Mastoidis” and “Koroneiki” in response to 2-days and 4-days low temperature stress. 
Different letters depict statistically significant changes (p ≤ 0.05, LSD test), sample size n = 4. The error 
bars represent standard error. 
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3.3. Phenology 

The number of leaves on each plant was counted for two months revealing similar numbers for 
stressed and control plants (Figure 3a,b). Longer periods of low temperatures, both in M/4D and K/4D 
samples, seemed to have a positive effect on shoot length, however the differences were not 
statistically significant. Likewise, the shoot length in all the plants exhibited comparable values, 
whereas the plants exposed to more days of cold stress had a slight increase in their shoot length, 
although not statistically important. (Figure 3c,d). 

 

Figure 3. (a,b) Leaf number; (c,d) shoot length; (e,f) flowering phenological stages according to [4] of 
cultivars “Mastoidis” and “Koroneiki” under the 2-days (2D) and 4-days (4D) cold treatments for 2 
post-treatment months. (K/C) “Koroneiki” control; (M/C) “Mastoidis” control. Sample size n = 4. The 
error bars represent standard error (LSD test). For example, flowering phenological stage 55 
corresponds to “flower cluster totally expanded, floral buds start to open’. 

The flowering phenological stage of the plants during the 2-month study period revealed that 
all plants of “Koroneiki” were premature compared to “Mastoidis” (Figure 3e,f). During the first 
month of the analysis, “Koroneiki” plants were always in a more advanced stage while at the second 
month “Mastoidis” plants accelerated flower development and finally reached the same stage at the 
end of the 2 months. 

Other phenological aspects studied, like the number of leaves with symptoms, showed 
differences between the stressed and the non-stressed olive trees. In general, “Koroneiki” plants had 
a significantly higher number of leaves with symptoms at the first date of the analysis, but at the end 
of the study period both cultivars had almost the same number (Figure 4a). At the end of May, the 4-
days stressed “Koroneiki” plants had significantly more leaves with symptoms than the 2-days 
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stressed plants, while “Mastoidis” 2-days stressed plants had a significantly higher number of leaves 
than the control plants in the last date of measurements (Figure 4b). 

 

Figure 4. The number of leaves per shoot with symptoms of both cultivars (a) “Koroneiki” and (b) 
“Mastoidis” under the 2-days (2D) and 4-days (4D) low temperature treatments for 2 months. 
Different letters depict statistically significant changes (p ≤ 0.05, LSD test), sample size n = 4. (K/C) 
“Koroneiki” control; (M/C) “Mastoidis” control. Error bars depict standard error. 

“Mastoidis” stressed plants had a higher number of inflorescences at the beginning (Figure 5a), 
compared to “Koroneiki” plants, which kept almost the same number of inflorescences during the 
two months of study. The total number of inflorescences did not alter significantly between the 
treated plants in “Koroneiki” (Figure 5b). 

 
Figure 5. “The total number of inflorescences of (a) “Mastoidis” and (b) “Koroneiki” under the 2-days 
(2D) and 4-days (4D) low temperature treatments for one month. (K/C) “Koroneiki” control; (M/C) 
“Mastoidis” control. Sample size n = 4. Error bars depict standard error (LSD test). 

3.4. Pollen Germination 

The pollen germination rate was not affected in “Mastoidis” (Figure 6a), while it significantly 
decreased in the “Koroneiki” 2-day treatment (Figure 6b). Pollen tube length was significantly 
decreased at 4-day stressed plants in “Mastoidis” (Figure 6c) but not in “Koroneiki” (Figure 6d). 
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Figure 6. (a,b) germination rate; (c,d) pollen tube length of both cultivars “Mastoidis” and 
“Koroneiki” under the 2-days and 4-days low temperature treatments. Different letters depict 
statistically significant changes (p ≤ 0.05, LSD test). Error bars depict standard error. “n.s.’ stands for 
non-significant differences. 

3.5. Gene Expression Analysis 

The application of a 24-h cold treatment at 0 °C in “Koroneiki” and “Mastoidis” plants verified 
an increase in OePPO expression levels in both cultivars. A rapid 10-fold increase was observed (p < 
0.0001, LSD test) immediately after stress was applied, at 0.5 h (Figure 7a). Thereafter, expression 
levels dropped in “Koroneiki” leaves whereas in “Mastoidis” leaves kept increasing, reaching 
maximum levels at 2-h of cold treatment (p < 0.0001, LSD test). The expression analysis of three more 
genes, with a potential role in HT biosynthesis and may be involved in stress response, after 24-h of 
cold stress revealed differences between cultivars. The OeTDC gene expression was unaffected in 
“Koroneiki” plants (p > 0.9, LSD test), whereas in “Mastoidis” a significant increase in expression was 
observed at 2-h after stress (p = 0.0488, LSD test), at about 3-times higher than control (Figure 7b). The 
expression of OeCuAO was significantly increased in both cultivars, to 4-fold in “Koroneiki” (p = 
0.0063 after one hour of treatment, LSD test) and 3-fold in “Mastoidis” (p = 0.0116 after two hours of 
treatment, LSD test), dropping thereafter (Figure 7c). The OeALDH gene expression increased rapidly 
in both cultivars, reaching a peak at 0.5-h in “Mastoidis” leaves (p < 0.0001, LSD test) and one hour in 
“Koroneiki” leaves (p < 0.0001, LSD test) and remaining at elevated levels during the 24-h stress 
(Figure 7d). 
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Figure 7. Relative mRNA levels of four potential HT biosynthetic genes (a) OePPO; (b) OeTDC; (c) 
OeCuAO; (d) OeALDH for both cultivars “Koroneiki” and “Mastoidis”, during a period of 24-h cold 
stress. Error bars depict standard error. The least significant difference (LSD) test at p = 0.05 was 
employed to detect statistically significant differences among time points for each cultivar (not 
presented in the graphs for clarity of view). For gene expression, an additional paired t-test was 
employed for each time point to detect differences among olive cultivars and are marked with 
asterisks (p ≤ 0.05). 

4. Discussion 

A down-regulation of the photosynthetic performance caused by decreased air temperature 
levels is a widely documented response of cold-prone plants [38]. In the present work, the results of 
photosynthetic rate, stomatal conductance and intercellular CO2 in stressed and control plants of 
“Mastoidis” and “Koroneiki” reveal only minor effects of cold stress. However, we have to mention 
that “Mastoidis” stressed plants kept higher photosynthetic values than “Koroneiki” stressed plants, 
suggesting that “Mastoidis” plants were able to cope better with night-frost incidents. The exposure 
of cold-stressed plants to ambient outdoor temperature for 8 h/day might be enough to maintain a 
stable photosynthetic activity, explaining the non-significant effects on photosynthesis parameters. 
Previous studies reported that, when exposed to minimum temperatures, olives responded with a 
decrease in stomatal conductance [39,40]. Additionally, disorder in water balance was observed even 
when soil moisture was sufficient, if low temperature incidents occurred [41]. Fast recovery of olive 
to short-term stress, as reported in our study, has also been shown for high temperature and drought 
implying great hardiness and adaptive capacity of olive trees to mild stresses [42]. However, under 
severe stress or longer exposure, permanent damages in leaf physiological functioning were observed 
[43]. 

When plants are exposed to an unfavorable environment, enhanced activities of ROS-scavenging 
are usually observed as a protection mechanism. The defense of plants to stress is linked to the 
antioxidant capacity, and higher levels of antioxidants play a protective role against stress damage 
[44]. The variations in the tolerance of olive cultivars to freezing were also associated with other 
biochemical indicators such as the content of soluble sugars and phospholipids [45] as well as soluble 
carbohydrate and proline content, DPPH (1, 1-diphenyl–2-picrylhydrazyl) scavenging capacity, and 
malondialdehyde (MDA) [46]. Antioxidant enzymes have a variable response to stresses. For 
example, the activity of catalase was down-regulated under frost stress, while the activity of APX 
was not affected before temperature dropping below −5 °C [47]. In this study, the measurements of 
antioxidant enzymes activity did not show any statistically significant differences between the 2-days 
and 4-days stressed plants of either cultivar. Nonetheless, “Mastoidis” stressed plants slightly 
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increased the activity of both enzymes studied in response to cold stress, while “Koroneiki” stressed 
plants only marginally increased SOD activity. This could be an indication that “Mastoidis” plants 
respond better to cold stress, making the cultivar more resistant, and this observation could be 
verified under severe cold stress. The fact that none of the stressed plants accumulated hydrogen 
peroxide or TBARS is an indication that no severe oxidation damaged occurred in the plants under 
the stress applied. 

The numerous plant phenology aspects measured reinforced the conclusion that both cultivars 
were resistant to the mild stress applied. It was also observed, by the flowering phenological stage, 
that “Koroneiki” is a precocious cultivar compared to “Mastoidis”, as it was proposed by the 
literature [48]. It could be assumed that the phenological characteristics of the plants studied were 
not impaired by a few days treatment and differences may be revealed under prolonged periods of 
stress. 

Studies in other plant species have shown that cold stress caused a decrease in pollen 
germination rate and reduced pollen tube length [49,50]. In the olive stressed plants investigated in 
this study, pollen germination rate and pollen tube length showed some differences, but overall, these 
changes were not observed in both parameters, and neither were consistent in both treatments, thus 
as a conclusion the stress applied did not affect these aspects. 

Shorter and longer periods of low temperatures are known to affect gene expression profile in 
plants [51] including olives [24]. For instance, OePPO gene expression was found elevated under 
abiotic stress [22,23]. As an indication of responsiveness to the 24-h cold stress applied, the mRNA 
levels of the OePPO gene were quantified, as this gene is known to increase its expression and 
subsequently the enzymatic activity of the produced protein, under stress [22–24]. The immediate 
and significant increase in OePPO expression in all the stressed plants suggests that both cultivars 
sensed the cold stress and altered their transcription levels to act in response. As OePPO plays a 
decisive role in the biosynthesis of the antioxidant hydroxytyrosol, which is part of the olive tree 
defense system, more genes involved in this pathway were evaluated. It was shown that “Mastoidis” 
stressed plants had a stronger response regarding the HT biosynthetic genes. This was observed in 
OeTDC as well as in OePPO gene. Additionally, “Mastoidis” plants increased faster their gene 
expression levels under low temperatures, except for OeCuAO where “Koroneiki” cultivar reached 
first a significant increase. The fast increase in the HT biosynthetic gene expression levels as well as 
the stability of the physiological and phenological parameters assessed in “Mastoidis” stressed plants 
may be an indication of the adaptation of this cultivar to mild cold stress. “Koroneiki” plants were 
also able to cope with mild frost incidents, despite the less extended gene expression alteration. 
“Koroneiki” has been classified as moderately tolerant in a previous experiment based on electrolyte 
leakage in leaves [46]. “Mastoidis” is also considered relatively tolerant to low temperatures since it 
has been selected for centuries for growing in mountainous areas of Greece. A fast and temporary 
enhancement of gene transcription was also previously detected for geranylgeranyl reductase gene 
(OeCHLP) in leaves of various age treated with low temperature (4 °C) [52]. The underlying 
mechanism is worth studying in the future to elucidate whether adaptation or recovery strategies are 
activated similarly to increased gene expression in plants exposed to low temperatures and other 
environmental stresses such as water deficit [42]. 

The estimation of the physiological parameters assessed during this study, in combination with 
quantification of the mRNA levels of OePPO and other genes involved in antioxidant biosynthesis, 
could be exploited as suitable indicators for cultivar stress tolerance discrimination, elucidating olive 
tree response under unfavorable environmental conditions in the era of climate change. 

Supplementary Materials: The following are available online at www.mdpi.com/2071-1050/122/31/65/s1, Figure 
S1: Monthly minimum and maximum temperature during the trials. 
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