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Abstract: Climate change, with elevated temperatures throughout the year, affects many stages of the
reproductive growth and development of olives as well as oil quality at harvest. Although olive (Olea
europaea L.) is well adapted to the environmental conditions of the Mediterranean Basin, agricultural
techniques and breeding through selection programs will have to adapt to these climate change,
threatening to worsen in the near future. Defining the pathways controlling high fruit productivity
and oil quantity and quality, despite elevated temperatures and sub-optimal growing conditions,
is important for coping with current and predicted climate changes. As breeding programs aiming to
address these crucial changes may take several decades, an urgent need to designate specific olive
cultivars that are more resistant to high temperatures emerges.
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1. Introduction

The picture emerging from a review of recent studies may be seen as foretelling
agricultural techniques and future breeding and selection programs, designating specific
olive cultivars that are more resistant to high temperatures. The olive (Olea europaea L.)
is a crop well adapted to the environmental conditions prevailing in the Mediterranean
Basin. Nevertheless, climate change occurring in the last decade and threatening to worsen
in the future, with elevated temperatures throughout the year, affect many stages of
the reproductive growth and development of olives as well as oil quality at harvest [1].
Defining the pathways controlling high fruit productivity and oil quantity and quality,
despite elevated temperatures and sub-optimal growing conditions, is important for coping
with current and predicted climate change.

Abiotic stresses are often interrelated in causing morphological, physiological, bio-
chemical, and molecular changes that adversely affect plant growth and productivity and
ultimately lead to reduced yield [2]. More specifically, the effect of high temperature
environments on olive oil yield and quality is of increasing concern. The sexual repro-
ductive phase in plants has been proven to be vulnerable to the negative effects of high
temperatures stress [3]. In the Northern Hemisphere, olive trees go through flower induc-
tion during December and January (“winter”), Anthesis, pollination and fruit set during
March to May (“spring”). The fruits accumulate oil from June to November [4]. Thermal
conditions closely regulate all phases of the plant’s life cycle [5]. Elevated temperatures
may affect each of the above processes. Warm winters may affect flower induction; a warm
spring may affect pollen grain and pistil viability, as cell division/expansion during fruit
development may be affected by warm summers. An unusually warm summer may also
affect oil accumulation and oil quality at harvest [1]. As global changes increase in intensity,
studying these effects and processes in depth, defining sustainable varieties and finding
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ways to overcome temperature elevation becomes a worldwide concern. From the analysis
conducted by the authors of the seasonal maximum and minimum temperatures measured
by the Israel Meteorological Service over the last 20 years in Central Israel (ARO, Israel;
31°59'32.6"” N 34°49'03.8" E), an alarmingly steady trend of rising temperatures was de-
rived. When mean temperature elevation was calculated for the different seasons (Dec—Jan
defined as winter, Mar—Apr defined as spring, and Jul-Aug defined as summer), a linear
trend of an almost 2 °C increase was demonstrated for summer, and linear trends of a
0.5 °C increase for winter and spring were validated, over the last 20 years (Figure 1). Here,
we will review each part of the developmental process of the olive fruit, in view of the
biochemical processes behind them, and assess the effect of elevated temperatures on olive
flowering, fruit development, oil accumulation, and oil quality.
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Figure 1. Seasonal average maximum/minimum temperatures measured over the last 2 decades in
Central Israel (Bet Dagan; 31°5932.6" N 34°49/03.8" E). Data were collected by the Israel Meteorolog-
ical Service. A trend of an increase by 0.5-2 °C was observed. Higher values reflect warmer summers,
and lower values reflect warmer winters. (A) Winter (Dec-Jan); (B) spring (Mar—-Apr); (C) summer
(Jul-Aug). The red line presents the mean maximum temperatures; the blue line indicates the mean
minimum temperatures; the dotted line shows a linear trend.

2. Olive Reproductive Phase under Elevated Temperatures
2.1. Olive Flowering under Warmer Winters

Similar to mango [6], litchi [7], and many other evergreen fruit trees, flower induction
in olives requires cold winter temperatures [8,9]. If olive trees are exposed to naturally
warm winters (tropics) or artificially warm winters (heated growth rooms), they will not
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form flowers [8]. The past literature suggested that flower induction in olive occurs in sum-
mer and that cold winter is necessary for dormancy break of differentiated inflorescences
formed in lateral meristems of 1-year-old shoots [10]. The careful microscopic analysis of
lateral meristems showed initial formation of an inflorescence meristem does not occur
before late February [8]. While the molecular basis of flower induction in plants is once
elusive, research in arabidopsis as well as other species such as rice and tomato clarifies
the central and likely universal role of the FLOWERING LOCUS T (FT) protein in plant
flowering [11].

Different seasonal environmental changes such as day length, temperature, or water
availability can trigger flower induction of different plant species. Despite this variation in
the environmental cause of flower induction, a common change associated with induction
appears to be the accumulation of FT transcript in leaves [12]. This is followed by the
movement of the FT protein to nearby meristems where it interacts with other proteins to
initiate a switch in the fate of the vegetative leaf-forming meristem. In the absence of floral
inhibitors that can inhibit FT function, the meristem will begin forming an inflorescence [13].
Once this mechanism is clarified, it becomes easier to examine the developmental stage
as well as environmental cues leading to flower induction of different species, simply by
following transcript levels of genes encoding proteins similar to FT.

In olives, FT transcripts accumulate in leaves in response to cold winter tempera-
tures [8], thus clarifying the role of winter cold in flower induction, rather than release
from winter dormancy, as previously proposed. What are the winter chilling requirements
for olive flower induction and is there genetic variation in these chilling requirements
among different cultivars? Clearly, the answer to the 2nd question is yes. Before going into
details, two important points need to be addressed. Unlike arabidopsis, an annual plant
with a single apical meristem that at some point goes through the floral transition, an olive
tree contains many thousands of lateral meristems formed since last spring, and each one
of these meristems can independently enter the floral transition or remain vegetative [8].
Thus, there is no chilling threshold that is achieved, and all lateral meristems will form
flowers. The percent of lateral meristems that will go through the transition will increase,
once winter temperatures have better met ideal conditions for olive flower induction [12].

The second important point to consider is that olive flower induction by winter chilling,
as measured by the accumulation of FT transcripts in leaves during winter, is inhibited in
trees that contain large amounts of fruit 2—4 months earlier [8]. Since the level of previous
fruit load is varied, the level of inhibition is also varied. Thus, when winter temperatures
meet the ideal conditions for olive flower induction, 80-90% of lateral meristems in trees
with no previous fruit load may enter the flower transition. However, a significantly lower
percent of these meristems will enter the transition in trees that hold an high fruit load [8].
When winter temperatures do not meet the ideal conditions for olive flower induction,
perhaps only 10-30% of lateral meristems in trees with no previous fruit load will enter the
flower transition, and trees with a previous heavy fruit load will not flower [8].

Olive cultivars vary in their chilling requirements [14] and likely their response to a
certain level of fruit load. Thus, two varieties with the same level of fruit load may flower
differently after a certain winter, and the cause of this difference may not be different
chilling requirements but differences in response to a certain fruit load. Studying the net
chilling requirements of different olive cultivars requires removing all flowers/fruitlets in
the previous spring. We suggest that studying variation in the response to a certain level of
fruit load would be best performed under ideal winter chilling conditions.

What are ideal winter temperature conditions for olive flower induction? “Barnea”
trees grown in pots, with no previous fruit load, and exposed from late November onwards
for ~90 days to a 16/10 °C day/night temperature regime form inflorescences in ~85% of
lateral meristems [8]. “Manzanilo” potted trees are exposed to different conditions [15].
Those exposed to 113 days of constant 13 °C form inflorescences in 50-85% of lateral
meristems [15]. Those exposed to 113 days at 16 °C form inflorescences in 37% of lateral
meristems [15]. Those grown in glasshouses with a minimum temperature of 16 °C do
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not flower. Under constant conditions, exposure to 10 °C is as effective as exposure to
13 °C. However, the exposure to a lower temperature of 7 °C appears less effective, and
the exposure to a constant temperature of 4 °C does not induce flowering at all [15]. Based
on these results, it appears that temperatures above 7 °C and below 16 °C may be optimal
for olive flowering. A recently used model [5,16] applied for calculating accumulated
chilling hours during the winter period suggests counting hours below 7.2 °C, similar to
the model applied on dormancy release in peach. Such a model does not fit the results on
olive trees presented above. Others have suggested a range of 0-16 °C for olive induction
with an optimal temperature of 7.3 °C [17]. Raising January temperatures by 4 °C using
temperature-controlled open-top chambers in Cordoba, Spain [18] increases the average
monthly temperature to 11, 15, and 12 °C during three consecutive years has no noticeable
effect on flowering levels, compared to that of trees that are not warmed up. Still, flowering
is lowest in the year with higher winter temperatures [18].

During natural winter conditions, some days may be much warmer than the average.
Whether these warmer episodes can “erase” the effect of previously accumulated chilling
hours is questioned. The model presented by De Melo-Abreu supports the ability of
temperatures above 16 °C to erase chilling hours, with temperatures above 20 °C having an
optimal erasing effect [17]. This model is very helpful, but it clearly requires optimization
so that growers can better predict the level of flowering expected in a new growing region
based on temperature data from previous years. Such a predictive model can also foresee
the future of successfully growing olives in regions where winters are becoming warmer.
In Los Tomilos, Canary Islands, minimum temperatures during the winter period are
quite high, but “Picual” and “Arbequina” cultivars still flower at much lower levels and
in several waves, extending the period of anthesis, with first flowering occuring before
similar cultivars in colder regions [19]. In less extreme climates, the solution may be
choosing cultivars with lower chilling requirements. For example, when comparing the
“Ascolano” and “Mission” cultivars, it appears that the chilling requirements of “Mission”
are much lower [14]. When comparing “Arbequina” to “Leccino” and “Frantoio”, the
chilling requirements of “Arbequina” are much lower [20].

The time interval between inflorescence initiation and anthesis is also temperature-
dependent. Warmer environments can shorten this period, and it is expected that global
warming will advance olive anthesis dates for 17 days by the end of this century [16].

Such forecasting models are essential for adapting appropriate agro-technological
practices to face the predicted climate change [19]. It seems that a more sophisticated and
complex model combining an array of meteorological and physiological parameters is
required for assessing climate change impacts. The simulation of the response of agricul-
tural systems to predicted climate conditions is crucial for overcoming the high degree
of uncertainty inherent in such studies [21]. Among cultivars grown at a single location,
dates of anthesis differ by 20-24 days; for the same cultivar grown in different locations,
dates of anthesis differ by up to 14 days [16]. A prolonged period of anthesis, caused under
reduced chilling conditions [5,18,19], can result in asynchronous ripening, i.e., fruits ripen
over a wide time span and at harvest only part of the crop is fully ripe, while many fruits
remain immature and others are harvested when over-ripe [8]. This, in turn, leads to a
reduction in oil yield and quality [8].

2.2. Olive Fruit Set under Warmer Spring Temperatures

In general, olives do not self-pollinate, as they have a homomorphic sporophytic
di-allelic self-incompatibility (DSI) system [22]. This system prevents self-fertilization and
thus regulates compatibility between cultivars, so that cultivars bearing similar genetic
characteristics are incompatible. Efficient pollination and fertilization depend on many fac-
tors, such as the duration of stigma receptivity and morphology, pollen grain sustainability,
and pollen tube development. Cuevas and Polito [23] suggested that as pollen is produced
in excess, even when affected by extreme heat spells, the reduction of pollen production
is insignificant and does not affect germination and/or fruit yield. Another significant
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parameter is the presence of pollen from a compatible cultivar growing in the same or
neighboring orchard, which blooms simultaneously [22,24-28]. Early-spring (April-May)
temperatures can significantly affect the fruit set stage that is harmed by the premature
onset of the flowering period [21]. Simulation models based on monitored flowering exper-
iments depict a shift in the flowering period in regions or years when warm springs occur.
Flowering precedes the normal period by approximately 10 days, when the temperature
increases by 4-5 °C [17,29-31]. A related observation was reported by Lorite et al. [21],
who noted that olive cultivars which naturally flower earlier are less impacted by elevated
temperatures. This, in turn, will also affect the fruit set stage [18].

Benlloch-Gonzalez et al. [18] showed that the fruit set fails when olive trees are ex-
posed to 4 °C above their ambient temperature. Under these conditions, several effects are
observed such as hindrance in floral differentiation, postponed flowering dates, prolonga-
tion of the flowering period, and an increase of pistil abortion. This leads to a reduction in
fruit set [18].

Poor fruit sets are recorded in olives, when high temperatures occur during the
blooming period [32]. The constant temperature of 30 °C (+5 °C above the ambient
temperature) inhibits the fruit set and reduces pollen germination, although pollen tube
growth still occurs. Pollen tubes penetrate the ovule in 47% of the cases. The lack of
growth of both functional ovules and ovaries, despite pollen tube development and partial
ovule penetration, suggests that zygote formation or endosperm development is negatively
affected by the heat stress [32]. Note that low temperatures also affect the fruit set. At
20 °C (=5 °C below the favorable temperature), pollen tube growth is stalled, resulting in
reduced fertilization [32].

Pollen viability is commonly determined based on three parameters—pollen germina-
tion, pollen tube growth, and fertilization percentage. Negative change is recorded in all
three parameters of pollen viability, when the “Oblica” olive cultivar is exposed to elevated
temperatures [33]. Interestingly (and counter intuitively), exposure to higher temperatures
two days before the start of flowering, actually enhances pollen germination and shortens
the duration of the flowering period by one day. This was observed in “Oblica” trees [33,34]
as well as in “Leccino”, “Levantinka”, and “Pendolino” varieties [34]. Optimum tempera-
ture for pollen germination is also genotype-dependent. The fertilization competence of
four pollen donor cultivars (“Leccino”, “Levantinka”, “Oblica”, and “Pendolino”) were
compared after 24 h at different temperatures. In general, increasing temperatures from
15 to 30 °C has a positive effect on pollen tube growth and germination rates. At 35 °C,
on the other hand, the trend is reversed, as pollen tube growth and germination rates
are significantly lowered. This reduction was genotype-dependent. “Levantinka” and
“Pendolino” show higher resistance than “Leccino” and “Oblica” to temperatures higher
than the optimal [34]. Other olive cultivars—“Koroneiki”, “Kalamata”, “Mastoidis”, and
“Amigdalolia” were also tested to assess the effect of temperature on pollen germination
and tube growth and to determine the optimal germination temperatures for each culti-
var [35]. Raising the temperatures from 20 to 30 °C, positively affects pollen germination
in all cultivars studied, achieving a 52% increase (for “Mastoidis”) in pollen germination
and pollen tube length. All the cultivars studied benefit from elevated temperatures up to
the optimal temperature of 30 °C. However, when temperatures rise to 35 °C and then to
40 °C, a strong genotype-differentiated response is demonstrated, with “Koroneiki” and
“Kalamata” acknowledged to be more tolerant than “Mastoidis” and “Amigdalolia” [35].

Other related topics, such as irrigation as a mean to defeat elevated temperatures and
the effect of elevated temperatures on olive pests (such as Verticillium, anthracnose, Bactrocera
oleae), are not within the scope of this review and thus were not discussed here, although
they merit a careful consideration [36-39]. It is recognized that excess irrigation during
fruit development results in lower phenolic concentrations, possibly due to changes in the
biosynthetic and catabolic polyphenol pathways in the olive fruit [40—44]. In this respect,
a genotype variability was noted. For example, the “Souri” cultivar showed no significant
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decrease in polyphenol level under high temperature conditions, thus suggesting that some
cultivars may be relatively more tolerant to high temperatures [4].

2.3. Fruit Development under Warmer Summers

Extreme summer temperatures can impair intermolecular interactions needed for
proper growth of olive fruits [45]. Exposure of plants to high temperatures affects different
vegetative parameters such as sunburn causal, leaf abscission, and growth inhibition [46,47],
as well as reduction of starch, protein, and oil content [48,49]. Plants exposed to tempera-
tures above their optimal growing temperatures exhibit cellular and metabolic survival
responses [2,50-53]. The type and degree of damage caused to crops by high temperatures
depend on the growth stage at the time when the exposure occurs and the severity of the
stress. The reproductive phase is more sensitive to high temperatures than other phases,
and this may lead to yield reduction [54].

As in other drupes, olive fruit development is characterized by a double sigmoid
growth curve for fruit size and weight [55,56]. This means that the growth pace is ac-
celerated, then holds steady for a varied length of time and then accelerated again until
the fruit peaks at maximal size. The first sigmoidal increase in size is attributed to cell
division, while the second increase is attributed to cell expansion. Both cell division and
cell expansion contribute to initial mesocarp growth [57]. Therefore, the difference in
fruit size between cultivars is initially dictated by cell division rate. Later, fruit growth is
determined by the increase in cell size [58]. Several studies have examined the effect of
high temperatures on olive fruit weight (over different time spans). Studies carried out
over long periods of time and over a wide range of temperatures showed that dry fruit
weight is not affected by average temperatures within a range of 16-25 °C but was reduced
with further increases in temperature [59,60]. Our previous work [4] showed that under
warmer summers the double sigmoid growth curve is flattened and fruit yield and oil
quality are reduced (Figure 2).
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Figure 2. Double sigmoid growth curve of dry fruit oil (%) occurring in two cultivars grown under
mild summers (on the left hand; in blue) and flattened in the same cultivars when grown under
extreme hot summer (on the right hand; in red). The full lines indicate fruit weight; the dashed
lines represent the oil percent. The figures were prepared based on previous published data by the
co-authors [4].

It has been suggested that for tomatoes, high temperature during fruit development
has a greater effect on cell division than on cell expansion [61,62]. Researchers found that
in olives, as in other drupes, both cell division and cell expansion contribute to mesocarpal
growth at early stages of fruit development [57,58]. In contrast to this observation, the
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heat-tolerant “Barnea” cultivar delays mesocarpal cell division until the arrival of milder
weather in following months [4]. Nissim et al. [4] suggested that the main effect of high
temperatures on olive fruit weight is through the repression of both cell expansion and
cell division.

The term “heat” or “high temperatures” must be more carefully defined. Does the
term refer to the maximum temperature at mid-day, the maximum temperature at night,
or the amplitude of the measured temperatures over 24 h? Similarly, the injury to the
fruit must be defined and quantified. Several studies have investigated the effects of high
temperatures on fruit size. For example, the maximum temperatures measured during the
night were proved to affect the size of tomatoes [61]. On the other hand, Nissim et al. [4]
who studied the three parameters of heat—the maximum day temperature, the maximum
night temperature, and 24-h-period temperature amplitude—concluded that the maximum
day temperature is the most relevant heat component of the three in inhibiting olive
fruit growth.

For the “Arauco” cultivar, 25 °C is defined as the ambient mean temperature optimal
for olive fruit production [63]. Dry fruit weight measured at several locations in the
province of La Rioja, Argentina shows a tendency to decrease with increasing mean
temperature [63]. This effect appears at temperatures above the range of 16-25 °C. At these
temperatures, dry fruit weight decreases at a rate of 0.08 g for each additional 1 °C [59].
In general, high temperatures during fruit development affect three important traits—
fruit weight, oil concentration, and oil quality. Various cultivars demonstrate different
levels of heat intolerance. The final dry fruit weight at harvest of the “Barnea” cultivar
is affected by a high temperature environment, whereas the “Koroneiki”, “Picholine”,
“Souri”, and “Coratina” cultivars exhibit decreases in dry fruit weight at harvest under
higher temperatures by 0.2, 0.2, 0.4, and 1 g per fruit, respectively.

3. Olive Oil Production under Elevated Temperatures
3.1. Oil Accumulation under Warmer Summers

Oil accumulation in olive fruits is known to begin in June and to last until mid-
October. It then slows down during November-December [4,64]. The total period of drupe
development from flowering until maturation lasts 18-20 weeks. During this period, the
drupe passes through four developmental stages: 0-2 weeks after flowering (WAF) is
characterised by ovary growth through cell division. From 2-6 WAF, the drupe grows
by cell division. At 6-16 WAF, cells continue to expand, as lipids are stored in oil bodies
in the mesocarpal cells. The last stage is 16-20 WAF, when epicarp colouration begins
and the fruit peel begins to turn purple due to intense anthocyanin deposition in the cell
vacuoles [55,65]. At harvest, oil droplets occupy about 80% of the cell volume [4,66,67].

Oil concentration shows an insignificant linear decrease of 1.1% per degree, as temper-
atures increased from 16 to 32 °C. Another increase of 7 °C has a permanent negative effect
on oil concentration at final harvest, particularly when the exposure to high temperature
occurs at the beginning of oil accumulation [59].

Elevated temperatures affect oil production [68]. This negative effect on oil production
in plants is felt in different ways; for example, elevated temperatures reduce oil production
in sunflower hybrids by 6% [69], but do not influence oil production in corn [70]. Olive
oil concentrations, however, are even more complex, as the effect of higher temperatures
is genotype-dependent [71]. The final oil concentrations of “Barnea”, “Picholine”, and
“Coratina” do not change even when grown at almost 50 °C, while the oil concentrations
of “Koroneiki” and “Souri” decrease in average by 2% per degree of increased maximum
daily temperature [4]. The oil concentration of the “Arauco” cultivar decreases by 1.1% per
degree of increased temperature [59]. “Coratina” and “Arbequina” trees reduce oil concen-
tration by 5% on average as a response to warmer environments. This was demonstrated
for other cultivars as well [60].

Garcia-Inza et al. [51] showed that besides the mean maximum temperature, other
heat temperature parameters should be also evaluated, i.e., mean minimum temperature
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and mean thermal amplitude. Thermal amplitude is the difference between minimal (night)
temperatures and maximal (day) daily oscillation in temperatures. The thermal amplitude
was found to have an inverse association with oil accumulation and a positive linear
association with oil quality [63]. This means that as the gap between the maximum and
minimum mean temperatures gets larger, oil yield reduces but oil quality is enhanced.

Garcia-Inza et al. [59] found that high temperatures during oil accumulation negatively
affect olive oil yield and quality in warm regions, particularly if high-temperature events
occur early during the fruit development process, i.e., affecting cell division. However,
our preliminary results suggested different findings. We found that fruit development is
affected by elevated temperature regardless of the time of occurrence during this process,
while oil accumulation and quality are most affect specifically when the high-temperature
events occur after pit hardening (unpublished data). Fruit weights and oil accumulations
in “Koroneiki”, “Coratina”, and “Picholine” are much lower when grown under high
temperatures compared to those of the same cultuivars grown under milder temperatures.
On the other hand, the “Barnea” cultivar exhibits greater tolerance for high temperatures;
thus, final fruit weight and oil percentage are similar in olive trees grown under either
high or moderate temperature conditions [50]. Final oil content is also cultivar-dependent,
as “Barnea”, “Coratina”, and “Picholine” show no affect when exposed to high tempera-
tures. The “Koroneiki” and “Souri” cultivars, under similar conditions, show drops in oil
content by 15% and 8%, respectively. As for oil quality, the “Souri” cultivar shows higher
tolerance to high temperatures than any of the other cultivars studied [4].

Nissin et al. [72] demonstrated the genetic mechanism controlling this genotype-
dependent tolerance. The degree of induction of heat shock proteins as a response to
high temperatures is cultivar-dependent. The heat-resistant “Barnea” cultivar shows a
larger degree of induction than the heat-sensitive “Souri” variant. Moreover, different
genes involved in olive oil biosynthesis are repressed when exposed to heat; the genes
show cultivar-dependent expression patterns according to their heat tolerance characteris-
tics [72]. Using these molecular observations, the identification or development of more
heat-resistant cultivars maintaining high yield and quality of oil is critical for a future
characterized by global warming.

3.2. Olive Oil Quality under Warmer Summers

Oil quality, which can be measured by high oleic acid (Cjg,) levels and/or low
linoleic acid (Cyg:2) levels, shows a positive correlation with oleic acid levels and negative
association with linoleic acid levels. In other words, the high-temperature amplitude has
a positive effect on oil quality [63]. No significant association with the mean maximum
temperature was found, which is a crucial point in defining the relevant temperature
correlated with those changes. The minimum temperature, on the other hand, has a strong
negative effect on oil quality [63], suggesting that the attainment of high-quality oil requires
somewhat elevated threshold temperatures. These results [63] suggest that recording spells
of high temperatures alone does not reflect the complex conditions affecting fruit yield, oil
content, and oil quality in olives. The minimum temperature and the thermal amplitude
must also be considered.

Temperature is undoubtedly an important factor contributing to variations in oil
quality, particularly the temperatures prevailing from the time of stone hardening until
the beginning of fruit colour change, i.e., July till October [73]. Oil quality seems to be the
parameter most acutely affected by high temperatures. Olive oil quality is determined
mainly by the free acidity, expressed in % and defined by the relative concentration of
the monounsaturated fatty acid named oleic acid (Cyg.1), which has a clear impact on the
quality of olive oil. The chemical composition of olive oil is composed mainly of oleic
acid, which comprises up to 83% of the total, with residual amounts of palmitic acid (Cy¢.0;
7.5-20%), linoleic acid (C1g.p; 3.5—21%), stearic acid (C1g.9), and linolenic acid (C1g.3) [73,74].
The oleic acid concentration decreases by 0.7% per degree, as temperatures increase from
16 to 32 °C [63]. Commentary, the evaluation of oil quality is also based on several accepted
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physicochemical and sensory parameters, such as organoleptic quality and phenolic and
volatile compounds, as defined by the International Olive Council (IOC) [75].

During summer, temperatures can reach up to 46 °C. Such high temperatures during
oil accumulation can certainly decrease fruit size, oil yield, and oil quality. Oil quality
defined by fatty acid composition (i.e., % oleic acid) and polyphenol levels is lower when
grown in high temperatures for any of the studied cultivars. However, heat tolerance is
genotype-dependent [4], where some cultivars’ oil qualities are affected more than others.
Thus, the oil qualities of the “Barnea” and “Picholine” cultivars are severely affected by
high temperatures, while the “Souri” type is recognized as more heat-tolerant.

The chemical parameters used to determine olive oil quality are the total polyphe-
nol profile and fatty acid composition. Polyphenol levels decrease during fruit develop-
ment [76,77], positively corresponding with water restrictions [78,79]. Elevated temper-
atures lead to a dramatic decrease of up to 65% in the total polyphenol content of most
analyzed cultivars [4].

As mentioned above, the second criteria of oil quality is the fatty acid composition,
mainly the oleic acid content. In sunflower oil, for example, heat stress causes an increase in
oleic acid content and a reduction of linoleic acid [69]. In olive, high temperatures cause a
decrease in oleic acid concentration and increases of linoleic and palmitic acids [59,80]. The
different mechanisms, leading to opposite outcomes, may be partly explained by the genes
involved in the oil biosynthesis pathway as seen through their levels of expression [81]. The
reaction begins in the cytosol and advances to the plastid and terminates at the endoplasmic
reticulum. Tracking the expression pattern of genes involved in the oil biosynthesis in
olive fruit reveals that oleic acid is produced when the fatty acid desaturases (FAD) are
activated. In high-quality oil, oleic acid is produced through fatty acid desaturases, while
FAD2 synthases remain inactive. However, when the tree is subjected to heat stress, FAD2
synthases are activated and linoleic acid is produced. As linoleic acid is synthesized from
oleic acid, the level of oleic acid will decrease and levels of linoleic acid will rise [72].

The influence of temperatures during the growing season on fatty acid composition of
188 Italian cultivars was studied between 2001 and 2005. Significantly lower concentrations
of oleic acid and higher palmitic and linoleic acids levels were found in the warmest year
of the study (2003) compared to in the coolest year (2005) [73]. Standard levels of fatty acid
composition in olive oil determined by the IOC state that olive oil must contain 55-83%
oleic acid and 3.5-21% linoleic acid. The oils obtained from olives grown in extreme heat
conditions contain up to 23% linoleic acid and only 52% oleic acid, neither of which meets
the standards of the IOC [73].

Genotype variability was demonstrated in the present study. Out of the five cultivars
analyzed, the “Souri” cultivar showed the smallest decrease in oleic acid (<4%) and the
smallest increase in linoleic acid (1.5%) under elevated temperatures [4]. Taken with
total polyphenol levels, this suggests that some cultivars may be more resistant to high
temperature environments than the others. As global warming spreads, this information
becomes extremely important.

The early harvesting of olives is an increasingly widespread trend in Mediterranean
countries that aims to increase the quality of oils by using less mature fruits over the
expenses of oil amounts. However, early harvesting in countries that have very warm
autumns means harvesting and processing during higher temperatures, which may in
turn affect the quality of oil [82-84]. The internal temperature of the fruits at the time of
processing and the temperatures maintained during the milling and malaxation steps on
olive oil quality should be considered.

4. Strategies to Olive Crop Improvement for High-Temperature Tolerance

In order to address the continued global warming and its effect on olive oil yield and
quality, suitable cultivars must be identified. Olive trees growing in regions with extreme
conditions characterized by high summer temperatures should be studied. Nissin et al. [50]
compared fruit yield and oil quality of trees growing in warmer summer regions with those



Agronomy 2021, 11, 1492

10 of 16

of the same trees/cultivars growing in a region of relatively mild summers. Their study
found that the effects of a high temperature environment are genotype-dependent. Similar
conclusions have been extrapolated for heat resistance during the period of activation of
the the fruit set throughout years with unusually warm spring weather [34,35] and during
winters when flowering induction is set [8]. Clearly, heat-resistant genotypes should be
selected for breeding.

The abovementioned results suggest that different olive cultivars adopt different
mechanisms to successfully endure high temperatures. The first step, therefore, in adapting
olive culture to changing climatic conditions would be to scan a wide range of cultivars
growing under extreme heat conditions and study their ability to respond effectively to
these conditions. Elucidating the mechanisms enhancing these abilities may open a way
toward the development of new olive cultivars adapted to high temperature conditions.

In support of the genetic approach to facing the challenge of climate change, new
agro-technical solutions that will enable reducing the temperature during critically hot days
or periods should be actively sought. For this, systematic research should be conducted in
attempt to compile a comprehensive set of data regarding the ambient temperatures for
each cultivar and the intolerance threshold to which each cultivar can no longer respond.
Complimentary critical temperatures—a cold quotient requirement model for winter as
well as a “critical heat damage model” for hot springs and extreme summers—are also
necessary. Some initial attempts to use omics methods for olive and other oil fruits were
carried out [85-88]. Recent advances in bioinformatics and analytical tools, i.e., next-
generation sequencing and mass spectrometry, may be very helpful for revealing and
tracking the olive ripening mechanism. Genomics-based high-dimensional datasets, such as
transcriptomics, proteomics, and metabolomics, provide an in-depth understanding of the
molecular-specific processes regulating olive fruit development and ripening [85]. These
post-genomics tools are well-established technologies and have been used as phenotyping
tools to elucidate the mechanisms involved in fruit ripening and fatty acid synthesis, all
of which promise to facilitate and speed up the improvement of oil quality and olive
productivity [86]. The incomplete sequence of olive reference genome is the most obvious
obstacle currently preventing from this task being achieved [85].

5. Conclusions and Future Prospects

The effect of high temperatures is the dominant suppressor of fruit sets among the
cultivars of possible abiotic stresses [60]. Comparing the effect of heat to that of drought
demonstrates the importance of its effects. Deficient irrigation reduces tree growth but
does not affect return bloom or fruit yield even after a reduction of 50% [89]. This is not
the case with high temperatures. As seen above, even 3—4 °C above ambient temperature
significantly damages fruit yield, oil amount, and oil quality. The Mediterranean Basin is
one of the regions that is expected to be affected most by future climate change.

Projected future (2070-2100) annual and seasonal average changes in mean air tem-
perature were calculated for the period of 1970 to 2000 and used in future climate model
projections [90]. Future surface mean air temperatures of the larger Mediterranean Basin
was calculated to increase by up to 7 °C over the next 80 years, i.e., by almost 0.9 °C per
decade, and the intensity of high temperatures events will be also likely to increase in the
future [90]. These projected trends (Figure 3), together with the important role of olive oil
in human nutrition, demonstrate the need for meeting the challenge of the effect of climate
change on the continued production of high-quality olive oil. Identifying more resilient cul-
tivars of olives is today’s major goal of olive geneticists. This review has demonstrated that
most types and levels of the olive’s response to high temperatures are genotype-dependent.
Identifying the threshold temperatures for the optimal olive production of different olive
genotypes and how temperature variation affects olive physiological, biochemical, and
molecular mechanisms is another aspect that we consider crucial.
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Figure 3. Estimated future changes in mean air temperature around the Mediterranean Basin during
the future period of 2070-2100. Expected temperatures were calculated based on retrieved data from
1970 to 2000 and A2 future climate model projections [90]. (a) winter temperatures (DJF: December—
January—-February); (b) spring temperatures (MAM: March—-April-May); (c) summer temperatures
(JJA: June-July-August); (d) spring temperatures (SON: September—October—-November). Figure
were prepared based on the work conducted by Oztiirk et al., with the consent of the authors;
(e) distribution of olive culture around the Great Mediterranean Basin. Taken from https:/ /pin.it/
3YGOUaF (accessed on 26 July 2021).

The oil of each olive cultivar is characterized by its own genetically determined balance
of fatty acids, and each is affected differently by changing seasonal temperatures. The
four main fatty acids of olive oil, arranged in the order of their biosynthetic pathway, are
palmitic (Cy4.0), oleic acid (C1g.1), linoleic (Cyg:2), and linolenic (Cyg.3) acids. Any inhibition
or promotion of a reaction in the pathway will affect the balance of these fatty acids. For
example, the degradation of oleic acid may be compensated for by an increase in any of
the other three fatty acids. The remaining concentration of oleic acid is characteristic of
each genotype and determines the heat resistance of a particular cultivar [73]. Thus, each
of the resistant cultivars may be identified, and its degree of heat sensitivity/resistance
is characterized.

To achieve this goal, more basic data are needed to complete the sensitivity map
(Figure 4 and references therein), which can be achieved by screening the cultivar collections
managed in different parts of the world today. We mapped the current published data
regarding sensitivity /resilience of different cultivars studied and sketched the status of
sustainability (Figure 4). This chart should be expanded, and the sensitivity level of
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many more cultivars should be evaluated. Following that, a more in-depth genetic study
should be carried out to identify genes controlling the sensitivities /resistances of different
cultivars with each of the different parameters we discussed, i.e., flowering, fruit set,
fruit development, oil accumulation, and oil quality. This accumulative data should be
carefully screened and used in future breeding programs designed to address the increasing
challenge of global warming, especially as predicted for the Greater Mediterranean Basin.

Heat sensitive Heat resistant]
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Figure 4. Sensitivity response map of different oil cultivars to elevated temperature environments during various develop-
mental stages of olive fruit.
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