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under high temperature conditions

MNOPNN TIVNI OYUNIN WTNN IPY W
203-1170-20 : 9N NP

$APNNY DXOMYN MNY

MNP DNDMY ,DMID DN , VPN 1D — (giora@agri.gov.il) »ax-1a X997

QPN T2 MINSINN
QPN T2 J0YN MNP 919002 D) MV PO — 230 )9
JPINT NTW INNVDON PN — HAY NN

PN T2 )0V 2977 1IN — 099 9IR

PN DT .DONN NN DD NI — PO DIPN
PN T2 DD NDIY — 23 PN

DYYRIAN IPINND NIANNN

D202 NN 0N AT N/172 OIRINND

19 :DINYPNY MENN DNIN DDA

31.12.2020 : 798N O@, 197NN NN



PIPNH

NYLYIN MPYY THRY STV 27 Y710 W1 (Olea europaea L.) >mann non — Niyan msn
STIN) NIV 2T TINA,OYTHI0 NMIWIRD 190N DNAY DMYIV DI NINA D) YIV) XN NI

191 Y2 NN IX DINIDN DD D MPY DY TTINNND NN ORI , 0217 DMIPNA 729D

MMI) NMNVIFNVY DXYNINT DX NIND NN YAV D12 AN DOPNRDY 1IN HY .MM MNVINIV

NPPVPI NNAY N/ DIIINNN DT INRD WY )W NN 1197 MNNSNN TN — P2
DIND PIIPAN INNS DY Y72 Y9 DMP DY .0INN DIV DY TDNNY XYY YIONY MIDVINN
NN Y9N MNNONN PITA MM MNVINV MIAPYA ,)IVN MDONA DY D122 NNXNSY
RValVT)

12) NN YAV D122 NYAP IVANIY DIDVINN DIV PTHINDY DT INND — IPNNH NN
DINN PIAPAN INNE NION N : NININ NPIVNT IPNND MIVN IITININ T TIND .0IN NN D)
2. DINHONINA MO IV MDONRD DINN PI2PAN INNY NN .2 .0IN ONINT TN IV 91
IYANNY MNOPN NPPOPI NINJD T .0IN ONIN D) YNNI 112 YOV 912> DONNN DI NN
DY) DN DIN ININD OMDON) M) IV 912> NHap

Y18 NPV 1INNY DT TYIHNINND D20 DIXNITHOINNY H915 991200 NDNN — AMHAYH MVIY
YIVN NINNDI I MNNANT DY OUTIN PPANX TIVI .00 DDPR) N2IND) (TIND 7112) DIN MNITN)
PNAD NN DY .JHYN 2577 IN2) NNYN IV DMWY MNNAN YDV HY DIVDIPDITIV 1PN D)
MNY MNPN NN ,)HYN NN DI NNPNON DY DIND MNIN NYOWND NPVIPN NMPNN NN
PAWN MR 9122 DY 10 DD DY MYAVNN NYIM 228 NPV INY NPT I8Y DAY NNYN ToNNa

PYON INND

D TINND XY 1A PRy HY DIND MNIND 2ITNHI DIXRNND YN 3 D NIRII— NPIPIY MINSHN
DY NIND 1N MND NMND JIY) DTN ININD 319 1M DIN NN O) MDD DT T NNV
D DN PP ONINA DIDNK DNIND YAV IXOY DHNN NPVNPY PIWS DR .DNNINN
ANNN PP DY MR DN DN P DY IR JOP DNOY 2190 DTN YAN ONOMIND DNINIA
2YTHO DN NIV NN DXDYI0N INY ONLVP MY DIN ININT DMINMN YNOM SPINNPN
7107 Y3 IR NNT OY TN .01 D52 0N PP ONINA 10X YAWN MDN .ONHNN PP NN
D) XM IV NP NT 112 )Y MK NN DN PPY 1N NMAN MITNIYN HYI 111 1N
MMI2) MMNMVLIVIV DY NN MW IRNIND NYIR Y9N MNNINN .ON PP DY) INNY
MM MNVINIY APY PI DI JIYN MION) JIYN SHINK ,NNT NNIWY .1vN 9D Tonna
TPONDIPA DY OYY NT TVND NMDVINND MDY NN INIY 1N .LOMINY MY DXVUTINI

)PYin Mo Dia

MDY YW .ON PP DY DININD DINNN ¥I93N %5 ARIY DN DINN — MEHNM NMIPON
YR DIYNHNA DIND MYYA NIPYAY 1917 LODINMN 1 THNNA DINN DI DIXYN NN 9PY
L0915V AN D11 1990 DITONY 9N NaN NP0 Y¥AY WY P NNNAY DINN



NYaN NNM Nan

NI T NPLYIAN MPYD TNIY SMVY 27 N0 W (Olea europaea L.) >mann noin
L7290 .7 NIV 29 TINMA D110 NPIIWIND 1900 DNAY DMWY DTN D) YIV)
MNVINIY 121 YIP ININ IN DN DM D MPY OY TTHINNND NN NON) 0217 DMPNa
MIAPY MDONY 91222 NNINAD DINN PHIAPAN INNN HY ¥ 9¥9 D»P DD .MM

YAYN NINO DY 2DV NN VT XD )NYN NN 1197 NINNNN JATI MM NNIVINL
NIV NITN .MDNA NP NINPDA 21PN XN PITLONND) NNVINNVY MDVN MY
LINWN 2,10 DY) LINN I P DN N 00T 330,000 DY DY) 9PN DXNPT DD DD
DYDY MPON PPN MNVINNY DN, INY D2 PHRYI DT D1YIV DNLY DY DDIAN
21NN YYD MR DY D29 DYV PVIP DI WD JIYA )DIVN MINHDIN 25970 .0»N»Ya
MM DY, OYON DY WAVN 11T YOI 1IWN DY NPVIVIND INNIT NN YAIP PIVD MNNDIN 25970
N7HN2 DINVIANND DIDDAY DN DN YN Y .72 N2 NPONN TONN DY 1IN §THN
,DYDNN 9T HY KXY TN NYSINNDY NPT O TN ,)IVN DY DTHnN NINY
TPN9IP NYAPNN DYY 1NN OYITD TN . OXNNNN NXYINI NMINIAN TIVN DIMIPN

DN RN MM NMNVINILV STV N2, TOPRODIND NNIND HINKD NIVINNLN P2 NN
D32 55% YW Q0N TIY NN DT TY TPRIDIND NNNIND INRD NINVINNLN P2 TION
POY T NI TIRODIND TIVA DTV N2 INONY DIVINNI TT9) YWD 2590 DM Y

,(3 IMIN) 1PINOM (6 MININ) THINIDINDN ,TPVINDAN MNMIND DINNY 1IN XN : MINNI
PNY MND OYTHN DY MNY .NNVINNVI NPOYN DY MDW ,NPT IV PDY G0 TIY 1NoY
912°0 091D T80 N2 MYV NPYN MY DNIY DINNA DPOIVY DXNAT MIPIN DY) INY 12
YV .INY ONINN DN DINROPN DOYIN PON PIYN 21230 DMYNYN TIN) ONOY 1PYN
DY T2ON20 INPYIV MNINND DNIYN DY D12 MM NN NPT N

APNNN NYYN

IV 512> NHAP HIIYINROY DMIDVINN DNV PTIND) OMIF INNRD NI ONINN IPNNN NIVN
.DIN NN DI M)

: ININ NMIVHN TPNNN MV TN TD TN
.DINONINT TINI POV 9129 BINN P12PaN INNE NIPN. X
.DINONIN OMDN IWNY AV 91259 DINN PI12PAN INNY NN .2
.DINONINA D) YMINY M) POV 912> DANNN DR NIPX )

D12 OIN ONINA YMDINY M) YAV 212> NYIAP IWARNY TPROPN NPPOPIY MNP .7
DV



DINSIN

1IND ONRNA,NOIN INRD .JNT 222 1INV TN ONNY NOIN INKRD TY DN NNY VDY 52
ToNN2 DIXYN DT OV (1 IPN) 22X NPV NN (DY 5-7 12 220 1T \Y D37I101N) DININYN
SV NMNMYNRIN DPNIVA .9NNN ND2 VIPINDIX YD) DY M 2 10D DINYN DI .7wn Do
,IPVNP PPMNNP LY : DININ DI NWNNNI 13 D30 DINY 519700 DINNYN AIPNNIN

99 NYN Y5 THNNA NTIY NADNNY MPYNN NIV .(N2IN) 22N NPV) INN DO NI PO
4 52>p NNy 95 22N NPV DM DMIYI YIINI NAINA D2 DY 3 TWND MPT 25 Oy

VY 13.3 -1 N2INA OPY IV 10 DY MPYN D N1 DOV IO DYV TV 2 HY MHOVIL

N2IY) DXINNM MY DY NADN NYV Y172 PPYNN NIINN ,VONIN P DXYTINA AN NPV
028 NPV

TENNY DXNAT) 3 NOVAN DPTINRD YINY 13 DI Y000 TY NNY D TONN2 INPII 9 MNNT
NIV IPDNI NN 931 NDNN NN DMO (PNYND IPNNN XD N1 NINYN 50% Syn 0N

AV MOINY 2070 PPOX DWY 1T a2 Abencor noyna ypw npond

112 .(1 PN ,DPNYYY NNKX) MY DI TNIRD NDNN NN MY NTTNII DN NNVINNVN
NN NIVIVNVN NPV NI YAX NPV NNVINILN ,MIDNN NNV NYIDY YW NINID
.N2IXY DN OPMYNPWYN M)

45
s Tirat-Zvi (HT)

a 25 == T7uba (MT)

w

B
wu

=2
)
»

Temperature (°C)

& w

e
[N
W

December

August I September I October I November

,() MIYNIN NMIYA (DIND) N2INDY (DYTN) 22X NPV NNYN DI TNNRD YN NNVINLN : 1 PN

PIT NP AN NPV PN NIDNIN TIVN NIYA .(C) NPYWHWN MDD Mva (b) vn mva
DANIND NOWAN Y9I NAINAN

NN ,DY 992 M 20N NMNVINNLN HY DOYTIND DIYSINNN NN MNIY 1N 1 NHava
N2 Y91 NMMVLITNVN DY DIPYTIND DXYXINNN NN YTIN D2 MM Y97 MMVINNVN



MOYN YHNY DPA MYYN TWYD NIN N2INY 228 NPV P2 DWTIND 291 972010 .0 Y3

.25
Mean (Max  Mean (Max (Tirat Max (Max Max (Max Mean (Min Mean (Min (Tirat
(Tzuba (°C))) Zvi (°C)) (Tzuba (°C)))  (Tirat Zvi (°C))) (Tzuba (°C))) Zvi (°C))
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3rd year
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All cultivars

Variable Variable Correlation P value
Dry fruit weight Tmax -0.346 0.0016
Dry fruit weight Tmin -0.2782 0.0119
Dry fruit weight Tmean -0.3366 0.0021
Dry fruit oil percentage | Tmax -0.1827 0.1245
Dry fruit oil percentage | Tmin -0.0897 0.4538
Dry fruit oil percentage | Tmean -0.1222 0.3067

Only sensitive cultivars

Variable Variable Correlation P value
Dry fruit weight Tmax -0.4356 0.0004
Dry fruit weight Tmin -0.362 0.0038
Dry fruit weight Tmean -0.4195 0.0007
Dry fruit oil percentage | Tmax -0.4015 0.0309
Dry fruit oil percentage | Tmin -0.2414 0.2072
Dry fruit oil percentage | Tmean -0.3218 0.0887
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Palmitic |Palmitoleic| Margaric | Stearic Oleic Linoleic | Linolenic | Arachidic |Eicosenoic |Docosanoic| Lignoceric| Squalene
A [1398] 0.60 | 0.14 | 3.14 [62.30 | 15.01 | 2.71 | 0.59 | 0.49 | 0.12 | 0.00 | 0.92
B [1433] 067 | 0.15 | 3.27 161.58 |14.74| 2.83 | 0.65 | 0.53 | 0.14 | 0.00 | 1.11
C |[1559] 0.69 | 0.18 | 3.24 [60.02 |14.96| 2.78 | 0.70 | 0.56 | 0.15 | 0.09 | 1.04
D [1541) 099 | 0.16 | 3.95 |57.67 | 15.81 | 3.29 | 0.93 | 0.62 | 0.16 | 0.10 | 0.90
E 14771 0.79 | 0.14 | 3.71 [60.1714.97] 3.02 | 0.65 | 0.53 | 0.13 | 0.00 | 1.12
F 15.65] 1.53 | 0.22 | 4.21 [56.78 | 15.24] 3.30 | 1.21 | 0.70 | 0.19 | 0.13 | 0.82
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BCCP—biotin carboxyl carrier protein, BC—biotin carboxylase, C7—carboxyl
transferase, ACC—acetyl-CoA carboxylase, MCA T— malonyl-CoA: ACP

transacylase, ACP—acyl carrier protein, KAS—B-ketoacyl-ACP synthase, KAR— B-

ketoacyl-ACP reductase, HAD—B-hydroxyacyl-ACP dehydrase, ENR—enoyl-ACP
reductase, SAD— stearoyl-ACP desaturase, F/A 7—fatty acyl-ACP thioesterases,
FAD—fatty acid desaturases, GPDH—glycerol 3-phosphate dehydrogenase, GPAT—
glycerol 3-phosphate acyltransferase, LPAA T—lysophosphatidate acyltransferase,
PP—phosphatidate phosphohydrolase, PDCT— phosphatidylcholine diacylglycerol
cholinephosphotransferase, DGA 7— diacylglycerol acyltransferase, PDA T—
phospholipid; diacylglycerol acyltransferase, DHAP—dihydroxyacetone phosphate,
G3P—glycerol 3-phosphate, LPA—Ilysophosphatidate, PA—phosphatidate, DAG—
diacylglycerol, PC—phosphatidylcholine, 74 G—triacylglycerol.
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High temperatures summer resistant

Cultivar | Fruit weight % oil Oil quality
Barnea / / x
Picholine X / X
Coratina x / x
Koroneiki x x x
Souri X X v
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Abstract

Global warming is predicted to have a negative effect on plant growth due to the damaging
effect of high temperatures. In order to address the effect of high temperature environments
on olive oil yield and quality, we compared its effect on the fruit development of five olive cul-
tivars placed in a region noted for its high summer temperatures, with trees of the same culti-
vars placed in a region of relatively mild summers. We found that the effects of a high
temperature environment are genotype dependent and in general, high temperatures during
fruit development affected three important traits: fruit weight, oil concentration and oil qual-
ity. None of the tested cultivars exhibited complete heat stress tolerance. Final dry fruit
weight at harvest of the ‘Barnea’ cultivar was not affected by the high temperature environ-
ment, whereas the 'Koroneiki’, 'Coratina’, 'Souri’ and 'Picholine’ cultivars exhibited
decreased dry fruit weight at harvest in response to higher temperatures by 0.2, 1, 0.4 and
0.2 g respectively. The pattern of final oil concentration was also cultivar dependent, ’Bar-
nea’, 'Coratina’ and ’Picholine’ not being affected by the high temperature environment,
whereas the ’Koroneiki’ and "Souri’ cultivars showed a decreased dry fruit oil concentration
at harvest under the same conditions by 15 and 8% respectively. Regarding the quality of oil
produced, the 'Souri’ cultivar proved more tolerant to a high temperature environment than
any other of the cultivars analyzed in this study. These results suggest that different olive
cultivars have developed a variety of mechanisms in dealing with high temperatures. Eluci-
dation of the mechanism of each of these responses may open the way to development of a
variety of olives broadly adapted to conditions of high temperatures.

Introduction

Fluctuations in temperature occur naturally during plant growth and reproduction. However,
extreme hot summers can damage the intermolecular interactions needed for proper growth,
thus impairing plant development and fruit set. The increasing threat of climate change is
already having a substantial impact on agricultural production [1]. High temperatures may
cause visual symptoms of sunburn, leaf abscission and growth inhibition of plants [2, 3]. High
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temperature shocks during the reproductive phase of cereal crops can cause substantial reduc-
tion in yield. Oilseed crops are also negatively affected by heat stress, which has been shown to
reduce starch, protein and oil content [4, 5]. Significant reduction of yield due to heat stress
has been reported in peanut and tomato [6, 7] and due to high temperatures has been reported
in wheat, rice and bean [8-10]. Plants exposed to temperatures above their optimal growing
temperatures, exhibit cellular and metabolic responses which enable the plants to survive [11-
15]. The level of damage to crops caused by high temperatures depends on the growth stage at
the time of exposure, and the severity of the stress. The reproductive phase is more sensitive to
high temperatures, causing a reduction in yield [16].

As in other drupes, olive fruit development is characterized by a double sigmoid growth
curve for fruit size and weight [17, 18]. Rallo and Rapoport [19] examined the development of
‘Manzanilla’ olive fruit mesocarp. They found that as in other drupes, both cell division and
expansion contribute to initial mesocarp growth. From six weeks post anthesis, mesocarp
growth is determined solely by cell expansion. Hence, the early difference in fruit size between
cultivars is mostly a result of the rate of cell division. Later fruit growth is a function of
increased cell size [20].

Oil accumulation in olive fruits is known to begin in the second half of the summer. It lasts
for about 8 weeks during summer and fall and then slows down during fruit ripening. Oil
accumulation is strongly influenced by the cultivar type and the climactic conditions prevalent
during fruit development. During ripening, the olive fruit undergoes various modifications
[21-24].

The period of drupe development and maturation lasts 18-20 weeks after flowering (WAF).
During this period, the drupe passed through four developmental stages. The first stage begins
soon after fertilization, lasts for 2 weeks and is characterized by ovary growth through cell divi-
sion. The second stage lasts up to 6 WAF, and is characterized by drupe growth by cell expan-
sion. The third stage extends for 7-10 WAF. During this stage, the fruit continues to grow by
cell expansion. Lipids are stored in oil bodies in the mesocarp cells. The first oil bodies (2-4
per cell, on average) appear at about seven WAF. As the fruit matures, oil bodies increase in
number and begin to coalesce into one main oil droplet per cell, occupying ~40% of the cell
volume, and to several minor oil bodies. By the completion of pit hardening at about 10 WAF,
the oil bodies have fused into a large oil droplet comprising ~ 60% of the cell volume. The
fourth stage at 10-20 WAF is characterized by continued oil accumulation and at about 16-17
WATF the color of the epicarp begin to change to purple due to intense anthocyanin deposition
in the vacuole. At that time, the oil droplets occupy about 80% of the cell volume [25-28].

Virgin olive oil is characterized by its sensorial and nutritional properties, which are differ-
ent from those of other plant oils. Its health benefits are due to both its fatty acid composition
and minor compounds such as polyphenols, tocopherols, pigments and vitamins. Olive oil
contains mainly monounsaturated fats. The main fatty acid is oleic acid (C18:1), which repre-
sents between 55 and 83% of the total oil. It also contains a moderate amount of linoleic acid
(C18:2; 3.5-21%) and palmitic acid (C16:0; 7.5-20%) and a small amount of stearic acid
(C18:0) and linolenic acid (C18:3). Fatty acid composition of olive oil is strongly affected by
several agronomical factors such as cultivar type, fruit ripeness, crop yield, and growing
medium [29]. Several studies have examined the effect of high temperatures over a long period
of time on olive fruit weight [30, 31], olive oil accumulation [30-33] and olive oil fatty acid
composition [30, 33-37]. Garcia-Inza et al. [30] studied the effect of temperature during the
oil accumulation phase on these parameters, using transparent plastic chambers with individu-
alized temperature control to manipulate temperatures. One experiment was carried out for
four months with four treatments of different temperatures ranging from16.7 to 30.7°C.
Another experiment was carried out for four successive one month long treatment periods
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with two treatments at differing temperatures. They found that fruit dry weight was not
affected by average temperatures within a range of 16-25°C, but was reduced with further
increases in temperature. Oil concentration decreased linearly at 1.1%°C™" across the entire
range (16-32°C) of average seasonal temperatures explored, while oleic acid concentration
decreased 0.7%°C™" over the same range. In the one month long experiment, an additional
7°C above the control had a permanent negative effect on oil concentration at final harvest,
particularly when the exposure to high temperature was at the beginning of oil accumulation.
Oleic acid concentration was also negatively affected by the high temperature treatment. How-
ever, oleic acid concentration recovered upon removal of the chamber, with the exception
being that just as with total oil accumulation, oleic acid accumulation was retarded when the
heat treatment was applied at the beginning of fruit development. In general, they concluded
that high temperatures during oil accumulation negatively affected olive oil yield and quality
in warm regions, particularly if the high-temperature event occurs early. Garcia-Inza et al. [30]
used chambers which may distort the effects of a natural environment. Other studies tested the
effect of high temperatures comparing fruits of various cultivars in different locations during
different years. When comparing the yields of trees from different orchards, which were sub-
jected to different methods of agriculture, many factors can influence the parameters being
tested. In order to avoid these problems, we compared adult plants in pots, all of the same age,
and whose fertilization, pruning and other treatments were equal, the only difference between
the two groups being their location during the period of fruit development.

Olives are a major crop in Israel and are planted all over the country including semi-desert
regions such as the area surrounding Tirat Zvi, where summer temperatures often rise above
40°C. The objective of this study was to characterize the effect of a high temperature environ-
ment during olive oil accumulation, on oil yield and quality. In order to address this we used
five year old potted olive trees of five selected cultivars and placed one group in Tirat Zvi (high
temperatures during the summer) during the period of fruit development, and a second group
in Tzuba, a village with relatively mild summers, for two consecutive years. Characterizing fruit
development, oil accumulation and oil quality in both groups revealed that unsurprisingly, high
temperatures during oil accumulation can decrease fruit size, oil yield and oil quality. We dem-
onstrated however, that sensitivity to high summer temperatures is genotype dependent.

Materials and methods
Experimental design

The olive cultivars ‘Barnea’, ‘Coratina’, ‘Koroneiki’, ‘Souri’ and ‘Picholine’ were used in this
study. Twelve olive trees from each of the five cultivars brought from the Boxer nursery (Bnei
Darom, Israel) and planted in pots in 2010 at the Volcani Center, Israel (31°59°N 34°49’E; 42
m above sea level). During the summer of 2015, the trees were replanted in 50 liter pots. Right
after fruit set, at the beginning of May 2016, six saplings of each cultivar were placed in an
extremely hot climate zone at Tirat Zvi village (32°25’N 35°31’E; 225 m below sea level). The
remaining six trees of each cultivar were placed in a more temperate environment at Tzuba vil-
lage (31°47°06.0"N 35°06°33.5"E; 705 m above sea level). Both locations are private land and
the owners of the land gave permission to conduct the study on these sites. Temperature mea-
surements were determined using a HOBO USB Micro battery-powered station, which is a
weatherproof data logger for monitoring temperature. The HOBO devices were stationed in
the shade at both locations and measured the temperature every two hours throughout the
entire period of the experiment. Data regarding humidity, rainfall and wind speed was taken
from the Israel Meteorological Service database (https://ims.data.gov.il), measured at meteoro-
logical stations located 5 km from Tirat Zvi and 4.5 km from Tzuba.
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The plants were watered using a drip irrigation system which delivered 2L of water per
hour spread over three 25 minute cycles per day (07.00, 12.00 and 17.00 h) at Tzuba, the mod-
erate temperature (MT) site, and four such cycles (06.00, 10.00, 14.00 and 18.00 h) at Tirat Zvi,
the high temperature (HT) site. Each plant was irrigated with four drippers. An additional fif-
teen minutes of irrigation was added at each location in mid-summer to ensure an adequate
supply of water. Irrigation was delivered in excess, in order to prevent dry soil. The pots had
perforated bottoms in order to allow the escape of excess water. Taking into account the differ-
ences in evaporation between the two locations, the trees in the HT site were watered one
third more than the trees at the MT site. In total, each tree in the HT site was watered with
13.3 liters per day and the trees in the MT site with 10 liters per day per tree. During July and
August 2 liters per day per tree were added in both locations. Weeds were controlled by man-
ual removal. Olive fruit fly control was done only in Tzuba site using Vertimec EC, Vertigo EC
and Score EC as necessary, as well as Rogor L-40 EC which was applied once a month through-
out the experiment. Plants were fertilized at the beginning of May with Osmocote, smart-
release plant food; one application contains 11 essential nutrients and is effective for 6 months.

In order to address the effect of a high temperature environment on olive fruit development
as well as oil accumulation and quality, we characterized various physiological parameters of
the five olive cultivars ‘Barnea’, ’Picholine Languedoc’, 'Koroneiki’, ’Souri” and ’Coratina’ dur-
ing the fruit development period of two consecutive years. Trees of each cultivar were placed
at two different locations, two weeks after full bloom: The HT site (Tirat Zvi), was character-
ized by very warm summers and the MT site, Tzuba, with a mild summer. Temperatures were
measured at both locations every two hours during the entire season by portable data loggers.
Olives from each of the five cultivars on both locations were sampled every month throughout
the experiment for physiological and histological analysis as well as for evaluation of olive oil
content. At the end of the season, all fruits remaining on the trees were harvested, the oil
extracted and analyzed for quality. Trees were returned to the Volcani center for the winter
and spring, and in May 2017, two weeks after full bloom, the trees were transported once more
to Tirat Zvi (HT site) and Tzuba (MT site). Transportation in both years was carried out very
carefully and no loss of fruit was experienced as a result of the move. In total, the experiment
lasted from the beginning of May till the end of October 2016 and from the beginning of May
till Mid December 2017. At the end of the 2016 season, we harvested only a limited number of
"Souri’ and "Picholine’ fruits. Therefore, the *Souri’ fruits were only partially analyzed and the
"Picholine’ fruits were not analyzed at all. In 2017, all five cultivars were fully analyzed. Fruit
load was not measured, even though it may have had an effect on fruit weight and oil concen-
tration. However, plants were randomly chosen to be placed in either of the two locations and
therefore we believe that the average fruit load was similar at the HT and the MT sites.

Evaluating olive oil concentration

Whole fruit fresh weight was recorded, and the fruit was then dissected to mesocarp and seed
for further analysis. The fresh weight of each dissected section was recorded. Olive mesocarp
and endocarp was oven dried at 90°C for 48 h and the dry weight was recorded. Oil content
(dry weight basis) was determined using chemical oil extraction with petroleum ether as a sol-
vent in quintuple (approximately 5 gr each).

Cell size—histological analysis

A section of the fruit was analyzed for the number of cell layers (S1 Fig) and cell area using dif-
ferential staining. Fresh fruit sections from each sampling date were preserved throughout the
experiment using FAA (Formaldehyde 10%, Ethanol 50%, Acetic Acid 5% and water 35%) as a
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fixative. At the end of the experiment, we analyzed only samples representing different devel-
opmental stages. The beginning of June, 50 days post anthesis (DPA), represented the develop-
mental stage preceding pit hardening. The beginning of July, 83 DPA, represented the
developmental stage just after pit hardening, and September, 146 DPA, represented the period
before ripening and the end of fruit growth. The last time-point for this analysis was at harvest.
Analysis was done as described [38] with safranin/fast green staining.

Oil drops—histological analysis

A fresh section of the fruits was analyzed for oil drop size and density using Sudan IV staining
protocol. The specimens were stained for 6 min with Sudan IV (0.5% w/v in 90% ethanol) and
then transferred to a slide, differentiated rapidly in ethanol 50% to remove excess stain and the
images observed and photographed under a light microscope DMLB (Leica, Germany) with a
DS-Fil camera attached (Nikon, USA). Measurement of oil drop size and density was done
using NIS elements software (Nikon, USA).

Cold-press—olive oil extraction

At the end of the experiment, olives of each cultivar and location were harvested after develop-
ing a semi-black skin color, and a maturity index (MI (of approximately three, which occurred
around November. The MI was calculated from three repeats of 100 fruits, as a subjective eval-
uation of the skin color and flesh as developed in the Research Station of Venta del Llano
(Jaen, Spain) and proposed by Uceda and Frias [39]. Oil was extracted from healthy fruits
using a laboratory-scale Abencor system (Comercial Abengoa, S.A., Seville, Spain) equipped
with a hammer crusher, malaxer and centrifuge that simulates the industrial process of EVOO
production.

Determination of phenolic compounds

In 2016, Phenolic compounds were isolated from a solution of oil in hexane by double-extrac-
tion with methanol/water (60:40, v/v). Total phenols, expressed as tyrosol equivalents (ppm),
were determined with a UV-visible spectrophotometer (Beckman Coulter, Fullerton, CA,
USA) at 735 nm using Folin-Ciocalteu reagent.

In 2017, the phenolic compounds were isolated from olive oil to evaluate Ortho-diphenols
by solid-phase extraction as developed by Mateos et al., [40]. Determination of biophenols by
HPLC was done according to International Olive Council (COI/T.20/Doc No 29/Rev.1). The
calculation of Biophenol content, expressed in mg/kg, was calculated by measuring the sum of
the areas of the related chromatographic peaks.

Determination of oil fatty acid composition

Fatty acids were transformed into fatty acid methyl esters (FAMEs (using trans-esterification
with cold methanolic solution of potassium hydroxide, according to International Olive Coun-
cil (COI/T.20/Doc. 24) and European Union (EU Regulation- EN 1991R2568) protocols. Data
analyzed by Chemstation software.

The calculation of the percentage of each fatty acid identified by gas chromatograph was
done according to the formula: %fatty acid = (area of fatty acid x 100) / (total area)

Statistical analysis

The parameters tested were fresh and dry fruit weight, dry fruit oil concentration, wet oil con-
centration, amount of oil per fruit, cell size and number of cell layers and oil droplet size and
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density. These were subjected to three-way analysis of variance (ANOVA) including full facto-
rial analysis for each year, for their dependence on the three independent variables of sampling
date, tree location and cultivar type, including the various interactions between them.

Fruit was sampled during the entire period from fruit set to ripening. Obviously, fruit
growth and oil accumulation continued throughout this period. Therefore, we chose two sam-
pling days and performed a full factorial two-way ANOVA analysis for the independent vari-
ables of tree location and cultivar type for each. The first sampling date chosen (146 days post-
anthesis), was that on which the differences between the two locations were most evident. Har-
vesting time was chosen as the obvious summation date of the experiment. When we encoun-
tered significant interaction between factors, a Tukey-Kramer test was performed in order to
rank the various levels of interaction. All statistical analyses were performed using JMP soft-
ware [41].

Results

Different locations typify different climate conditions

Summer temperatures in Tirat Zvi (the HT site) were higher than in Tzuba (the MT site) by
almost 10°C in daytime and 5°C at night. For example, in 2016 the average daily maximum
temperature at the HT site was above 40°C during June, July August and September, whereas
at the MT site it was 32.8, 32.8, 32.6 and 30.8°C respectively during these months. During this
period, there was only one day with a temperature above 40°C in the MT site (40.6°C). The
average daily minimum temperature at the HT site was above 21°C from June to September,
whereas in the MT site it never exceeded 20°C. During 2017, the maximum monthly tempera-
ture was above 40°C in the HT site from May till October. During November and December,
temperatures decreased dramatically at the HT site. During July, the maximum temperature at
the HT site was 45.8°C whereas at the MT site it was 37.8°C. In 2017, the average daily mini-
mum temperature in the HT site was above 20.5°C from June to September, and below 20.5°C
in the MT site. The average difference in maximum daily temperature between the HT site
and the MT site was 9.2°C and 7.5°C during 2016 and 2017 respectively and a difference of
4°Cand 4.15°C in the average minimum daily temperatures during 2016 and 2017 respectively
(Fig 1 and S1 Table). During both seasons, there were only few rainy days. The humidity at the
MT site was slightly higher compared to the HT site and wind speed in both locations differed
in an average speed of 0.47 m/s (S2 Table). Since all trees were kept together at the volcani cen-
ter until fruit set, differences in flowering time of the various cultivars were not recorded. In
both years, fruits were harvested at a maturity index of approximately 3. In 2016, the time of
ripening of the fruits was uniform for all cultivars at both locations and the harvest was carried
out at the beginning of November with no significant differences between maturity index at
the time of harvest for all cultivars at both locations. In 2017, fruits at the MT site ripened ear-
lier than at the HT site. In contrast to the MT site, differences in ripening time between culti-
vars were observed at the HT site. Therefore, in the MT site, all cultivars were harvested at 168
days post anthesis (October 23™). In the HT site, the cultivars Koroneiki’, ’Picholine’ and
Souri’ were harvested 198 days post anthesis (November 22"%) and *Barnea’ and *Coratina’
were harvested 226 days post anthesis (December 20™). The maturity index for the various cul-
tivars is presented in S3 Table.

A high temperature environment affects fruit weight and oil accumulation

The difference between summer temperatures at the HT site and the MT site was greater in
2016 compared to 2017. Therefore, differences between the two locations in all parameters
measured were greater in 2016. Interaction between sampling date, cultivar type and tree
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during 2016 (a) and 2017 (b). Temperature was measured by a data logger every 2 hours during the entire fruit development period from fruit set till harvest.
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location was found to be significant for dry fruit weight as well as dry fruit oil concentration
(Three-ways ANOVA—P<0.001 and P<0.005 in 2016 and P<0.001 and P<0.001 in 2017
respectively). We tested the effects of cultivar type and tree location and the interaction
between them on dry fruit weight and dry fruit oil concentration, by two-ways ANOVA at 164
DPA and at harvest in 2016 and at 146 DPA and harvest time in 2017 (S4A and S4F Table).
These independent variables and the interaction between them were found to have significant
effects on both parameters at both sampling dates for both years.

‘Barnea’ dry fruit weight in August 2016 was significantly lower in the HT site trees than
that measured at the MT site. In 2017, dry fruit weight of ‘Barnea’ in the HT site was signifi-
cantly lower from August till the end of October (harvest time at the MT site). However, when
temperatures decreased in November-December, ‘Barnea’ dry fruit weight at the HT site rose
to the same level as at the MT site.

"Koroneiki’ dry fruit weight during 2016 was significantly higher at the MT site compared
to the HT site, since its dry fruit weight at the HT remained constant from July till harvest. In
2017, dry fruit weight was equal at both locations from fruit set till the end of July. However,
during August and September "Koroneiki’ fruit weight increased dramatically at the MT site,
while at the HT site fruit weight was roughly constant during this period. At harvest,
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"Koroneiki’ fruit weight at the MT site was significantly higher than at the HT site (405.3 and
254 mg respectively).

’Coratina’ dry fruit weight was equal at the HT and MT sites until July, but after July of
both years, there was a significant rise in dry weight at the MT compare to the HT site. At the
2016 harvest, dry fruit weight was double at the MT site compared to the HT site. In 2017, at
the MT harvest time, ’Coratina’ dry fruit weight at the MT site was 1.38 g, and at the HT site,
0.871. However, when temperatures decreased in November-December, fruit weight at the HT
site rose and at HT harvest time reached 1.12 g, still significantly lower compared to the MT
’Coratina’ dry fruit weight at harvest. ’Souri’ cultivar dry fruit weight was significantly higher
at the MT site from the end of July till harvest during both years.

"Picholine’ dry fruit weight was significantly higher at the MT site than at the HT site, from
August until harvest. During harvest, 'Picholine’ dry fruit weight was 1.66 g at the MT site, sig-
nificantly higher than 1.28 g at the HT site (Fig 2). Fresh fruit weight, commercial oil percent-
age and oil per fruit data are presented in S5 Table.

The Barnea’ dry fruit oil content was not significantly different between the two locations
in 2016 except in August when dry fruit oil percentage was 30.6 at the MT site and only 16.3 at
the HT site. In 2017, beginning in September, dry fruit oil content was higher in the MT trees
compared to the HT site (34% and 23.1% respectively). However, since the HT "Barnea’ was
harvested much later than in the MT, the final dry fruit oil content at harvest was similar at
both locations. The dry fruit oil content in the 'Koroneiki’ cultivar was significantly higher at
the MT compared to the HT site during both years from August until harvest. The oil percent-
age of dry fruit of the ’Coratina’ cultivar was significantly higher at the MT site compared to
the HT site during most of the season. However, in both years, at harvest time, the dry fruit oil
percentage was similar at the MT and HT sites (43.6 and 40% in 2016, 46.3 and 44.8% in 2017
respectively). From August till harvest time, the dry fruit oil percentage of the *Souri’ cultivar
was significantly higher at MT compared to the HT site during both years. The dry fruit oil
percentage of the "Picholine’ cultivar was significantly higher at the MT compared to the HT
site during August and September. However, at harvest, the dry fruit oil percentage in the MT
and HT sites were similar (32.7% and 30.6% respectively) (Fig 2).

We analyzed the variation in the gain of dry fruit weight and dry fruit oil concentration in
all the cultivars tested, during each month from June to September at the two locations in 2016
and 2017. We found that the main disparity in gain of fruit weight between the HT and MT
sites occurred during August of both years. Similarly, the main difference in oil concentration
between the HT and MT sites was measured during July and August of 2016 and in August of
2017. Since the interaction between cultivar type and tree location was significant for both
traits, during August (164 DPA in 2016 and 146 DPA in 2017) and at harvest time, we ranked
the cultivars by their performance at the MT site compared to that at the HT site (S4B-S4E
and S4G-S4] Table). In 2016, at harvest, the, 'Koroneiki’ and ’Coratina’ cultivars showed the
most significant difference in dry fruit weight, whereas the "Barnea’ cultivar exhibited the least
difference between the MT and HT sites. A similar analysis for oil content of dry fruit demon-
strated that the 'Koroneiki’ cultivar showed a highly significant difference between the two
locations, whereas variation for this trait in the ’Coratina’ and ’Barnea’ cultivars was signifi-
cantly lower. In 2017, at harvest, the *Souri’ cultivar showed the most significant difference in
dry fruit weight between the MT and HT sites. The cultivars ’Koroneiki’, "Picholine’ and ’Cora-
tina’ exhibited lesser differences between sites, whereas the ’Barnea’ cultivar exhibited the least
difference between the MT and HT sites. A similar analysis for oil content of dry fruit demon-
strated that the ’Koroneiki’ and "Souri’ cultivars showed a highly significant difference between
the two locations, while the cultivars "Picholine’, ’Coratina’ and "Barnea’ had significantly
lower variation between locations. We also analyzed the association between the gain of dry
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Fig 2. Dry fruit weight and oil accumulation of all analyzed cultivars during 2016 and 2017. Dry fruit weight
(continuous line) and dry fruit oil percentage (dashed line), of fruits grown at the HT site, Tirat Zvi (red line) and the
MT site, Tzuba (blue line), during the entire season are presented. The right Y axis is the dry fruit weight, while the left
Y axis is the dry fruit oil percentage. Error bars represent confidence limits (o = 0.05). Error bars that do not overlap
represent significant differences.

https://doi.org/10.1371/journal.pone.0231956.g002

fruit weight and dry fruit oil concentration in all analyzed cultivars during each month in rela-
tion to the monthly average maximum daily temperature (Tmax), minimum daily temperature
(Tmin) and average daily temperature (Tmean). We found that dry fruit weight in all cultivars
was correlated (negatively and significantly) to all the above temperature variables. In contrast
however, dry fruit oil concentration was not correlated to any of those temperature variables
monitored. When we applied these analyses to those cultivars in which dry fruit weight was
sensitive to high temperatures ('Koroneiki’, ’Coratina’, ’Souri’ and ’Picholine’), we found that
gain of dry fruit weight exhibited a significantly negative correlation with all temperature vari-
ables. Similarly, when we applied our analysis to those cultivars in which oil concentration had
proved itself to be sensitive to high temperatures ('Koroneiki’ and ’Souri’), we found a signifi-
cant negative correlation between dry fruit oil concentration and Tmax (S6 Table).

High temperature environment affects mesocarp growth

In order to address the effect of a high temperature environment on fruit growth, we measured
mesocarp cell size and the number of cell layers in the mesocarp at various developmental
stages (Fig 3). The effect of cultivar type and tree location on mesocarp cell size and the num-
ber of cell layers in the mesocarp was found to be significant at both 146 DPA and harvest
time. The interaction between cultivar type and tree location was found to have a significant
effect on cell size at both sampling dates, but affected the number of cell layers at harvest time
alone (S4F Table). The 'Barnea’ fruit weight curve at the MT site exhibits the expected double
sigmoid pattern, in which fruit weight increases linearly after fruit set, stays steady during pit
hardening and increases again after pit hardening until September, just before ripening. At the
HT site, the ’Barnea’ fruit weight curve increases in approximately linear fashion from fruit set
to harvest (Fig 2). The number of cell layers in the ’Barnea’ fruits at the MT site did not change
statistically during fruit growth from the beginning of June until harvest-time at the end of
October. However, cell size increased dramatically from 1181 um? at the beginning of June to
6604 um® at the end of October. The number of cell layers in *Barnea’ fruits at the HT site was
constant from June till September. However, it increased from 27 to 37 layers from September
until harvest time in December. The cell size curve of the "Barnea’ fruits at the HT site showed
the opposite tendency and increased from June till September but remained steady from Sep-
tember until December (Fig 3 and S2A Fig).

The "Koroneiki’ fruit weight curve at the MT and HT sites is similar to that of ‘Barnea’. At
the MT site it exhibits double sigmoid growth and at the HT site growth is linear. However,
the slope of the "Koroneiki’ curve at the HT site is flatter than in the ‘Barnea’. The number of
mesocarp cell layers as well as cell size in the 'Koroneiki’ fruits in the MT site increased during
the entire period of fruit development. In June, the 'Koroneiki’ mesocarp in the MT site con-
sisted of 20 layers of 1596 um? cells, whereas in October (at harvest) it consisted of 34 layers of
6210 um” cells. At the HT site, mesocarp cell size and the number of cell layers increased dra-
matically from June to July, before pit hardening, and then increased at a slower pace till har-
vest. During this period cell size as well as the number of cell layers was significantly lower in
the mesocarp of ’Koroneiki’ fruits from the HT site compared to those which grew at the MT
site (Fig 3 and S2B Fig). The *Coratina’ mesocarp showed a tendency similar to that of 'Koro-
neiki’, however the number of cell layers, unlike in the 'Koroneiki’ mesocarp, was higher at the
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Fig 3. Mesocarp cell characterization in all 5 cultivars during 2017. Quantification of the average cell area and the
number of cell layers during the season (June, July, September and at harvest) are presented. Error bars represent
confidence limits (o = 0.05). Asterisks represent significant difference (o = 0.05).

https://doi.org/10.1371/journal.pone.0231956.g003

MT site all season. The number of cell layers in the *Souri’ and "Picholine’ mesocarp was simi-
lar at both sites, whereas cell size in both cultivars was significantly higher at the MT site com-
pared to the HT site in three of the four dates sampled (Fig 3).

September fruit weight of all five cultivars at the MT site was significantly higher than at the
HT site. However, at that time, the number of mesocarp cell layers in the fruit of all cultivars at
the MT site was not significantly higher than at HT. In contrast to "Barnea’, the mesocarp of
the other four cultivars consisted of significantly larger cells in the MT site trees compared to
the same cultivars grown at the HT site (54 Fig).

A high temperature environment affects oil drop size and density

In order to address the effect of a high temperature environment on oil accumulation, we mea-
sured oil drop size and density at various stages of development: 50, 83 and 146 DPA (Fig 4).
At 146 DPA, the effects of cultivar type and tree location and their interaction, on oil drop size,
was found to be significant. In contrast, the effect of tree location on oil drop density was not
found to be significant. However, the effects of cultivar type and the interaction between culti-
var type and tree location were significant (S4F Table). ’Barnea’ fruit at the HT site, at 50 DPA,
showed significantly larger, denser oil drops compared to those at the MT site. Average oil
drop size was 75 and 54 um* and average oil drop densities were 476 and 352 drops per cm?, in
the HT and the MT sites respectively. However, later in the season, at 83 as well as 146 DPA,
the oil content and oil drop size were higher at the MT compared to the HT site, whereas oil
drop density was similar at both locations. Oil drop sizes at 83 DPA were 286 and 220 um” at
the MT and the HT sites respectively and at 146 DPA, 860 and 658 um?. The differences
between the two locations on both dates are significant. Oil drop densities at 83 DPA were 747
and 650 drops per cm” and at 146 DPA, 677 and 645 drops per cm? at the MT and the HT sites
respectively. These differences on both dates are not statistically significant (Figs 4 and S4F).
"Koroneiki’ olives showed the same trend as the "Barnea’ with bigger oil drops at the HT site at
50 DPA and bigger oil drops at the MT site at 83 DPA and at 146 DPA. However, at 146 DPA,
in "Barnea’, the ratio of oil drop size between the MT and the HT sites is 1.3 and in "Koroneiki’,
the ratio reaches 2.6. In addition, at 146 DPA, oil drop density of ’Koroneiki’ olives is higher in
trees at the HT compared to the MT site (Fig 4 and S4B Fig). ’Coratina’ oil drop density was
higher at the MT site compared to the HT site. However, the differences between the two sites
was not significant at all three sample dates. Surprisingly, ’Coratina’ oil drops were signifi-
cantly larger at the HT site compared to the MT site at 83 DPA. However, later in the season,
at 146 DPA, oil drops were significantly larger at the MT site compared to the HT site. The oil
drop density in ’Souri’ and ’Picholine” was similar at both sites at all sampling dates. However,
oil drops were significantly larger at the M T sites compared to the HT sites in both cultivars
(Fig 4). By September, the oil content of all five cultivars was significantly higher in olives at
the MT site than in those grown in the HT site. At that time, oil drop size was also significantly
greater in the MT site olives than in those from the HT site. However, oil drop density in ’Kor-
oneiki’ olives was higher at the HT than at the MT site (S5 Fig).

High temperature environment affects oil composition

In order to characterize the effect of high temperature environments on oil composition and
quality, we measured the polyphenol content in the oil extracted from the various cultivars at
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Fig 4. Oil accumulation in all cultivars during 2017. Quantification of the average oil drop area, the density of oil
drops as well as the oil content during the season (June, July and September) are presented. Error bars represent
confidence limits (o = 0.05). Asterisks represent significant difference (o = 0.05).

https://doi.org/10.1371/journal.pone.0231956.g004

both locations (Fig 5A). During the 2016 season, polyphenol levels varied between cultivars. In
general, levels were almost double in oil extracted from fruits from the MT site compared to
those grown at the HT site. In 2017, polyphenol levels in all cultivars at the HT site were lower
than at the MT site. The lowest polyphenol level, 156 mg/g oil, was measured in the oil
extracted from "Barnea’ from the HT site. The polyphenol level in oil extracted from ’Barnea’
grown at the MT site was more than double that from the HT fruits—404 mg/g oil. Oil
extracted from "Coratina’ showed the same pattern as that of Barnea’. Polyphenol levels in oil
extracted from "Picholine’ grown at the MT site were more than three times higher than in oil
extracted from "Picholine’ from the HT site (893 and 291 mg/g oil respectively). Polyphenol
levels in oil extracted from ’Koroneiki’ at the MT site were 150% higher than the levels at the
HT site. The smallest difference between polyphenol levels in oil extracted from the two loca-
tions was found in oil extracted from the Souri’ cultivar. This was mainly due to the unusually
high level of polyphenols found in oil extracted from *Souri’ grown at the HT site, 772 mg/g oil
(Fig 5A).

The main fatty acid found in olive oil is oleic acid. We found that oil extracted from all five
cultivars grown at the HT site contained lower levels of oleic acid than oil extracted from olives
grown in a milder environment (Fig 5B). During 2016, the differences between sites in the per-
centage of oleic acid in oil extracted from olives grown at the MT site compared to olives from
the HT site was 8, 4 and 7% in "Barnea’, ’Koroneiki’ and ’Coratina’ respectively. During 2017,
oleic acid levels were higher than in 2016 for all cultivars in both climate regions. Oleic acid
levels in oil extracted from olives grown at the MT site reached 74% in "Koroneiki’ and 76% in
’Coratina’, whereas the levels in oil extracted from olives grown at the HT site was 67 and 69%
respectively. Oleic acid level in oil extracted from ’Picholine’ olives grown at the HT site was
51.8%, whereas at the MT site it was 60.4% (Fig 5B). We also characterized all other fatty acids
in the oil of the various cultivars in both climate regions (S7 Table). The decrease in oleic acid
content in the oil extracted from olives grown at the HT site coincides with an increase in the
level of palmitic acid (C16:0) and linoleic acid (C18:2) in oil extracted from olives grown there.
The palmitic acid content was about 2% more in oil from the HT site compared to the MT
olives in all cultivars during both years. Excessively high levels of palmitic and linoleic acid
were detected in "Barnea’ oil extracted in 2016, and in "Picholine’ oil extracted in 2017. "Picho-
line’ oil extracted from olives grown in 2017 in the HT site contained 21.6% palmitic acid, and
"Barnea’ oil extracted from olives grown in 2016 at the HT site contained 23.3% linoleic acid.

Discussion

The most critical stage of development of olive fruit, when fruit growth as well as oil accumula-
tion rate are maximized, is between 60 and 120 days after flowering, between pit hardening
and fruit ripening [42]. In the northern hemisphere, this period falls in July and August. In
both 2016 and 2017, this period was particularly hot at the HT site. Temperatures reached
46°Cin 2016 and 45°C in 2017, whereas the mean daily maximum temperatures during July
and August were 42.5°C in 2016 and 40.4°C in 2017. In general, the summer of 2016 at the HT
site was hotter than the summer of 2017. This may be the reason for the early ripening in 2016
at the HT site compared to 2017. However, it was shown that several parameters such as irriga-
tion regime or fruit size can affect ripening time [43].
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Olive oil yield is the function of the number of fruits, average fruit weight and oil concentra-
tion at maturity. In this study, we addressed the effects of an environment of consistently high
temperatures on fruit development, oil accumulation and oil composition in five olive culti-
vars. We found that different olive cultivars respond to high temperatures of the environment
in a genotypic specific manner. A high temperature environment repressed fruit development
and oil accumulation and also affected oil composition. We found that the ’Koroneiki’ and
"Souri’ cultivars are highly temperatures sensitive, and were affected to an extreme degree by
the high environmental temperatures. We demonstrated that fruit weight and oil accumula-
tion in "Koroneiki’ and ’Souri’ olives harvested in the HT site were much lower compared to
these parameters at the M T site. In contrast to ’Koroneiki’ and *Sourf’, the ’Barnea’ cultivar
exhibited greater tolerance to high temperatures, and although fruit growth as well as oil accu-
mulation were at some stages significantly lower at the HT site, the final fruit weight as well as
oil percentage at harvest was virtually the same at both the HT and MT sites (S4 Table). These
results were repeated in 2016 and 2017 (Fig 2). Oil quality, defined by oleic acid content as well
as by polyphenol levels in the oil after harvest, was found to be affected by high temperatures
in all five cultivars.

Whether the effects of high temperatures can be attributed mainly to average, maximum or
minimum daily temperatures or to other temperature parameters, is still not clear. We found
significant association between dry fruit weight and Tmax, Tmin and Tmean. However, when
we analyzed sensitive cultivars only, we found a significant association between Tmax and dry
fruit oil concentration (S6 Table). Daily maximum temperature differences between the HT
and the MT site were higher in 2016 compared to 2017. On the other hand, differences
between the HT and MT site in the daily minimum temperatures were higher in 2017. Differ-
ences in dry fruit weight and dry fruit oil concentration were also higher in 2016. It would
seem therefore, that the most relevant parameter for predicting the effects of high
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temperatures, is the daily maximum temperature. A recent study [35] found that olive fruit
dry weight showed a tendency to decrease with increasing mean temperature, while the pro-
portion of oil in the fruit exhibited a significant correlation with mean daily thermal ampli-
tude, and weaker correlation with mean daily maximum and minimum temperatures. The
proportion of oleic acid in the oil showed a negative correlation with mean daily minimum
temperature and with mean daily temperature, and a linear relationship with mean daily ther-
mal amplitude [35]. This study used lower maximum temperatures to cause heat stress com-
pared to the ambient temperatures at our HT site (S1 Table). We can therefore surmise that
olive plants suffered from high temperatures as a result of the maximum daily temperatures
encountered at the HT site.

A high temperature environment affects fruit weight

We found that final dry fruit weight at harvest of 'Barnea’ cultivar was not affected by the loca-
tion of the trees nor by the resulting difference in temperatures. In comparison to 'Barnea’, the
"Koroneiki’, ’Coratina’, "Souri’” and "Picholine’ cultivars showed a decreased dry fruit weight at
harvest in response to the higher temperatures at the HT site. The influence of temperature
during early stages of fruit development has been identified in several fruit tree species [44-
47]. Dry fruit weight in the olive cultivar ’Arauco’ was not affected by temperatures in the
range of 16-25°C. However, at higher temperatures it showed a decrease of 0.08 grams in dry
fruit weight for each additional 1°C [30]. We found a cultivar dependent decrease of between
0.026 to 0.044 grams in 2016, and 0.015 to 0.078 grams in 2017, in dry fruit weight per 1°C
increase, measured in September, before harvest.

It has been suggested that temperature during fruit development may have a greater effect
on cell division than its effect on cell expansion in tomato fruits [48]. Another study found
that continuous heating of tomato fruit reduced cell expansion [49]. We found that in 'Barnea’
olives grown at the MT site, cell expansion alone contributed to mesocarp growth beginning 7
weeks after full bloom. At the HT site, 'Barnea’ fruits followed this pattern from 50 to 146 days
(7 to 21 weeks) after full bloom. However, during the period of 146 to 247 days after full
bloom, cell expansion ceased and cell division alone contributed to mesocarp growth. In the
"Koroneiki’ cultivar we found a similar pattern to ’Barnea’, the exception being, that at the MT
site, cell division also contributed to mesocarp growth in the late stages of fruit development.
"Coratina’ showed the same trend as ’Koroneiki’ whereas in Souri’ and ’Picholine’, as in "Bar-
nea’, it was cell expansion alone that was responsible for the differences between the two sites
(Fig 3). Rallo and Rapoport [19] found that in olives, as in other drupes, both cell division and
cell expansion contribute to mesocarp growth at early stages of fruit development. Six weeks
after full bloom, cell division ceased, and cell expansion alone contributed to further mesocarp
growth. Hammami et al. [20] found that fruit size differences among six olive cultivars are due
to cell division throughout fruit growth, which occurs mainly in the first six weeks after
bloom. However, they were surprised to find that a substantial number of cells formed after
these six weeks, and continued during the following 6 months. The six cultivars they tested did
not include the five cultivars tested in this study. In our study, it is possible that in reaction to
the unusually high temperatures at the HT site during the early stages of fruit development,
the "Barnea" cultivar delayed mesocarp cell division until the arrival of milder weather (Octo-
ber-December). The "Koroneiki’ cultivar, which has been shown to be relatively sensitive to
high temperatures, may have been stressed by the temperatures at the MT site during the
spring and as a result, exhibited delayed cell division. In September 2017, when fruit weight
differences between olives grown at the HT site and those of the MT site were at their greatest,
the number of cell layers was identical, but cell area was significantly greater at the MT site in
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all cultivars but the "Barnea’. This suggests that unlike satsuma mandarins [47], the main effect
of high temperatures on olive fruit weight is through repression of cell expansion and not cell
division (S3 Fig).

High temperature environment affects oil accumulation

We found that the effect of a high temperatures environment on oil concentration is genotype
dependent. In 2016, the average difference in maximum daily temperature between the HT
and the MT site was 9.2°C, and that of minimum daily temperature was 4°C. In 2016 these
temperature differences did not affect ‘Barnea’ and ’Coratina’s’ final oil concentration. How-
ever, the ’Koroneiki’ cultivar of the same year had a final dry fruit oil concentration at harvest
0f 45.6% at the MT site and 29.1% at the HT site, which is an average of about a 1.79% decrease
per degree of increased maximum daily temperature and 4.13% decrease per degree of
increased minimum daily temperature. The "Souri’ cultivar had a 2.08% decrease per degree of
increased maximum daily temperature and a 4.78% decrease per degree of increased mini-
mum daily temperature. In 2017, decrease in oil concentration as a function of the severity of
high temperatures, was more moderate than in 2016. However, just as in 2016, dry fruit oil
concentration of 'Barnea’ and "Coratina’ cultivars was not affected by the location of the trees
and the resulting difference in temperatures, whereas the ’Koroneiki’ and ’Souri’ cultivars
showed a decreased oil concentration at harvest in response to the higher temperatures at the
HT location. "Picholine’ dry fruit oil concentration, like that of "Barnea’ and Coratina’, was
similar at both locations. Other studies have found that heat stress reduced oil concentration
in sunflower hybrids by 6% [50]. However, corn which had undergone heat stress during grain
fill, was found to have the same oil content as control plants [51]. Olive oil concentration as a
percentage of dry weight in ’Arauco’ cultivars was found to decrease linearly at 1.1% per degree
of increased temperature. [30]. Our finding is also consistent with the results of Rondanini

et al. [33] which measured the oil accumulation of six olive cultivars, at three locations over
two years and found a negative association between oil concentration and average tempera-
ture. The response to heat stress treatment of potted ’Coratina’ and *Arbequina’ trees was
found to reduce dry fruit weight by 0.34 and 0.22 g, respectively. In this study, fruit oil concen-
tration (%) was 4.6 and 6.2% less on a dry-weight basis in fruit exposed to elevated tempera-
tures. Higher temperature was found to promote vegetative growth but negatively affected oil
concentration [32]. Trentacoste et al. [31] found that fruit oil concentration in 10 olive varie-
ties decreased with increasing maximum daily temperature. It is accepted that oil accumula-
tion begins only after pit hardening. However, while pit hardening occurs about 10 weeks after
flowering, Matteucci et al. [28] has shown that oil bodies appear in the mesocarp cells 7 weeks
after flowering, and large oil droplets, derived from their fusion, are present in each cell 10
weeks after flowering. In accord with Matteucci et al. [28], we also observed very clear oil bod-
ies 50 days after flowering. In September, 146 days after flowering, oil drops were significantly
larger at the MT site compared to the HT site in all five cultivars. At this stage, oil drops com-
prise between 3% to 17% of the cell volume. However, these values do not represent the true
oil concentration in the mesocarp, because each cell may include many small oil drops that
had not yet fused at the time the picture was taken.

Differences between years of the experiment

Although development patterns of the olive fruits were similar during both years of the study,
the differences between those grown at the MT site and those at the HT site, were significant.
Humidity, wind speed and rainfall were similar in 2016 and 2017 (S2 Table). However, the
yearly average temperature difference between the HT and the MT site was higher in 2016
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compared to 2017. Another result of our study indicates that during the course of the growing
season, August is the month in which temperature has the greatest effect on fruit weight and
oil accumulation, since during this month we found the greatest divergence between the two
locations in 2016 and 2017 (S6 Table).

High temperatures environment affects oil quality

Among the effects of high temperatures on chemical parameters characterized in the current
study, were total polyphenols and the fatty acid profile of olive oil. Polyphenol levels are
known to decrease during fruit development [52, 53]. These levels are often positively corre-
lated with water stress but in some cases show a divergent trend [54, 55]. Our analysis shows
that a high temperature environment caused a decrease in the total polyphenol content of all
analyzed cultivars. In 2016, total polyphenol level of oil from the HT site was approximately
55% of the level in oil from the MT site in all 3 analyzed cultivars. In 2017, total polyphenol
level oil from the HT site was approximately 35% the level found in oil from the MT site in
"Barnea’, "Picholine’ and ’Coratina’. However, in the ’Koroneiki’ cultivar, polyphenol level at
the HT site was 65% the level in the MT site, and in ’Souri’, polyphenol level was very high in
the HT site olives, reaching 772 mg/kg oil, compared to 905 mg/kg oil in the MT site. The
decrease in total polyphenols in the HT site may also be explained by the differences in the irri-
gation regime. It is recognized that excess irrigation during fruit development results in lower
phenolic concentrations in the olive oil due to changes in the biosynthetic and catabolic poly-
phenol pathways in the olive fruit [56-60].

The olive trees in the HT site got one third more water than those in the MT site; In our
opinion, the difference between polyphenol levels at the two locations are too dramatic to be
explained only by the level of irrigation [55]. The total polyphenol levels in 2017 were higher
than in 2016 and were very high compared to levels found in previous studies [55]. This can be
explained as an effect of climate change. Total polyphenol levels were dramatically lower in oil
from the HT compared to the MT site in all cultivars except for the ’Souri’, which as men-
tioned above, had a very high total polyphenol level at the MT site as well as at the HT. This
might suggest that, at least in terms of oil quality, the 'Souri’ cultivar is relatively tolerant to
high temperatures.

One of the major criteria of oil quality is its fatty acid composition. In accord with other
studies on olive oil, in our study all cultivars showed a reduction in their oleic acid content in
both years in response to the high temperature environment at the HT site. In sunflower oil,
heat stress caused an increase in oleic acid content and a reduction of linoleic acid [50]. In con-
trast, it has been demonstrated that in the olive, high temperatures caused a decreased level of
oleic acid and an increase of linoleic and palmitic acids [30]. This may be partly explained by
the gene expression level of genes involved in the oil biosynthesis pathway [61]. The cultivars
’Arbequina’, ‘Barnea’, ’Koroneiki’, "Manzanillo’ and "Picual’, showed lower level of oleic acid
and higher level of linoleic acid in regions with high temperatures compared to the levels
found in areas of mild temperatures [37]. This study compared olive oil composition in North-
ern New South Wales and Southern Queensland, which is a warm area to Tasmania, a milder
region. The 'Koroneiki’ fatty acid composition was not analysed in Tasmania. However, the
"Barnea’ and *Coratina’ showed a decrease in oleic acid content of 16.6 and 7.8% respectively in
the warm region compared to the mild region. Our results showed smaller differences between
oil extracted from the HT compare to the MT sites in oleic acid content. The temperatures
during the 2 season analysed by Mailer et al. [37] were not mentioned. However, the larger
decrease in oleic acid content compared to our findings can be explained by larger differences
in temperatures or in other agronomic parameters, since the sites in their experiment differed
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in many variables: they were cultivated by different farmers, possibly with different soil, water
quality and many other parameters. The influence of temperatures during the growing season
on the fatty acids composition of 188 Italian cultivars was studied between 2001 and 2005. Sig-
nificantly lower oleic acid and higher palmitic and linoleic acids levels were found in the
warmest year of the study (2003) compared to the coolest year (2005) [36].

The cultivars used in our study all exhibited, in both years of the trial, elevated levels of pal-
mitic as well as linoleic acids as a result of exposure to the high temperatures of the HT site.
According to the International Olive Council (IOC; http://www.internationaloliveoil.org), olive
oil must contain 55-83% oleic acid and 3.5-21% linoleic acid. The oil of the Barnea’ grown at
the HT site in 2016 contained 23.34% linoleic acid and "Picholine’ oil from the HT site in 2017
contained 51.8% oleic acid and 21.62% linoleic acid. Thus, neither meets the standards of the
IOC. Analysis of the oils extracted from the five cultivars in 2017, showed "Souri’ to have the
smallest disparity in its oil composition between olives grown at the MT site compared to those
from the HT site. Oleic acid in "Souri’ decreased by less than 4% and linoleic acid increased by
only 1.5% at the HT compared to the MT site. These results, taken with those of total polyphe-
nol levels, suggest that in regard to oil quality, the Souri’ cultivar is more tolerant to high tem-
perature environments than any of the other cultivars analyzed in this study.

Conclusions

Our study demonstrates the negative effect of a high temperature environment on several key
characteristics critical to the quality of olive oil. High temperature environments are shown to
negatively influence fruit development as well as oil accumulation and thereby reduce yield.
These high temperatures diminish oil quality by modifying fatty acid composition and causing
a reduction of polyphenols and oleic acid, the most important components of olive oil. How-
ever, high temperature effects are genotype dependent and each cultivar responds differently
to this stress. We found that each of the tested cultivars responded differently to high tempera-
tures environment; none were completely heat tolerant. The ’Koroneiki’ cultivar was nega-
tively affected by high temperatures in all analyzed parameters. In the "Picholine’ and
’Coratina’ cultivars, fruit development and oil quality were negatively affected by the high tem-
peratures of the HT site, but oil concentration remained unaffected. The *Souri’ cultivar
responded negatively to the high temperature environment with regard to fruit development
and oil concentration, but was relatively tolerant to high temperatures in terms of oil quality.
In contrast, in the "Barnea’ cultivar, exposure to high temperatures reduced oil quality, but did
not impair final fruit weight or oil concentration. Although our results should be treated cau-
tiously since the experiment was carried out for only two years, we found that the tested culti-
vars were tolerant regarding the effect of a high temperature environment on some of the
traits examined, while exhibiting sensitivity to others. This suggests that the response to a high
temperature environment is different for each of these traits and indicates induction of three
different signal transduction mechanisms, resulting in a reduction of fruit development, oil
accumulation and oil quality. Different olive cultivars have developed a variety of mechanisms
to deal with different aspects of high temperature damage. Elucidation of the mechanism of
each of these three responses is a vital step in the process of developing a variety of olives toler-
ant to high temperature damage.

Supporting information

S1 Fig. Microscope image of ’Barnea’ fruit in June 2017. The region of the mesocarp cell lay-
ers counted is marked.
(PPTX)
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$2 Fig. Microscope images of the mesocarp cells of ‘Barnea’ (a) and ’Koroneiki’ (b) sampled
in June, July, September and at harvest-time of the 2017 season from Tirat Zvi (HT site) and
Tzuba (MT site).

(PPTX)

S3 Fig. Mesocarp cell characterization in all five cultivars in September 2017. Microscope
images of the mesocarp cells sampled in September are presented at the left with quantification
of the average cell area and the number of cell layer as well as fruit weight at the time, are pre-
sented at the right. Error bars represent confidence limits (0. = 0.05). Asterisks represent signif-
icant difference (o = 0.05).

(PPTX)

S4 Fig. Oil accumulation in ’Barnea’ (a) and ’Koroneiki’ (b) cultivars during 2017. Microscope
images of the mesocarp cells sampled in June, July and September of 2017 season from Tirat
Zvi (HT site) and Tzuba (MT site).

(PPTX)

S§5 Fig. Oil content in the mesocarp in all five cultivars in September 2017. Microscope
images of oil drops in fruits sampled at September are presented at the left and quantification
of the average oil drop area, the density of oil drops as well as the oil content in September
2017 are presented at the right. Error bars represent confidence limits (o = 0.05). Asterisks rep-
resent significant difference (o = 0.05).

(PPTX)

$1 Table. Maximum and average of the daily maximum and minimum temperature at
both locations for each month, in years 2016 and 2017
(DOCX)

S2 Table. Climate data on both seasons at both locations.
(DOCX)

S3 Table. Maturity index at harvest of all cultivars at both locations and years.
(DOCX)

$4 Table. Two-way ANOVA test. a., f. The probability of the effects of cultivar type and tree
location and their interaction, on the various parameters measured in this study, at two sam-
pling dates in each year, 164 DPA and at harvest in 2016 and 146 DPA and at harvest time in
2017. Significant effects (P<0.05) are in bold font. b-e, g-j. Tukey-Kramer test, ranking the dif-
ferences in dry fruit weight and dry fruit oil content between locations in the tested cultivars in
2016 at 164 DPA (b-c) and at harvest (d-e) and in 2017, at 146 DPA (g-h) and at harvest (i-j).
The values appearing in the tables b-e and g-j are the added value in performance at the MT
site compared to the HT site, calculated as a proportion of the HT results.

(DOCX)

S5 Table. Fruit weight, oil percentage and oil per fruit in all cultivars during 2016 and
2017. Errors are confidence limits (o0 = 0.05).
(DOCX)

S6 Table. Correlation between Tmax, Tmean and Tmin to dry fruit weight and dry fruit
oil percentage. The monthly gain of dry fruit weight and dry fruit oil percentatge for each cul-
tivar, at each site for both years and was correlated to the temperatures data for each month
(average daily maximum temp.-Tmax; average daily temp.—Tmean; average daily minimum
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temp.—Tmin). Correlation coefficient was calculated for all cultivars or for heat sensitive culti-
vars only. Significant correlation coefficients are highlighted in red font.
(DOCX)

§7 Table. Olive oil composition in both climate regions during 2016 and 2017.
(DOCX)
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Abstract: Climate change has been shown to have a substantial impact on agriculture and high
temperatures and heat stress are known to have many negative effects on the vegetative and
reproductive phases of plants. In a previous study, we addressed the effects of high temperature
environments on olive oil yield and quality, by comparing the fruit development and oil
accumulation and quality of five olive cultivars placed in high temperature and moderate
temperature environments. The aim of the current study was to explore the molecular mechanism
resulting in the negative effect of a high temperature environment on oil quantity and quality. We
analyzed the transcriptome of two extreme cultivars, ‘Barnea’, which is tolerant to high
temperatures in regard to quantity of oil production, but sensitive regarding its quality, and ‘Sourf’,
which is heat sensitive regarding quantity of oil produced, but relatively tolerant regarding its
quality. Transcriptome analyses have been carried out at three different time points during fruit
development, focusing on the genes involved in the oil biosynthesis pathway. We found that heat-
shock protein expression was induced by the high temperature environment, but the degree of
induction was cultivar dependent. The ‘Barnea’ cultivar, whose oil production showed greater
tolerance to high temperatures, exhibited a larger degree of induction than the heat sensitive ‘Souri’.
On the other hand, many genes involved in olive oil biosynthesis were found to be repressed as a
response to high temperatures. OePDCT as well as OeFAD2 genes showed cultivar dependent
expression patterns according to their heat tolerance characteristics. The transcription factors
OeDof4.3, OeWRI1.1, OeDof4.4 and OeWRI1.2 were identified as key factors in regulating the oil
biosynthesis pathway in response to heat stress, based on their co-expression characteristics with
other genes involved in this pathway. Our results may contribute to identifying or developing a
more heat tolerant cultivar, which will be able to produce high yield and quality oil in a future
characterized by global warming.

Keywords: high temperature; olive; oil; gene expression; biosynthesis

1. Introduction

Abiotic stresses, including high temperatures have a substantial negative impact on the
reproductive phase of the plant. Oilseed crops are also negatively affected by heat stress, which has
been shown to reduce starch, protein and oil content [1,2]. Plants exposed to temperatures above their
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optimal growing temperatures, exhibit cellular and metabolic responses which enable the plants to
survive [3-7]. The level of damage to crops caused by high temperatures depends on many
parameters. The reproductive phase of plant development is more sensitive to high temperatures
than the vegetative phase, causing a reduction in yield [8]. Yield reduction in response to heat stress
or high temperatures has been reported in wheat, peanut, rice bean and tomato [9-13]. Olive oil
accumulation in the mesocarp cells of the fruit is influenced by cultivar type and climactic conditions.
It occurs mainly during the summer and decreases during fruit ripening in the fall [14,15].

Olive oil quality is characterized by its sensorial and nutritional properties. Its health benefits are due
to both its fatty acid composition, especially oleic acid concentration and minor compounds such as
polyphenols. These are strongly affected by factors such as cultivar type, degree of ripeness, fruit load,
and soil quality [16]. Several studies have examined the effect of high temperatures on olive oil
accumulation [17-20] and olive oil fatty acid composition [17,19,21-24]. Oleic acid concentration in olive
oil was found to be negatively affected by a high temperature environment [17].

1.1. Heat-Shock Proteins

Plants interact with climatic factors such as heat stress by triggering certain mechanisms of
defense such as a specific gene expression program. A response to heat stress on the molecular level
is found in all living organisms and results in an increase in the induction and synthesis of a group
of proteins called heat-shock proteins [25]. Heat-shock proteins positively regulate antioxidant
enzymes which detoxify reactive oxygen species. They also enhance plant immunity by the
accumulation and stability of pathogenesis-related proteins produced under biotic stresses [26].
During the onset of stress, plants reduce normal protein production, and transcribe and translate
heat-shock proteins. Heat-shock proteins have been reported in a wide range of organisms and are
highly conserved [26]. Based on molecular weight, HSPs are generally classified into the following
sub-families: HSP100, HSP90, HSP70, HSP60, and small HSPs. Several studies have indicated that
many high molecular weight HSPs exhibited a response to high-temperature stress [26]. Among the
many heat-shock proteins, HSP70s and HSP60s whose response to heat stress has been most
intensively studied, have been shown to maintain proper folding under conditions of heat stress with
the aid of ATPs [26]. Hsp70s are a class of highly conserved proteins which act as molecular
chaperones and play a crucial role in protecting the plant cells from the harmful effects of heat stress.
Hsp70 is known to accumulate in heat-stressed tissue and overexpression of Hsp70 was shown to
enhance tolerance to heat stress in several plant species including brassica, tobacco and rice [27-30].

1.2. Olive Oil Biosynthesis

Fatty acid biosynthesis begins with Acetyl-CoA carboxylase (ACCase) catalyzing the formation
of malonyl-CoA from acetyl-CoA by the ACCase enzyme, which is a complex consisting of three
separate proteins or domains: BC, CT and BCCP. ACCase has two isoforms, the prokaryotic enzyme
is a heteromeric multisubunit complex (htACC). In eukaryotic cells, the enzyme takes the form of a
homomeric multidomain polypeptide (hmACC). The hmACC is a single multifunctional
polypeptide, with all three domains forming part of a single polypeptide (ACC1). htACC consists of
four separate proteins, BC, BCCP, and CT, which is a heterodimer with a and 3 subunits. The majority
of plants require both types of ACCase, localizing htACC in plastids and hmACC in the cytosol [31].
The MCAT enzyme catalyzes formation of malonyl-ACP from malonyl-CoA. Fatty acids are
subsequently produced by a complex of six enzymes referred to as fatty acid synthase (FAS). This
complex includes KAS I, KASII and KASIII, KAR, HAD and ENR enzymes. The first step is the
condensation of malonyl-ACP with acetyl- CoA by the action of KAS III to produce acetoacetyl-ACP
in the plastid. This subsequently forms a $-hydroxyacyl derivative by KAR, which is then dehydrated
by HAD and finally reduced by ENR, resulting in a four-carbon acyl-ACP derivative. This forms 3-
Katoacyle-ACP by the action of KAS I which can undergo five more chain elongation cycles. The final
product of these cycles is palmitoyl-ACP with 16 carbons (C16:0-ACP). Finally, this compound can
be elongated to form stearoyl-ACP (C18:0) by KAS II. The most abundant fatty acid in olive oil, oleic
acid, is formed by SAD enzyme. The release of the acyl segment from the ACP derivatives is
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performed by FATA and FATB. These thioesterases show different substrate specificities. FATA
preferentially hydrolyzes the 18:1 acyl-ACP, whereas the FATB type is most active with 16:0 and 18:0
acyl-ACPs. The process is localized on the endoplasmic reticulum (ER) by a reaction catalyzed by an
oleate desaturase (FAD2) to form linoleic acid (18:2) from oleic acid 18:1. Further desaturation may
occur, catalyzed by FAD3 to produce a-linolenic acid (18:3). The assembly of triacylglycerol (TAG)
from glycerol-3-phosphate and fatty acids take place on the ER, by the Kornberg—Pricer acylation
reactions followed by the Kennedy pathway mediated by the enzymes GPDH, GPAT, LPAAT and
PP to form diacylglycerol (DAG). Finally, DAG is an important precursor for synthesis of
phospholipids such as PC or storage lipids such as TAG. In order to form TAG, DAG is acylated at
the third position by a diacylglycerol acyltransferases (DGATSs) or by a phospholipid; diacylglycerol
acyltransferase (PDAT) [32]. Another pathway for the DAG is through reactions of
phosphatidylcholine diacylglycerol cholinephosphotransferase (PDCT), in which the acyl groups
enter PC and can then return to DAG after they are desaturated or otherwise modified on PC [33].

1.3. Transcription Factors Regulate Olive Oil Biosynthesis

Regulation of oil biosynthesis by transcription factors (TFs) has been widely investigated and
many transcription factors have been reported to affect TAG production [34]. Leafy cotyledon 1 (LEC1)
and LECI-LIKE (L1L) TFs have been reported to regulate fatty acid synthesis through ACCase in
Arabidopsis, maize and bean. DOF4 and DOF11 TFs were found to regulate fatty acid synthesis
through ACCase, ENR and KASII in Arabidopsis and soybean. MYB73 was reported to regulate fatty
acid synthesis through FATB and KAS genes in Arabidopsis and Camelina sativa [34]. However,
WRINKLED1 (WRI1) transcription factor is vital to synthesis, and is the “master regulator” of the
transcriptional control of the plant oil biosynthesis pathway [35]. Several other TFs were reported to
control fatty acid biosynthesis not directly through the biosynthesis genes, but through other genes
or transcription factors. These TFs include LEC2, FUS3, ABI3, several bZIP TFs, MYB96, MYB30,
PICKLE, VAL1, VAL2, ASIL1 and AP2 [34].

We have lately addressed the effect of high temperature environments on olive oil yield and
quality, by comparing the fruit development and oil accumulation and quality of five olive cultivars
placed in high temperature (HT) and low temperature (MT) environments [36]. We found that the
effects of a high temperature environment are genotype dependent and in general, high temperatures
during fruit development decreased oil accumulation and quality. ‘Barnea’ cultivar final oil content
was not affected by the high temperature environment, but ‘Souri’ cultivar exhibited a dramatic
decrease of 8% in oil concentration calculated as a percentage of dry fruit weight at harvest in
response to high ambient temperatures. Regarding the quality of oil produced, the ‘Souri’ cultivar
proved more tolerant to a high temperature environment than any other of the tested cultivars. The
‘Barnea’ oil had a polyphenol level of 404 mg/g oil in the MT environment and only 156 mg/g oil in
the HT environment. In addition, the ‘Barnea’ oil showed a decrease of 4.8% in oleic acid
concentration of oil extracted from fruit grown in HT conditions compared to the MT environment.
The ‘Souri” cultivar oil contained high polyphenol levels of 905 and 772 mg/g oil in the MT and HT
environments respectively. In addition, the ‘Souri’ oil showed a decrease of only 3.7% in oleic acid
concentration of oil extracted from fruit grown under HT conditions compared to oil from MT fruit.
The aim of the current study was to explore the molecular mechanism underlying the negative effect
of the high temperature environment on oil quantity and quality. In order to identify the molecular
mechanism and the possible blocks, in which HT negatively affects oil accumulation and quality, we
analyzed the transcriptome of the two extreme cultivars, ‘Barnea’ and ‘Souri’. Transcriptome analyses
were carried out at three different time points during fruit development, focusing on the genes
involved in the oil biosynthesis pathway.
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2. Materials and Methods

2.1. Experimental Design and Plant Material

The olive cultivars ‘Barnea’, ‘Coratina’, ‘Koroneiki’, ‘Souri’ and ‘Picholine’” were used in this
study. Of these, ‘Barnea’, which is tolerant to HT environment, regarding fruit development and oil
accumulation and ‘Souri’, tolerant to HT environment, regarding oil quality, were used for
transcriptome analysis. Twelve olive trees in 50 L pots of each of the five cultivars were placed in an
extremely hot climate zone at Tirat Zvi village (HT environment) and in a more temperate
environment (MT environment) during 2016 and 2017. Experiment design and all measurements
were described previously in detail [36]. During 2017, the mesocarp of five fruits from each of the six
trees was collected and three replicates of mesocarp from a mix of ten fruits from two trees each were
used for transcriptome analysis. Mesocarp was sampled at three time points during the season, at 83,
104 and 146 days post anthesis (DPA).

2.2. Transcriptome Analysis

Fruits were removed from the tree, the mesocarp of a pool of 10 fruits from two trees was excised,
mixed in a tube and immediately frozen in liquid nitrogen. Total RNA was extracted from olive
mesocarp tissue using Sigma (Sigma Aldrich, Darmstadt, Germany) plant total RNA extraction kit
according to the manufacturer’s instructions. DNA was removed by treatment with RNAase-free
DNAase at 37 °C for 30 min. Total RNA samples were used to prepare 24 cDNA libraries of the two
cultivars (‘Barnea’ and ‘Souri’) at three time points during fruit development (83, 104 and 146 DPA)
in two locations (HT and MT environments) and two biological replicates, using Illumina’s TruSeq
RNA library preparation kit according to the manufacturer’s instructions. cDNA libraries were
sequenced on NextSeq high output 75 cycles. Sequencing was performed by the Sequencing unit of
the Crown Institute for Genomics in the Weizmann Institute of Science, Israel. Raw reads were
subjected to a filtering and cleaning procedure wusing the FASTX Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/, version 0.0.13.2) for: (1) trimming read-end nucleotides
with quality scores <30 using fastq_quality_trimmer; (2) removing reads with less than 70% base pairs
with quality score <30 using fastq_quality_filter. Cleaned reads, obtained after processing, were
assembled de novo using Trinity software (GitHub Inc., San Francisco, CA, USA) [37] with
trimmomaticSE option to remove adaptors [38]. Only transcripts with a minimum length of 200 bp
were analyzed against OE6 transcriptome reference. The transcript quantification (the number of
reads per gene) from RNA-Seq data was performed using bowtie2 aligner [39] and the Expectation-
Maximization method (RSEM) [40]

2.3. RT-PCR

Specific primers were designed using Primer3 software (Elixir, Narva maantee, Estonia) [41].
Primers for the various genes were designed to amplify a region containing more than one exon, so
that genomic DNA would not be amplified. A total of 2.5 g RNA from each sample was treated with
RQ DNase (Promega, Madison, WI, USA) and reverse-transcribed using random hexamer primers
(Promega). Real-time PCR was carried out using the SYBR green amplification kit (ABgene, Blenheim
Road, Epsom, UK) according to manufacturer’s instructions. Each reaction contained 1 uL cDNA and
1 uM of each primer from the relevant primer pair in a final volume of 10 pL. Quantification of real-
time PCR products was carried out by detection of SYBR green fluorescence on a StepOnePlus™
system (Applied Biosystems, Foster City, CA, USA). Dilution series of cDNA were created for each
set of and a standard curve was established for each gene. Triplicate of cDNA were used and each
reaction was subjected to melting-point analysis to confirm single amplified products. At least two
biological repeats were carried out for each gene. Transcript levels were estimated using a standard
curve for each gene, and these levels were normalized against the amount of OeACTIN transcript
level in each sample. The sequences of the primers used are listed in the Table S1.
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2.4. Data Analysis

Differential expression analysis was done with edgeR package (Bioconductor, Buffalo, NY, USA)
[42], transcripts that were more than two fold differentially expressed with false discovery corrected
statistical significance of at most 0.01 were considered differentially expressed [43]. Hierarchical
clustering of gene expression and visualization of heat map were performed using R Bioconductor
(Bioconductor, Buffalo, NY, USA) [44], using the normalized log-FPKM values (Z score) of each gene.
Venn  diagrams  were  constructed using the online Venny 2.0  software
(http://bioinfogp.cnb.csic.es/tools/venny/). From each gene family participating in the oil
biosynthesis pathway, we presented only genes that showed a normalized expression level of at least
200 FPKM in at least one time-point and environment, assuming that genes with low expression
levels are not involved in the biosynthesis pathway. Co-expression network analysis inferred by
using Conet plugin of cytoscape software (Cytoscape.js, Toronto, ON, Canada) that was based on a
Pearson correlation (cut-off of r > 0.75).

2.5. Statistical Analysis

RT-PCR statistical analyses were conducted using JMP software (SAS, Cary, NC, USA) [45]. The
RT-PCR results were subjected to two-way analysis of variance (ANOVA) including full factorial
analysis, for their dependence on the two independent variables of tree location and cultivar type,
including the interaction between them. Since we encountered significant interaction between the
two factors in all gene expression analysis, a Tukey-Kramer test, based on multiple comparison
correction was performed, in order to compare the various levels of interaction.

3. Results

3.1. Gene Expression Regulation

In order to understand the mechanism in which high temperature summers affect olive oil
biosynthesis we used transcriptome analysis. Two out of five analyzed [36] olive cultivars were
chosen, ‘Barnea’ and ‘Souri’. ‘Barnea’ exhibited tolerance to HT environment in term of oil
concentration at harvest, but its oil quality dramatically decreased in an HT environment. ‘Souri’
exhibited sensitivity to HT environment in term of oil concentration at harvest, but proved more
tolerant to HT in oil quality, compared to all the tested cultivars. Mesocarp transcriptomic of the two
cultivars was analyzed at three time points during fruit development in HT and MT environments,
83, 104 and 146 days post anthesis (DPA).

The transcriptome sequencing resulted in an average of 21,748,879 reads for each sequenced
sample. Among them, 96.54% were clean reads and 83.47% of the reads were significantly mapped
to the olive genome [46] (Table S2). The sequencing data were deposited in the NCBI Sequence Read
Archive (SRA) database as bioproject PRINA638790.

Comparing expression levels of each gene in the HT and MT environments for each cultivar and
each time point, identified the regulated genes in response to different environments. The ‘Barnea’
cultivar had 2437, 2795 and 3265 genes that were significantly upregulated in the HT environment at
83, 104 and 146 DPA respectively. The ‘Souri’ cultivar had 3009, 2625 and 3129 genes that were
significantly upregulated in the HT environment at 83, 104 and 146 DPA respectively. The ‘Barnea’
cultivar had 2500, 2634 and 3473 genes that were significantly upregulated in the MT environment at
83, 104 and 146 DPA respectively. The ‘Souri’ cultivar had 2953, 3053 and 3174 genes that were
significantly upregulated in the MT environment at 83, 104 and 146 DPA respectively. Among the
differentially expressed genes, more genes were up-regulated at all three time points (1193, 1226, 1291
and 1362 for ‘Barnea’-MT-Up, ‘Barnea’-HT-Up, ‘Souri’-MT-Up and ‘Souri’-HT-Up respectively)
compared to those that were unique for specific time point or common to only two time points (Figure
Sla). Comparing the identity of the regulated genes between the three selected time points showed
that the highest number of regulated genes is common at all three time points. However, when
comparing the regulated genes between the two cultivars, we found that the number of regulated
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genes that were cultivar specific in each of the two cultivars was similar to the number of regulated
genes common to both cultivars, in all three time points (Figure S1b).

3.2. Heat-Shock Protein Genes are Upregulated in the HT Environment

Hierarchical clustering of all 110 heat-shock protein genes revealed that the gene expression
profile of the heat-shock protein genes in ‘Barnea’ and ‘Souri’ in all three time points in the MT
environment is similar (Figure 1). Most of these genes were expressed at low rates in both cultivars
and at all three time points. In addition, The MT samples were separated by cultivar into two cluster
groups. For the ‘Souri’, three time points in MT were clustered in one group whereas for ‘Barnea’,
three time points in MT were clustered in another group. In the HT samples, ‘Souri” at 104 DPA and
‘Barnea’ at 83 DPA clustered together and most of the heat-shock protein genes were expressed at
low rates in these samples. ‘Souri” at 83 and 146 DPA and ‘Barnea’ at 104 DPA were clustered in one
group and most of the heat-shock protein genes were highly expressed. Above all, the heat-shock
protein genes of ‘Barnea’ at 146 DPA in the HT environment were expressed at extremely high rates.
Validation of the heat-shock protein gene expression pattern in HT and MT environments was carried
out by RT-PCR analysis of the expression pattern of OeHSP70 known to be induced by heat shock.
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Figure 1. Hierarchical clustering of all heat-shock protein genes. Genes (rows) and samples (columns)
were clustered according to their expression pattern. Sample names below include the cultivar-sample
DPA-environment. Expression levels are indicated on an abundance scale of green to red.
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Expression level of OeHSP70 (OE6A062772) at 146 DPA, in all five cultivars [36] was analyzed
(Figure S2). OeHSP70 expression level in the MT environment in all five cultivars was similar and
relatively low compared to its expression in the HT environment. The expression level of OeHSP70
in the HT environment varied between the cultivars. The ‘Souri’ cultivar showed the lowest
expression, ‘Picholine” and ‘Coratina’ exhibited moderate expression, and ‘Barnea’ and ‘Koroneiki’
showed the highest expression, in which, ‘Barnea” OeHSP70 expression was found to be 8.7 times
greater than OeHSP70 expression in the ‘Souri” cultivar in the HT environment.

3.3. The Effect of High Summer Temperatures on the Olive Oil Biosynthesis Pathway

The biochemical pathways leading to oil (triacylglycerol) synthesis in the olive fruit mesocarp
involve many subcellular organelles and multiple enzymes, beginning with the precursor, acetyl-
CoA and concluding with triacylglycerol (TAG). Based on the transcriptome analysis of ‘Barnea’ and
‘Souri’ at the two contrasting environments at three time points during fruit development, we
focused on the gene expression pattern of all genes involved in olive oil biosynthesis (Figure 2).
Figure 2 presents the expression pattern of the ‘Souri” and the ‘Barnea’ cultivars. The following stages
describe in detail oil synthesis in the ‘Souri’, a cultivar we have shown to be sensitive to a high
temperature environment as reflected by oil biosynthesis [36]. The first step of the fatty acids
biosynthesis is catalyzing the formation of malonyl- CoA from acetyl-CoA by Acetyl-CoA
carboxylase (ACCase). Gene expression pattern of the genes involved in the multienzyme complex
was similar in the HT and MT environments beside OeBCCP1 (OE6A092496), which was induced in
the HT environment. On the other hand, OeACC1 (OE6A049983) was expressed three to six fold
(depending on the sample date) higher in the MT environment compared to the HT. OeMCAT, which
catalyzed malonyl-CoA was expressed similarly in both environments. Fatty acid synthase (FAS) is
an easily dissociated multisubunit complex consisting of the monofunctional enzymes KASI, KASII,
KASIIL KAR, HAD and ENR. OeHAD, O¢eENR and OeKAR were expressed similarly in the HT and
MT environments at the first sample date (83 DPA), at which OeKAR expression was higher in the
MT compared to the HT environment. However, OeKASI, OeKASII and OeKASIII expression was
higher in the MT compared to the HT environment in all three sample dates. Both stearoyl-ACP A9-
desaturase (SAD) family genes (OE6A020845 and OE6A118450) were very highly expressed in both
environments. The last stage of de novo fatty acid synthesis is regulated by the acyl-ACP
thioesterases, FATA and FATB. The two FAT genes, OeFATA and OeFATB were induced in the MT
environment in comparison to their expression in the HT. This is especially true for the OeFATB gene
(OE6A029754), which is expressed at a threefold level in the MT environment compared to its
expression in the HT at all three time points. The modification of oleic acid (18:1) into linoleic acid
(18:2) and linolenic acid (18:3) is catalyzed by the fatty acid desaturases FAD2 and FAD3 respectively
in the Endoplasmic Reticulum (ER). OeFAD3 genes were not expressed in our samples. However,
OeFAD?2 genes showed higher expression in the HT compared to the MT environment, especially
regarding OeFAD2-5 (OE6A098403) at the last sample date (146 DPA) and OeFAD2-1 (OE6A069627)
at the first sample date (83 DPA). The expression level of OeFAD2-5 in the ‘Souri’ cultivar at 146 DPA
was found to be 11,700 FPKM in the HT environment, significantly higher than the 1976 FPKM level
found in the MT environment. Assembly of fatty acids onto the glycerol backbone to create
triacylglycerol (TAG) begins with a series of reactions with dihydroxyacetone phosphate (DHAP) as
a precursor and diacylglycerol (DAG) as the product with four enzymes involved (GPDH, GPAT,
LPAAT and PP). The expression level of the main genes involved in this reaction, OeGPDH
(OE6A105859) and OeGPAT (OE6A109037) was significantly higher in the MT environment
compared to that in the HT. However, OeLPAAT gene family consists of one gene (OE6A051077) that
was induced in the HT environment and another single gene (OE6A111035) significantly induced in
the MT environment. OePP genes were marginally expressed in both environments at all three time
points.

DAG induction can proceed along three different pathways, two of them with TAG as the final
product, and one, regulated by PDCT, to return to the phosphatidylcholine pool. DAG can create
TAG by the reaction of PDAT or by the reaction of the two DAG proteins, DGAT1 and DGAT?2.
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Figure 2. Expression pattern of the genes involved in the olive oil biosynthesis pathway in fruit from

the HT site compared to that of fruit grown in the MT environment. Expression levels for each gene

are presented in a green to red scale above or beside the name of the enzyme. For each enzyme, only
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genes with a FPKM of above 200 in at least one time point and environment appears. For each gene,
expression level at the three time points sampled at the two environments is presented. In each gene,
the six left squares represent the expression pattern in the ‘Souri’ cultivar, whereas the six right
squares represent the expression pattern in the ‘Barnea’ cultivar. Within each cultivar, the three left
squares represent the expression level at 83, 104 and 146 DPA in the HT environment, whereas the
three right squares represent the expression level at the same sample dates in the MT environment.
The various cell components appear in different colors. The reaction begins with cytosol (white
background), then advances to the plastid (light green background) and terminates at the
endoplasmic reticulum (ER; purple background). Abbreviations: BCCP—biotin carboxyl carrier
protein, BC —Dbiotin carboxylase, CT— carboxyl transferase, ACC —acetyl-CoA carboxylase, MCAT —
malonyl-CoA:ACP transacylase, ACP—acyl carrier protein, KAS — f3-ketoacyl-ACP synthase, KAR—
[-ketoacyl-ACP reductase, HAD—-hydroxyacyl-ACP dehydrase, ENR—enoyl-ACP reductase,
SAD —stearoyl-ACP desaturase, FAT—fatty acyl-ACP thioesterases, FAD —fatty acid desaturases,
GPDH—glycerol 3-phosphate dehydrogenase, GPAT—glycerol 3-phosphate acyltransferase,
LPAAT—lysophosphatidate acyltransferase, PP—phosphatidate phosphohydrolase, PDCT—
phosphatidylcholine diacylglycerol cholinephosphotransferase, DGAT—diacylglycerol
acyltransferase, PDAT—phospholipid; diacylglycerol acyltransferase, DHAP—dihydroxyacetone
phosphate, G3P—glycerol 3-phosphate, LPA—Ilysophosphatidate, PA—phosphatidate, DAG—
diacylglycerol, PC—phosphatidylcholine, TAG —triacylglycerol.

The OePDAT gene family consists of three genes that were highly expressed in our study.
OE6A007392 had a significantly higher expression level in the MT compared to the HT environment
at all three time points, whereas OE6A078092 and OE6A031530 had a significantly higher expression
level in the HT compare to the MT. OeDGAT1 (OE6A093626) was significantly expressed at a higher
level in the MT compare to the HT environment, especially at 83 DPA, whereas OeDGAT2
(OE6A030092) expression was higher in the MT only at the latter two time points at 104 and 146 DPA.
The two expressed OePDCT genes (OE6A047231 and OE6A061761) showed higher expression levels
in the HT compare to the MT environment at the time points 104 and 146 DPA.

The ‘Barnea’ gene expression pattern was similar to that of the ‘Souri’ with the same trends
between the two environments (Figure 2). The exceptional genes were FATA, in which one, OeFATA
(OE6A018491), was highly expressed in both environments at all three time points. The expression
pattern of two FAD2 genes, OeFAD2-5 and Oe-FAD2-1 was also different in the ‘Barnea’ cultivar
compared to the ‘Souri’. The ‘Barnea’ cultivar showed extremely high expression of OeFAD2-5 in the
HT environment at all three time points and relatively high expression in the MT environment,
especially at 146 DPA. Oe-FAD2-1 was very highly expressed in the first two sample dates (83 and
104 DPA) in the HT environment and moderately expressed in the MT environment at all time-points.
The ‘Barnea’ cultivar showed the same trend in the expression of OeDGATI1 and OeDGAT?2 in both
environments as the ‘Souri’ cultivar, only in the ‘Barnea’ cultivar, the differences between the
expression levels in the MT and HT environments were smaller. Unlike the ‘Souri’ cultivar, the
‘Barnea’ OePDCT genes were expressed similarly in both environments.

Validation of the oil biosynthesis gene expression pattern in HT and MT environment was
carried out by RT-PCR analysis of the expression pattern of OeACCI and OeFAD2-1 at 146 DPA, in
all five cultivars [36] (Figure 3).
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Figure 3. OeACC1 and OeFAD?2-1 expression analyzed by RT-PCR at 146 DPA. Relative expression
levels of OeACC1 (above) and OeFAD?2-1 (below) in the five cultivars ‘Barnea’, ‘Coratina’, ‘Koroneiki’,
‘Picholine” and ‘Souri’, in HT (red columns) and MT (blue columns) environments. Error bars
represent confidence intervals (p < 0.05).

OeACC1 expression was significantly higher in the MT compared to the HT environment in all
five cultivars, with the greatest differences between the two environments in the s ‘Koroneiki” and
‘Souri” cultivars. OeFAD2-1 expression level was relatively high in the MT environment in ‘Barnea’
and ‘Picholine’ cultivars and low in the other three. In the HT environment, OeFAD2-1 expression
level in the ‘Koroneiki’ cultivar was low, and in the ‘Souri” cultivar it was no expressed at all. In
‘Coratina’, it was expressed at a relatively high level and in the ‘Barnea’” and ‘Picholine’ cultivars was
induced at extremely high levels.

3.4. Transcription Factors Regulating Olive Oil Biosynthesis Pathway

We next explored the regulatory roles of transcription factors in the oil biosynthesis pathway. In
order to identify putative targets of the transcription factors known to directly regulate the oil
biosynthesis pathway genes, we used co-expression analysis to identify significant and high (r > 0.75)
expression pattern correlation between pairs of transcription factors and genes involved in the oil
biosynthesis pathway (Figure 4). We identified eight WRI1 genes in the olive genome (OE6A039756,
OE6A079258, OE6A099997, OE6A092113, OE6A061030, OE6A094680, OE6A054009 and OE6A025576),
four Dof4 genes (OE6A082367, OE6A085395, OE6A104771 and OE6A039076), four LEC1 genes
(OE6A094722, OE6A016910, OE6A001317 and OE6A033717), one Dof11 gene (OE6A032821), one L1L
gene (OE6A077959) and one MYB73 gene (OE6A056119). The transcription factors with the highest
number of putative target genes, based on co-expression, were OeDof4.3, OeWRI1.1, OeDof4.4 and
OeWRI1.2 with 15, 12, 11 and 10 positive co-expressed oil biosynthesis genes. The oil biosynthesis
genes with the highest number of putative transcription factors control, based on co-expression, were
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0eACC1, OeGPDH.3, OsDGAT1, OeFATB.2 and OePDAT.3 with 9, 7, 6, 6 and 6 co-expressed
transcription factors.
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Figure 4. TF-oil biosynthesis network. Co-expressed network of the correlation among Transcription
factors (colored in black) and Oil biosynthesis genes. The blue and red lines indicate positive and
negative correlations between two genes, respectively. The oil biosynthesis genes are colored in green,
gray and purple for plastid, cytosol and ER, respectively.

4. Discussion

In this study, we addressed the molecular effects of an environment of consistently high
temperatures on oil accumulation and composition in different cultivars. We used two cultivars that
differ in their response to HT environment. The ‘Barnea’ cultivar, which had been found to be
relatively resistant to HT environment in term of oil accumulation, but not in its oil quality and the
‘Souri’ cultivar, found to be sensitive to HT environment in term of oil accumulation, but relatively
resistant to HT environment in term of oil quality [36]. We found that during fruit development and
during the most critical period of oil accumulation, both cultivars, the heat tolerant ‘Barnea” cultivar
as well as the heat sensitive, ‘Souri’, induced a heat stress protein response in the HT environment.
We characterized the gene expression pattern of the genes involved in the olive oil biosynthesis and
found that many genes are repressed in response to a high temperature environment. Finally, we
characterized the TF-oil biosynthesis network by its response to an MT vs. HT environment in the
two analyzed cultivars, ‘Barnea’ and ‘Souri’.

4.1. HT Environment Induced A Heat Stress Response in Both Cultivars

Heat stress or high temperature affects the metabolism of plants, especially cell membranes and
physiological processes such as photosynthesis, respiration, and water regulation. This defense at the
molecular level is very important for survival and growth of plants. Plants show a series of molecular
responses to these stresses, among them is the synthesis of heat-shock proteins. Heat-shock proteins
act as molecular chaperones regulating the folding, accumulation, localization and degradation, of
proteins in plants [25]. Our study focused on heat stress only. We treated the plant with enough water
and fertilization to attempt to isolate heat stress from other abiotic stresses [36]. Characterization of
the expression pattern of heat-shock proteins in our study, revealed that most of the heat-shock
proteins induced dramatically in an HT environment were HSP20-like chaperones, although some
genes belonging to the HSP70 family had the same expression pattern. Most heat-shock proteins in
our study underwent high expression in the HT environment and low expression in the MT
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environment at all three time-points (Figure 1). The ‘Souri’ cultivar presents a unique expression
pattern of many HSP genes that were induced in 83 DPA, then repressed in 104 DPA, and up-
regulated again in 146 DPA. We could not find any reasonable explanation for this gene expression
pattern. At 104 and 146 DPA, the ratio between the expression of the heat-shock protein genes in the
HT and the MT environment was higher in the ‘Barnea’ compared to the ‘Souri’ cultivar. Assuming
that the ‘Barnea’ cultivar is more tolerant to heat stress compared to the ‘Souri’ cultivar in regard to
fruit development and oil accumulation [36], suggests that induction of heat-shock proteins may
contribute to the olive plant’s tolerance to heat stress. This assumption is in agreement with other
studies which found that heat-shock proteins are involved in heat tolerance [26,47,48]. Analysis of
OeHSP70 expression also showed the same pattern, in which the differences between the expression
levels in the HT and the MT environments were much higher in the ‘Barnea’ cultivar than in the
‘Souri’. However, contrary to that, the “Koroneiki’ cultivar, which is as sensitive to high temperatures
as the ‘Souri’ [36], showed a similar pattern of OeHSP70 expression as the ‘Barnea’ and not, as we
might have predicted, to the ‘Souri” (Figure 52). The OeHSP70 expression pattern in the ‘Souri” and
‘Barnea’ cultivars as revealed in the RT-PCR experiment showed the same trend as was seen in the
RNA-seq results. However, the ratio between the expression level in HT and MT environments was
slightly different. This ratio was 1308:1 and 12:1 in the ‘Barnea’ and ‘Souri’ cultivars respectively
according to the RNA-seq results and 630:1 and 101:1 respectively according to the RT-PCR results.

4.2. High Summer Temperatures Repress Genes Involved in the Olive Oil Biosynthesis Pathway

Formation of malonyl-CoA from acetyl-CoA is catalyze by ACCase. In our study, both the genes
composing the multienzyme complex (htACC) as well as hmACC (OeACCI) were expressed in the
olive mesocarp (Figures 2 and 3). It has been suggested that in monocotyledons both forms are active,
whereas in dicotyledons, such as olives, hmACC alone is active [32]. However, according to the
expression levels of both forms, our results suggest that in olives both forms may be active and
contribute to the malonyl-CoA, a precursor of fatty acids. Many genes involved in olive oil
biosynthesis are not sensitive to warm temperatures during fruit development and show similar
expression in both HT and MT environments. These genes include the genes responsible for forming
the htACC complex, MCAT, KAR, HAD, ENR, SAD and LPAAT. However, many genes involved in
oil biosynthesis are sensitive to a high temperature environment and showed significant lower
expression in the HT compare to the MT environment. The high temperature sensitive genes were
ACC1, KASI, IT and III, FATA and FATB, GPDH, GPAT, DGATs and PDAT. FAD2 and PDCT were
also high temperature sensitive genes, but showed increased expression in HT compared to the MT
environment. Oil accumulation was shown to be temperature sensitive and high temperatures
resulted in decreased olive oil content in the mesocarp [17,36]. Conversion of acetyl-CoA to malonyl-
CoA is catalyzed by ACC1 which is a key regulator of fatty acid synthesis. Overexpression of ACC1
in yeast significantly increased the total fatty acid content [49-51]. We found that OeACCI
(OE6A049983) is repressed in an HT environment. At 146 DPA, the ratio of the OeACCI expression
level between MT and HT environment was 2.9:1 in the heat tolerant ‘Barnea’ cultivar and 24:1 in the
heat sensitive cultivar ‘Souri’. However, in the sensitive cultivar ‘Koroneiki’ the ratio was 4.1:1 and
in the tolerant cultivars ‘Coratina’ and ‘Picholine’ the ratio was 9:1 and 4.8:1, respectively (Figure 3).
Based on these results, we can conclude that OeACC1 is repressed at high temperatures. However,
this gene cannot serve as a marker to discriminate between tolerant and sensitive cultivars in regard
to heat stress. All three KAS genes were found to be sensitive to high temperatures and their
expression was repressed in the HT environment. Characterizing only the gene with the highest
expression from each gene family, we found that KASI (OE6A049543) was significantly
overexpressed in the MT environment at all three time-points in the ‘Barnea’ cultivar, but only at 146
DPA in the ‘Souri’ cultivar. KASII (OE6A089647) was significantly overexpressed in the MT
environment at all three time-points in the ‘Souri’ cultivar, but only at 83 and 104 DPA in the ‘Barnea’
cultivar. KASIII (OE6A034993) was significantly overexpressed in the MT environment at all three
time-points in both cultivars. KAS genes, like OeACC1, are repressed in high temperatures. However,
they also cannot serve as markers to discriminate between tolerant and sensitive cultivars to heat
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stress. Most of the genes involved in the fatty acid synthesis occurring in the ER were found to be HT
regulated. GPDH, GPAT, DGAT1, DGAT2 and PDAT expression was repressed in HT environment.
DGAT plays a key role in determining the carbon flux into TAG [52], and repression of its expression
may lead to decreased oil accumulation as we found earlier [36]. However, FAD2 and PDCT were
induced in under these conditions (Figure 2). Fatty acid modification from oleic acid to linoleic acid
(C18:2) is catalyzed by FAD2 and FAD6 and from oleic acid to linolenic acid (C18:3) by FAD3 [32].
FAD3 genes were not expressed and the OeFAD6 gene was minimally expressed in both cultivars
and in both environments. Among the FAD2 genes, OeFAD2-2 and OeFAD2-3 were also expressed at
low levels in both cultivars and in both environments. OeFAD2-5, OeFAD2-1 and OeFAD2-4 were
highly expressed in some samples. In the ‘Souri’ cultivar, OeFAD2-4 was expressed similarly in both
environments, OeFAD2-1 expressed similarly in both environments at 104 and 146 DPA but induced
in the HT environment at 83 DPA, OeFAD2-5 induced in the HT environment at 83 and 146 DPA. In
the ‘Barnea’ cultivar, with the exception of OeFAD2-4, which was expressed similarly in both
environments at 146 DPA, all three expressed FAD2 genes were induced in the HT environment at
all sampled time-points. This is in agreement with other studies which found that FAD2 genes
expression was induced by high temperatures [53]. However, other studies found that low
temperatures also induced FAD2 genes in olives [54]. PDCT genes were induced in the HT
environment in the ‘Souri’ cultivar, but not in the ‘Barnea’ cultivar. The PDCT enzyme uses the DAG
as precursor and returns it to the PC pool, thus reducing the amount of DAG that continues to
synthesis of TAG and repressing oil production. The main genes whose expression was cultivar
specific regarding ‘Barnea’ and the ‘Souri’, are PDCT and FAD2. PDCT was induced in the HT
environment only in the heat sensitive cultivar, ‘Souri’, and it’s activity repressed oil production in
that environment. However, in the ‘Barnea’ cultivar, its expression was constant in both
environments. FAD2 was highly induced in the HT environment in the heat sensitive cultivar,
‘Barnea’ and its’ effect was evident in the quality of the oil produced under high temperature
conditions. It was only slightly induced under similar environmental conditions in the heat resistant
cultivar, ‘Souri’. OeFAD2-1 expression level in all five cultivars in both environments (Figure 3), was
found to be in relatively good agreement with the oil quality sensitivity of these cultivars [36]. The
cultivars ‘Barnea’ and ‘Picholine’ were found to be the most heat sensitive in terms of oil quality and
these cultivars showed the highest expression level of OeFAD2-1 in the HT environment. The ‘Souri’
cultivar was characterized as the most heat resistant of the five in terms of o0il quality and showed no
expression of OeFAD2-1 under HT conditions. However, the cultivars ‘Koroneiki’ and ‘Coratina’
showed oil quality sensitivity under high temperature conditions, with relatively low expression of
OeFAD2-1. The ‘Koroneiki’ cultivar, although found to be heat sensitive in term of oil quality, showed
similar expression levels of OeFAD2-1 in both environments. O¢eACC1 and OeFAD2-1 expression
patterns in the ‘Souri” and ‘Barnea’ cultivars as demonstrated in the RT-PCR experiment showed the
same trend as in the RNA-seq results. However, the ratio between the expression level in HT and MT
environments was slightly different. This ratio in OeACC1I was 1:2.5 and 1:2 in the ‘Barnea’ and “Souri’
cultivars respectively according to the RNA-seq results and 1:2.9 and 1:25 respectively as appeared
in the RT-PCR results. For OeFAD2-1, this ratio was 2.7:1 and 1:1.5 in the ‘Barnea’” and ‘Souri’ cultivars
respectively according to the RNA-seq results and 2.7:1 and 1:10 respectively according to the RT-
PCR results.

4.3. WRI1 and Dof4 Are the Main Transcription Factors Regulating Olive Oil Biosynthesis Pathway

Network analysis of the transcription factors and oil biosynthesis genes reveals transcription
factors hubs, which hypothetically could regulate the genes involved in fatty acid biosynthesis in
response to high temperatures. We found that among the transcription factors known to regulate oil
biosynthesis, the transcription factors OeDof4.3, OeWRI1.1, OeDof4.4 and OeWRI1.2 were co-
expressed with a high number of oil biosynthesis genes. The LEC1, L1L, MYB73 and Dofll
transcription factors were co-expressed with a relatively low number of genes involved in oil
biosynthesis, suggesting that these TFs are not the main factors affecting the response of oil
production to high temperatures. WRI1 was already suggested as the main regulator in
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transcriptional control of plant oil biosynthesis [35]. However, in order to validate the role of the
suggested hub, more studies need to be carried out, including identifying the binding motifs of the
transcription factors in the target gene promoters as well as chromatin immunoprecipitation
experiments to show that indeed the suggested transcription factors interact with the promotor genes
involved in oil biosynthesis.

5. Conclusions

Our study demonstrates the negative effect of a high temperature environment on several key
genes critical to the production and quality of olive oil. Different olive cultivars have developed a
variety of mechanisms to deal with different aspects of high temperature damage. In order to
elucidate the mechanism of high temperature damage to olive oil, we characterized the expression
pattern of genes involved in the olive oil biosynthesis pathway in a high temperature (HT)
environment compared to expression patterns under moderate conditions (MT). We found that most
of the genes regulated by high temperatures are common to different stages of fruit development.
However, many of them are cultivar dependent. We hypothesize that a strong induction of heat-
shock proteins, especially during the late stage of fruit development, can indicate heat tolerance.
Many genes involved in the olive oil biosynthesis are down-regulated as a response to high
temperatures. OePDCT as well as OeFAD2 genes showed cultivar dependent expression patterns
strongly related to their heat tolerance. Hence, these genes are recommended as markers for screening
of various cultivar to test their tolerance level for high summer temperatures. We also found that the
transcription factors OeDof4.3, OeWRI1.1, OeDof4.4 and OeWRI1.2 were co-expressed with a high
number of olive oil biosynthesis genes and therefore seem to be key factors in regulating the oil
biosynthesis pathway in response to heat stress. Due to climate changes in recent years and the
forecast for the future, the mechanisms of the various olive cultivars response to heat stress should
be characterized in detail in order to identify existing cultivars or to develop new ones tolerant to
high summer temperatures. These will hopefully produce high yields as well as quality oil in a
changing environment.

Supplementary Materials: The following are available online at www.mdpi.com/2223-7747/9/9/1135/s1, Figure
S1: Venn diagrams of the significantly regulated genes. Comparison of the regulated gene identities between the
different sampled time points in each cultivar and environment (a) and between the two cultivars in each time
point and environment (b), Figure S2: OeHSP70 expression analyzed by RT-PCR at 146 DPA, Table S1: Primers
used in the real-time quantitative PCR, Table S2: Sequencing results. The left column describe the number of
Days Post Anthesis (DPA). #raw-reads are the average number of reads for sequencing lane. #clean-reads are
the average number of reads after filtering and % mapping is the percentage of reads mapped to the olive
genome.
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