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OZET

BITKi STEROL BiYOSENTEZINDE GOREV ALAN iKi STEROL
METILTRANSFERAZ GENININ MOLEKULER VE BiYOINFORMATIK
OLARAK ZEYTIN (Olea europaea L.) GENOMUNDA TANIMLANMASI

Kubra OZTURK
Canakkale Onsekiz Mart Universitesi
Lisansiistii Egitim Enstitiisii
Molekiiler Biyoloji ve Genetik Anabilim Dal1 Yiiksek Lisans Tezi
Danigsman: Prof. Dr. Kemal Melih TASKIN
30.01.2023, 59

Fitosteroller (PSs) olarak bilinen bitki fotokimyasallar1 son donemlerde insan
sagligina olan ¢esitli faydalarindan dolay1 bilimsel camiada bir¢ok ¢alismanin odag: haline
gelmistir. Bitkilerde hiicre zarmin temel yapitasi olan fitosteroller; hiicre buylimesi,
gelismesi ve farklilasmasi gibi ¢esitli biyolojik sirecte de gorev alirlar. Izoprenoid
biyosentez yolagi ile sentezlenen fitosteroller, bitki hormonlarinin bir grubu olan
brassinosteroidlerin (BRs) de oncul molekilleridir. Birgok enzimatik reaksiyon iceren
biyosentez yolaginda, Kilit noktalarda kritik rol oynayan sterol metiltransferazlar nihai
fitosterol konsantrasyonunun belirlenmesi a¢isindan 6nem arz etmektedir. Bu ¢alismanin
amac1 Tirkiye’de yaygin olarak yetistiriciligi yapilan dort farkli zeytin ¢esidinin (Ayvalik,
Gemlik, Memecik ve Gokgeada) genomunda SMT genlerini (SMT1 ve SMT2) tanimlamak
ve zeytin meyve olgunlasmasi boyunca bu genlerin anlatimlarimi analiz etmektir. Bu
kapsamda SMT genlerinin referans protein dizileri model organizma Arabidopsis thaliana
ve Solanum lycopersicum bitkisinden elde edilmis olup biyoinformatik analizler ile zeytin
genomunda aday gen bolgeleri belirlenmistir. Elde edilen aday OeSMT gen dizilerine 6zgu
primerler tasarlanmis ve gen anlatim calismalar1 ger¢cek zamanli PZR c¢aligmalari ile
yuriitilmiistir. Daha sonra OeSMT genleri i¢in klonlama calismalar1 yapilmis ve bu
genlerin karsilagtirmali analizleri gerceklestirilmistir. Elde edilen bulgulara gére OeSMT1
geninin ifadesi meyve olgunlagsmasinin son donemlerinde artarken OeSMT2 geninin

ifadesinin meyve olgunlagmasi boyunca aktif bir sekilde devam ettigi gézlemlenmistir.



Ayrica yapilan klonlama g¢alismalarinin sonucunda zeytin SMT genlerinin dizileri ilk kez
ortaya c¢ikarilmistir. Bu genlerin molekller Olcekte karakterize edilmeleri fitosterol
biyosentezinde Onemli rolleri oldugu goéz Oniine alindiinda, ileri molekiiler 1slah
caligmalarina 151k tutacak niteliktedir. Elde edilen sonuglar fitosterol igerigi yliksek zeytin

cesitlerinin tespit edilmesi ve gelistirilmesine kayda deger katkilar saglayacaktir.

Anahtar Kelimeler: Fitosterol, Sterol metiltransferaz, Zeytin, SMT1, SMT2



ABSTRACT

MOLECULAR AND BIOINFORMATIC IDENTIFICATION OF TWO STEROL
METHYLTRANSFERASES WHICH ARE INVOLVED IN PLANT STEROL
BIOSYNTHESIS IN OLIVE (Olea europaea L.)

Kibra OZTURK
Canakkale Onsekiz Mart University
School of Graduate Studies
Master of Science Thesis in Molecular Biology and Genetic
Advisor: Prof. Dr. Kemal Melih TASKIN
30/01/2023, 59

Plant phytochemicals known as phytosterols have recently become the focus of
many studies in the scientific community due to their various benefits to human health.
PSs, which are the basic building blocks of cell membranes in plants; are also involved in
various biological processes such as cell growth, development, and differentiation. PSs
synthesized by the isoprenoid biosynthesis pathway are also the precursor molecules of
BRs, a group of plant hormones. In the biosynthesis pathway, which includes many
enzymatic reactions, sterol methyltransferases, which play a critical role at key points, are
important in terms of determining the final PS concentration. This study aims to identify
SMT genes (SMT1 and SMT2) in the genome of four distinct olive cultivars (Ayvalik,
Gemlik, Memecik, and GoOkgeada) widely cultivated in Turkiye and to analyse the
expressions of these genes during olive fruit ripening. In this context, reference protein
sequences of SMT genes were obtained from the model organism Arabidopsis thaliana and
Solanum lycopersicum, and candidate gene regions in the olive genome were determined
by bioinformatics analysis. Target-specific primers for the obtained candidate OeSMT gene
sequences were designed and gene expression studies were carried out with real-time PCR
studies. Moreover, cloning studies of the OeSMT genes were performed in order to
comparative analysis of these genes. According to the findings, it was observed that the
expression of the OeSMT1 gene elevated in the beginning stages of fruit maturation, while
the expression of the OeSMT2 gene was maintained actively throughout fruit maturation.



Furthermore, the sequences of the olive SMT genes were identified for the first time as a
result of cloning studies. The outcomes of this research will make significant contributions

to the identification and development of olive varieties with high PS content.

Keywords: Phytosterols, Olive, Sterol methyltransferases, SMT1, SMT2
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CHAPTER |
INTRODUCTION

1.1. Olive plant

Olea europaea L. is one of 30 species in the genus Olea (Bracci et al., 2011). The
fruit of the olive tree is a drupe with a blackish-violet hue when completely ripe in late fall.
Cultivated olive trees are primarily self- or cross-pollinated by wind so as a result of high
rate of cross-pollination there are numerous olive cultivars that exhibit different sizes,
shapes, flavours, and oil contents (Hatzopoulos et al., 2002). It is widely known that a
cold, rainy winter is necessary for olives to go into dormancy to differentiate their flower
buds and that a hot, dry summer follows to produce fruit with a high oil content (Ramos et
al., 2018). Considering olive oil’s beneficial properties for human health olive becomes an
important crop. Globally, about 23 million tons of green and black table olives and 3.4
million tons of oil are currently in production. 95 % percent of the total production is made
in the Mediterranean region, with Spain and Italy serving as the two largest producing
nations (FAOSTAT, 2020). According to the Food and Agriculture Organization of the
United Nations (FAO), Turkiye produces an average of 1.738.680 tons of olives annually
(FAO, 2021). The Aegean region is the territory where olive cultivation is most intensive
(Figure 1). Among the priority provinces in olive production; Aydin, Izmir, Mugla,

Manisa, Balikesir, Canakkale, Mersin and Hatay are included.



HFE I5°E H°E 15°E

Black Sea A
o e 200 km
o S | IS T—
_:::-_‘"I . - Samsun rap— %
- :_,.7 Wil > Zongubidak A Ll Trab@en ." ‘-'._.t
] e ™
i _’,'l‘_ ) __‘;_*&L\'iu;h by - ):!
= "
=_] - J‘:' - .'F - Ankara " Eraurum ‘:"——~ - =
ol B P T e ¢ =
“ Balikesi ot
e K.u.‘.:'.'w:l T lj - R K E Y L

‘ Kayseri Elazn i i
: : ' . #’ i
hd h \1-1|.-'|I1_.'.1'l‘ - . . Wan

) EiunLT \ kﬂl-“;j JJ1}:.1u\dk|I d’

. Kalwamanmaras
Denizli

g
n anlmrfa e ~ ‘!\
- - — .“?F T L
3 - v
- ,‘ Atal \ -
ATtadya
35'}‘! \ P B Olive P Lakes and Dams
i
~ Settlements b Cpunitry horder
Mediterranean Sea ® 100,001 - 500000
F 4 =
™ | = S00000 =
1 | 1 1
MFE I5°E W E 45°F

Figure 1. The purple-covered areas represent olive-growing regions in Turkiye (Efe et al.,
2013).

1.2. Physiological functions of phytosterols in higher plants

PSs, which are isoprenoid-derived molecules, are well-known as the essential
structural elements of the cell membrane in higher plants. With their action on organizing
fatty acid chains, they alter the state of membranes to maintain fluidity and permeability
(Brown, 1998). In particular, stigmasterol, campesterol, and sitosterol act in membranes to
reduce the fatty acid chain mobility. With any temperature fluctuations, PSs increase
membrane cohesiveness to make it more resistant to temperature shock (Dufourc, 2008). In
general, plant cells respond to several biotic and abiotic stresses by changing the PS
composition of the plasma membrane (Valitova et al., 2016). Hence, it is possible to
conclude that PSs are effective in response to stress conditions. Through interacting with
phospholipids and sphingolipids to generate specific lipid microdomains (lipid rafts) in the
membrane, PSs have a direct role in the signal transduction (Mongrand et al., 2004).
Moreover, PSs are requisite for cellular differentiation and proliferation. It was proven the
production of PS increases significantly throughout seed germination, and accumulated
sterols in seeds serve as a reservoir for the germination (Piironen et al., 2000). Finally, PSs
are involved in the biosynthesis of BRs as a precursor so they participate in regulation of
plant growth and development (Choe et al., 1999) .



1.3. Chemical structures and diversity of phytosterols

PSs are a chemical form of triterpenes with a four-ring structure known as the
perhydrocyclopentanophenanthrene ring system (Mohammadi et al., 2020). They have a
similar structural basis to cholesterol by consisting of hydrated phenanthrene (A-, B-, and
C-ring) a cyclopentane (D-ring), and a variable alkyl side chain at the C-17 position
(Figure 2). In general, plant sterols are found in the form of free sterols, sterol esters, sterol
glycosides, and acyl sterol glycosides. The term ’free sterols’’ refers to possessing no
linkages between these sterols and any other chemical constructures. The free sterols
structure can be characterized by an unbounded B-hydroxyl group at the C3 position, one

or multiple double bonds in the B ring, and in the side chain (Figure 2) (Feng et al., 2021).

cholesterol

cycloartenol

{j _______________________ § L‘ i

\ i i
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HO campesterol " Py -sitostero T e Zm

Figure 2. Chemical structure of cholesterol, cycloartenol, campesterol, s-sitosterol, and
stigmasterol. Red rectangles represent the chemical differences between campesterol, -

sitosterol, and stigmasterol.



According to the presence and quantity of methyl substituents on C4, PSs can be
categorized into three classes: 4, 4-dimethyl sterols, 4a-methyl sterols, and 4-desmethyl
sterols. In the plant sterols biosynthetic pathway, 4,4-dimethyl sterols (cycloartenol and
cycloartanol), and 4a-methyl sterols are the precursor molecules of 4-desmethyl sterols (5-
sitosterol, stigmasterol, campesterol, and brassicasterol) (Moreau et al., 2002). 4-desmethyl
sterols are the most abundant of the more than 250 different PS types that have been
reported in plants up to now (Nes, 2011). 4-desmethyl sterols can be categorized into 24-
methyl and 24-ethylsterols based on the presence of methyl or an ethyl group at the C24
position of the side chain. At its 24th carbon, campesterol only contains one methyl group.
Similar to pg-sitosterol, stigmasterol includes an ethyl group at the C24 position, but it also

has an unsaturated double bond at the C-22 position (Benveniste, 2004).

1.4. Biosynthesis of phytosterols

In plants, the PSs are synthesized in the endoplasmic reticulum (ER) via the
isoprenoid biosynthetic pathway. The entire biosynthetic pathway can be addressed in
three steps. The pre-squalene section of the pathway is referred to as the initial step and the
conversion of acetyl CoA to 2.3-oxidosqualene occur in three reactions by the catalysis of
various enzymes (Figure 3). 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR),
catalyzes the synthesis of mevalonate and this enzyme is considered a rate-limiting enzyme
of plant sterol biosynthesis (Valitova et al., 2016). In the second section of biosynthesis,
the squalene epoxidase (SQE) catalyzes squalene cyclization to form cyclic triterpene
skeletons and the following cycloartenol synthase (CAS) catalyzes the reaction of
formation cycloartenol in plants. Once cycloartenol is formed biosynthesis is divided into
two different paths. At this point, the cycloartenol is transformed into cholesterol by sterol
side chain reductase 2 (SSR2) or PSs by C24-sterol methyltransferase 1 (SMT1). S-
adenosyl-L-methionine-dependent C24-sterol methyltransferase (EC 2.1.1.41) has a key
role in PS biosynthesis via catalyzation of C24 methylation. SMT is an integral protein
found in the ER and two distinct forms of SMT (SMT1 and SMT2) exhibiting differing
substrate specificities, end products, and Kinetic reactions exist (Bouvier-Nave et al., 1997;
Schaeffer et al., 2001).



SMT1 catalyzes the methylation of cycloartenol and leads to the formation of 24-
methylene cycloartenol. Once more, the biosynthetic pathway divides into two branches in

this step.

SMT2 converts the 24-methylene cycloartenol to 24-methylene lophenol and the
24-ethylsterols (B-sitosterol and stigmasterol) are produced consecutively as the final
products. Four enzymatic steps in the other branch of the pathway resulting in the
conversion of 24-methylene lophenol to campesterol (Figure 3) (Miras-Moreno et al.,
2016). In the model organism Arabidopsis thaliana two SMT2 isoforms (SMT2 and SMT3)
are found. The proportion of 24-methyl- and 24-ethylsterols depends on SMT2 activity.
Hence, it can be said that SMT2 activity is closely related to plant growth and development
(Schaller, 2003).

The goal of this study is to identify the SMT genes participating in the essential
steps of PS synthesis in the olive genome and to assess the levels of gene expression during
the development of the olive fruit.

Overall, in the extent of this thesis;

» Olive fruit samples were taken from Ayvalik, Gemlik, Memecik, and Gokgeada
cultivars at 8 consecutive ripening stages, and RNA was isolated from these tissues.

» Bioinformatic analysis was performed to identify SMT genes in the olive genome.
Respectively candidate olive SMT sequences were determined and appropriate primers
were designed for further gene expression and comparative analysis.

» Expressions of SMT genes that have crucial role in the PS biosynthesis pathway were
determined by quantitative Real-Time PCR method by using 3 technical and 3
biological replicates and were analysed with the comparative Ct method.

» 0eSMT genes were cloned. Following the cloning procedure, the sequences belonging

to SMT genes were revealed in Olea europaea L. genome.

Gene expression and sequencing data of OeSMT genes obtained with this study
provide important data to better understand the PS biosynthesis process in olive cultivars.
Hence these molecular data will be useful for the selection of cultivars with high PS

content in olive species.
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CHAPTER 2
PREVIOUS STUDIES

PSs serve as one of the fundamental building component of eukaryotic plasma
membranes due to maintaining fluidity and permeability (Hartmann, 1998). Furthermore,
they have important roles in many cellular processes including stress response, regulation
of various physiological activities, and cell division (Piironen et al., 2000). In addition,
BRs, which are crucial hormones for plants, are also synthesized through the PS
biosynthetic pathway (Li et al., 1996). Plants contain numerous types of sterols, over 250,
however, the majority of the total amount is comprised of g-sitosterol, stigmasterol, and
campesterol (Nes, 2011). Depending on their species and cell types, vascular plants include
different proportions of 24-alkyl-A>-sterol (Schaller et al., 1998). The final 24-methyl and
24-ethyl sterol ratio, which is critical for usual plant development, is adjusted through the
sterol side chain C24-alkylation reactions (Schaeffer et al., 2001). Two different SMTs are
in charge of adding exocyclic carbon atoms from S-adenosyl methionine to acceptor
compounds at the most pivotal point of PS biosynthesis (Figure 3) (Nakamoto et al., 2015).

SMTs, therefore, arouse intense attention in the research of PS biosynthesis.

SMTs have been isolated and cloned from fungi, protozoa, and a variety of higher
plants including Arabidopsis thaliana (Diener et al., 2000), Glycine max (Neelakandan et
al., 2009), Nicotiana tabacum, Oryza sativa (Bouvier-Navé et al., 1998), and Zea mays
(Grebenok et al., 1997). SMTs are integral membrane proteins localized to the ER in
higher plants and they have the quaternary structure of four identical subunits each
containing a single active side for sterol and S-adenosyl-L-methionine (AdoMet) (Nes,
2000). SMT genes can be grouped into 2 families, SMT1 and SMT2 based on the
examination of amino acid sequences of the cDNAs in various studies (Bouvier-Nave et
al., 1998). SMT1 and SMT2 genes are responsible for the encoding of two separate
enzymes which have distinct substrate specificities and enzyme kinetics. Both SMT
enzymes maintain carbon flux through the biosynthesis pathway via methylation of

precursor sterols, so they are of great importance for PS biosynthesis.



The primary methylation occurs with the action of the SMT1 enzyme (EC
2.1.1.142) which is encoded by the SMT1 gene. When cycloartenol is methylated with
SMT1 enzyme catalyzation biosynthesis continues in direction of the plant sterol synthesis
hence SMT1 activation affects the total concentration of PSs. The methylation of 24-
methylene lophenol occurs with the action of the SMT2 enzyme (EC 2.1.1.143) which is
encoded by the SMT2 genes. At this point of biosynthesis, action of the SMT2 enzyme
determines the balance between C24-ethylsterols and C24-methylsterols (Nes et al., 2003;
Schaeffer et al., 2001). In the study upon Arabidopsis smtl mutants, an aberrant phenotype
was observed in absence of SMT1 gene expression. Low fertility with stunted siliques,
deficient growth with shorter petioles and smaller, rounder leaves, increased calcium
tenderness of the Arabidopsis root, and aberrant embryo morphogenesis was noticed.
Furthermore, compared to wild-type Arabidopsis plants, smtl mutants exhibited an altered
ratio between cholesterol and C-24 alkylated sterols concentration. Moreover, various
previous studies upon the Arabidopsis smtl/cph and smt1°® mutants show that deficiency
of SMT1 gene activity causes unaccomplished cell wall constructions via insufficiency in
cellulose deposition and defective auxin efflux via distributed PIN1-PIN3 protein

placement in the membrane (Schrick et al., 2004).

SMT2 activity also regulates the ultimate proportion of total sterol and thus plant
growth (Schaller et al., 1998). The overexpression of SMT2.1 in Arabidopsis plants shifted
the biosynthetic pathway to the sitosterol synthesis direction so reduced stature and
growths were observed in these plants. However, exogenous supplementation of BRs
provided the recovery of the phenotypes of these plants. In the same study co-suppression
of SMT2.1 resulted in a shift in the biosynthetic pathway in the direction of the campesterol
segment and plants were characterized by pleiotropic deficiencies such as poor growth,
excessive branching and low fertility. Surprisingly this time the morphological defects of
these plants were not rescued by BRs supplementation (Schaeffer et al., 2001). In the other
research upon Arabidopsis cvp mutants, abnormal cotyledon vascular patterning, aberrant

floral development, and reduced stature were observed (F. M. Carland et al., 2002).



Furthermore, compared to cvpl mutants more remarkable abnormalities were
observed in cvpl smt3 double mutant plants. Besides various unusual features of growth,
poor root development, and deficient apical dominance were reported. These defects of the
phenotype were associated with significant changes in the ratio of particular sterols without
significant changes in BR profiles (F. Carland et al., 2010). Moreover, cell division plane
determination, directional auxin transport, and polar expansion were affected by the
absence of SMT2 expression in the Arabidopsis mutant lines (smt2, smt3) (Nakamoto et al.,
2015).

Olive phytosterol studies

There are numerous natural PS sources, and individuals consume plant sterols in
their cereal, fruits, and edible vegetable oils. Vegetable oils rank highest in PS content
(150-1,231 mg/100 g), followed by legumes, nuts, and cereals. According to the research
on the PS content of 14 different vegetable oils, the total PS content varied between 142.64
and 1891.82 mg/100 g in plant oils. While rice bran oil, corn oil, and rapeseed oil had a
higher PS content, it was reported that olive oil ranked 9th with containing 288.02 mg/100
g of PS (Yang et al., 2019).

In the research on the PS composition of rapeseed and olive oil, 19 novel rapeseed
cultivars and 21 distinct olive cultivars growing in Northwest Turkiye, were compared in
terms of their PS content. As a result, it was detected that the total PS content of olive oil
ranged between 1.29 and 2.38 g/kg in different olive cultivars whereas compared to the
others the Gokgeada cultivar contains the highest level of PS (Giil & Seker, 2006).
Similarly, the PS content of virgin olive oil of three significant olive cultivars in Italy
(Carolea, Cassanese, and Coratina) was investigated on two separate harvesting dates
(October and November). While higher PS content was observed in the samples harvested
in November, it was noticed that the Coratina species had the richest PS content
(Sivakumar et al., 2006).



The correlation between sterol accumulation and olive fruit ripening was
investigated. Fruit samples of Picual and Arbequina were harvested at regular intervals for
4 months and the PS content of olive oil was detected. The PS content of olive fruits
increased from September to December. Especially, the sitosterol level decreased from
September to November on the contrary A-5avenasterol level increased in the same
timeline. Overall, while considerable differences were observed in the PS content between
September and November however no notable changes were detected between November
and December (Fernandez-Cuesta et al., 2013).

The total PS content of forty-three olive cultivars from 11 different countries of
cultivars' origin was compared in the large-scale research. In this study, which included
two cultivars named "San Sun Tuzcamalik" and "Beyaz Yaglik" from Tirkiye, it was
determined that the total sterol content ranged between 855 and 2185 mg/kg. In addition, it
has been stated that PSs that are predominantly found in olive oil (-sitosterol, A>-
avenasterol, campesterol, and stigmasterol) exhibit high variability among the cultivars,
and this variability is due to high genetic factors (Kygyk et al., 2016). In a different
research, both the fatty acid and PS composition of Kilis Yaglik and Nizip Yaglik cultivars
were analysed. Comparative analysis of samples of olive fruit collected from 34 separate
territories was performed. Among the studied 7 different type of PSs, p-sitosterol, A®-
avenasterol and campesterol were most abundantly found in both olive oil samples.
Consequently, the only evident difference between the two cultivars was that Nizip Yaglik

had a higher amount of 7-stigmasterol than Kilis Yaglik (Ozkan et al., 2017).

The correlation between the PS content of olive and early fruit-flower development
was examined. Additionally the gene expression of OeCYP51 and OeSMT2 genes were
examined in this study. They demonstrated that the expression of these genes increased in
olive floral tissues concurrently with the raise in the concentration of total sterol and
displayed different expression patterns during the early stages of fruit maturation.
Furthermore, the correlation between sitosterol and BRs was also investigated by
supplementation of 24-epibrassinolide and brassinazole. Early tissue development was

observed in olive fruit after treatment with 24-epibrassinolide.
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Moreover sitosterol content and OeSMT2 gene expression were increased whereas
OeCYP51 gene expression decreased with the 24-epibrassinolide treatment. Conversely, an
inverse effect was observed when BR biosynthesis was inhibited with brassinazole
treatment (Inés et al., 2019).

Health-promoting effects of phytosterols

In the past decades, PSs are attracting the attention of the global market due to their
beneficial impacts on metabolism and human health. Notably, it has been approved that the
regular daily consumption of phytosterol-enhanced foods diminishes LDL cholesterol and
lower the risk of cardiovascular disease by the US Food and Drug Administration, the
European Food Safety Authority. Various clinical research on hypercholesterolemic
subjects revealed that consuming 1.5-3 g of plant sterols diurnally reduces the intestinal
absorption of cholesterol thus, lowering serum low-density lipoprotein (LDL) cholesterol
levels by 8% to 15% (Orem et al., 2017; Quilez et al., 2003). In addition to the reputed
cardiovascular benefits of PSs, their anticancer effects have also become the focal point of
numerous studies. Findings regarding the anticancer impact of PSs rely on several
mechanisms including acting as antioxidants and regulating the proliferation and apoptosis
of tumour cells for numerous cancer types (Bouic et al., 1997; Shenouda et al., 2007). In
addition to all these health-promoting effects of PSs the anti-hypertensive, anti-obesity, and
anti-inflammatory properties also make them very intriguing dietary supplements for
human health (Nattagh-eshtivani, 2022)
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CHAPTER 3
MATERIALS AND METHODS

3.1. Plant material

Three olive cultivars (O. europaea L.) were provided from the Edremit Olive
Production, Training and Gene Center were studied: Ayvalik, Memecik, and Gemlik.
Simultaneously, the Gokgeada variety was obtained from the Gokgeada district agriculture
directorate. Fruit samples were harvested between 1 October-15 December 2019 in 15-day
intervals at eight different ripening stages (Table 1). Ripening stages of olive fruits were
determined according to maturation index of olive fruits. Harvested olive fruits were
immediately frozen in liquid nitrogen until they reached to the laboratory. All fruit samples
were stored -80 °C until use.

Table 1

The harvest dates of olive fruit samples

July 1,2019
July 15,2019
August 1,2019
August 15,2019
September 1,2019
September 15,2019
October 1,2019
October 15,2019
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3.2. Total RNA Extraction

Total RNA of olive fruits was extracted by using Trizol (TRIzol™ Reagent-
Invitrogen - 15596018) and RNA isolation kit (RNA Mini Kit — Invitrogen — 12183018A)
according to the manufacturer’s instructions. Before the RNA isolation mortars, grinds,
spatulas, and forceps were treated with DEPC solution (Himedia, MB076) for overnight
and then sterilized with autoclave (121°C, 15 min). The olive tissues were ground with pre-
cooled mortars in liquid nitrogen and after the removal of endocarp tissue, 100 mg
mesocarp tissue of olive fruits was treated with 1 mL of Trizol solution. Isolation of RNA
was continued with the RNA isolation kit according to the manufacturer's instructions and

isolated RNA was stored at —80 °C until use.

3.3. Determination of quality and quantity of RNAs

The integrity of isolated RNA was visualized with 1% agarose gel electrophoresis
and the concentrations were measured with a Qubit 2.0 fluorometer (Invitrogen, Q32866).
Any possible DNA contamination was removed by using DNAse | (Fisher Scientfic —
USA).

3.3.1. Agarose Gel Electrophoresis

In this research, RNA, and DNA samples were visualized by 1% agarose gel
electrophoresis. All samples were loaded into wells after mixing with 6X loading dye and
as a determinant, 1 kb GeneRuler DNA Ladder (Thermo Scientific™, SM0311) was used
(Figure 4). Finally, the electric field was applied for adequate time to separate the
molecules and the agarose gel was visualized under ultraviolet (UV) light.

GeneRuler 1 kb DNA Ladder
bp ng/0.5p9 %

1% agarose

Figure 4. The ladder is composed of fourteen chromatography-purified individual DNA
fragments (in base pairs).
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3.3.2. Preparation of 10X TAE buffer

To prepare 10X TAE buffer 48.44 g of Tris base and 3.72 g of EDTA were
dissolved into 900 mL dH20 and pH was adjusted to 8 with acetic acid (11.4 mL). The
final volume of buffer was completed to 1 L with dH20. Prepared 10X TAE buffer was

autoclaved (121 °C, 15 min) and stored at room temperature.

3.3.3. Preparation of 1X TAE buffer
1X TAE buffer was prepared by 10:1 dilution of 10X TAE buffer (100 mL of 10X
TAE buffer, 900 mL of dH20).

3.3.4. Preparation of ethidium bromide solution
EtBr was added into agarose gel right before the gel electrophoresis. Stock solution

of EtBr was prepared by dissolving 100 mg of EtBr into 10 mL dHz0.

3.3.5. Qubit fluorometric quantification

The concentrations of RNAs were measured with Qubit fluorometer device
(Invitrogen, Q32866) by the instructions of the device. The concentration of the RNA
sample was measured by using Qubit™ RNA Broad Range (BR) Assay Kit (Invitrogen,
Q10211) in the directions of the manufacturer.

3.4. DNAse treatment and cDNA synthesis

To avoid DNA contamination, DNAse | (4368814; Applied Biosystems) treatment
was carried out once RNA concentrations were measured. 1000 ng of RNA from each
sample was used for cDNA synthesis. All reaction were prepared in a total volume of 10 pul
(Table 2) and incubated at 37 °C for 30 min.

Table 2

Components of the DNase reactions

Components Volume Final concentration
10X reaction buffer 1L 1x
RNA 1000 ng 100 ng / pL
DNase I (1 u/pL) 1puL 0.1u/pL
Nuclease-free H,O Complete to 10 pL -
Final volume 10 pL -
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1 ul of EDTA (50 mM), 2 ul of random primers, and 0.8 ul of ANTP mix were
added to the reactions and DNAse | was inactivated at 65 °C for 10 min. Afterward, the
High-Capacity cDNA Reverse Transcription Kit (High-Capacity cDNA Reverse
Transcription Kit — 4374967) was used for cDNA synthesis. cDNA RT mixes were

prepared for each reaction (Table 3) and added into reaction tubes.

Table 3

Components of cDNA RT mix

Components Volume
10X RT buffer 2uL
Reverse transcriptase 1 unit
Nuclease-free H.O 3.2k
Total volume 6.2 uL

cDNA synthesis was completed using a thermal cycler (Biorad PTC200) and
recommended program (Table 4) for High Capacity cDNA Reverse Transcription Kits.
Synthesized cDNAs were stored at 4 °C for short-term storage.

Table 4

Thermal cycler program for cDNA synthesis

Step Temperature (°C) Time (min)
1 25 10
2 37 120
3 85 5
4 4 00
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3.5. Bioinformatic analysis

The existing databases were used to investigate the structures of SMTs genes in
olive genome. With this purpose Olea europaea var. Sylvestris genome data was used. The
genome, transcriptome, and proteome data of Sylvestris were downloaded from NCBI
(National Center for Biotechnology Information) were added as a database into Geneious
v.8.1 software. Reference protein sequences of these genes were obtained from model
organisms such as A. thaliana and S. lycopersicum through The Arabidopsis Information
Resource (TAIR) and NCBI databases were used as queries in the BLAST (Basic Local
Alignment Search Tool) against to olive protein data. The resulting sequences were used to

plot a UPGMA phylogenetic tree.

3.6. Comparative analysis of phytosterol genes

3.6.1. Primer designing

Cloning primers were designed with the selected olive SMT transcripts by using
Geneious v.8.1 software (Table 5). The following criteria were considered during primer
designing: Tm value was optimum 60 °C, and Tm difference between primers was at most
1°C.
Table 5

Gene cloning primers for OeSMT genes

Gene Primer : Expected
Sequence of primer :
name name base pair

SMTLF 5 TCTGAAGGCTCAATTTGACAGC 3’
SMT 1 702 bp
SMTLR 5 AATGGCCTTCACCAGTCCTC 3’

SMT 2.1 F 5 GTCGTTTTTCCGGAGACCCA ¥’
SMT 2.1 954 bp
SMT 21_R 5 TGCGATTTTCCAGGAACGGA 3’

SMT 22 F 5 CCACACCAACCCTAGACACA 3’

SMT 2.2 1266 bp
SMT 22_ R 5 AGGAAGGAAATCAAGACTGCAAA 3’
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3.6.2. Gradient PCR reactions

PCR reactions were performed to obtain the required amplicons of SMT genes with
the High Fidelity DNA Polymerase (Thermo Scientific, F530L) enzyme which has a low
error rate via its proofreading function. Furthermore, this enzyme was used to amplify the
products with the blunt end which was necessary for ligation with the pCR™-Blunt vector.

PCR reactions were assembled with the components given below (Table 6).

Table 6

The components of gradient PCR

Components Volume Final concentration
5X High Fidelity PCR
5puL 1X 10mM
Buffer
dNTP mix 0,5 uL 200 pM
10uM Reverse Primer 1L 0,4 uM
10pM Forward Primer 1pL 0,4 uM
Template cDNA 1pL -
High Fidelity PCR
) 0,25 uL 0,02 v/pL
Enzyme Mix
Nuclease-free H.O 16,25 pL -

Gradient PCR was performed to obtain optimal annealing temperature for SMT
primers, with convenient thermal cycling conditions (Table 7). Different annealing

temperatures were applied at the temperature range of 54-60 °C.
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Table 7

Gradient PCR thermal cycle

Cycle step Temperature Time Cycle
Initial
: 98°C 30s 1
Denaturation
Denaturation 98°C 5-10s
Annealing 54-60°C 30s 25-35
Extension 72°C 1 min
Final extension 72°C 10 min 1

3.6.3. DNA extraction from agarose gel

PCR products were assessed by visualizing with 1% agarose gel electrophoresis
under a UV light source. The correct DNA bands were extracted from gel by using
PureLink® Quick Gel Extraction Kit (Invitrogen, K2100-12) according to the
manufacturer’s instructions. Extracted PCR products were visualized by 1% agarose gel
electrophoresis. Concentrations of PCR products were measured with NanoPhotometer®
P-Class P330 device.

3.6.4. Competent cell preparation

Cloning studies have proceeded with the Escherichia coli (E. coli) DH10B strain.
Frozen stock of E. coli cells was inoculated into 50 mL LB (Luria-Bertani) broth medium
(0.5 g Bacto-tryptone, 0.25 g yeast extract, 0.5 g NaCl) at 37 °C for overnight with shaking
speed 130 rpm. On the following day, bacteria taken from the overnight media culture
were streaked on the LB agar plate using a sterile inoculation loop with the aim of
obtaining isolated single colonies, and plates were incubated again for overnight at 37 °C
without shaking. The next day an isolated single colony was selected and inoculated into
50 mL LB broth by using a sterile loop then incubated with aerobic conditions at 37 °C,
130 rpm for overnight. Cloning studies of OeSMT genes proceeded with these overnight
cultures. Next morning 500 pL of overnight culture was inoculated into 50 mL fresh LB

broth media.
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Excess amount of bacteria culture was stored in the 50 % glycerol suspension at -80
°C for future usage. OD value was measured until ODsoo reaches to 0.3-0.4 with
spectrophotometer. When E. coli cells grow to log phase, competent cells were prepared by

using the calcium chloride (CaCl2) followed by a heat-shock application.

3.6.5. Ligation

Ligation reactions were processed with T4 DNA Ligase (EL0011, Thermo
Scientific™) and pCR™-Blunt vector (Zero Blunt® PCR Cloning Kit, K270020, Thermo
Fischer). Extracted PCR products were ligated with pCR™-Blunt vector according to the
manufacturer’s instructions. The ligation reactions were prepared separately for each gene
in a total volume of 20 puL (Table 8) and incubated at room temperature for 90 min.

Prepared reactions were stored at -20 °C until transformation.

Table 8

Blunt-end ligation reaction components

Ligation components Volume
10X T4 DNA ligase buffer 2 uL
50% PEG solution 2 uL
T4 DNA ligase 1 uL
pCR™-Blunt vector 20-100 ng
Insert DNA 1:1 to 5:1 molar ratio over vector
Nuclease-free H.O 9uL
Total volume 20 uL

3.6.6. Transformation

After the incubation of ligation reactions, heat-shock transformation method was
used to introduce plasmid DNA into competent E. coli cells. 20 pL of ligation suspension
was mixed with 200 pL of competent cell suspension in a 1.5 mL microcentrifuge tube and
incubated on ice for 30 min. To insert the plasmids into competent E. coli cells, tubes were
submerged in a water bath for 90 s at 42 °C without shaking and incubated in the ice for 2
min immediately. Then 800 uL of SOC medium (%0. 5 Yeast Extract, %2 Tryptone, 10
mM NacCl, 2.5 mM KCI, 10 mM MgClz, 10 mM MgSOs4, 20 mM Glucose) was added onto
transformed cell suspension. Transformed E. coli cells were incubated at 37 °C for 90 min

with shaking gently.
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At the end of incubation outgrowth culture was spread as three different dilutions
(100, 150, and 200 uL) to LB plates supplemented with 50 pg/mL Kanamycin for
selection. The cultures were incubated at 37 °C for overnight and colony growth was
observed the next day.

3.6.7. Colony PCR

On the following day, the accomplishment of transformation was verified with
colony PCR. For this purpose, colonies were chosen from petri dishes that had been
cultured overnight in LB solid medium containing Kanamycin (50 pg/mL). With the use of
a sterile loop, small amount of cells was collected from these colonies and suspended in 50
puL of nuclease-free water and this suspended cell solution was used as a template for
colony PCR reactions. All reactions were prepared by using Phusion High Fidelity DNA
Polymerase (Thermo Scientific, F530L) and M13 primers (Table 6 and Table 7). M13
primer binding sites on the vectors used in this project are depicted in Figure 5. PCR
products were visualized with UV light after 1% agarose gel electrophoresis. The colonies
which have the correct size plasmids were inoculated into 50 pg/mL Kanamycin contained

50 mL LB medium and incubated at 37 °C for overnight.
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Figure 5. pCR™ — Blunt vector map. The figure contains restriction sites of EcoRI and
Xhol enzymes, and M13 primers binding sites.

3.6.8. Plasmid isolation
Plasmid isolation was performed with GeneJET Plasmid Miniprep Kit (Thermo
Scientific™, K0503) according to the manufacturer’s instructions. The isolated plasmid

DNAs were stored at -20°C.
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3.6.9. Plasmid restriction

Isolated plasmids were restricted from two sites of transformed PCR product by
using FastDigest EcoRI (FD0274, Thermo Scientific™) and only one region of plasmid by
using FastDigest Xhol (FD0694, Thermo Scientific™). The cleavage sites of enzymes
were shown in Figure 5. All reaction mixtures were prepared at room temperature in the
order of the indicated Table 9 and then incubated at 37 °C for 30 min. Finally, restriction
enzymes were inactivated with incubation at 80 °C for 5 min. Restricted plasmids were
visualized with UV light after 1% agarose gel electrophoresis and the transformation of

correct products was confirmed.

Table 9

Components of the restriction reactions

Component Volume
Nuclease-free water 15 pl
10X FastDigest® buffer 2 ul
Plasmid DNA 2 ul (upto 1 pg)
FastDigest® enzyme 1l
Total volume 20 pl

3.6.10. Sequence alignment and phylogenetic analysis

The PCR products of SMTs genes, which play a key role in PS biosynthesis in
olives, were transferred into the E. coli cells with pCR™-Blunt vector. After restriction
enzyme confirmation, the nucleotide sequences of olive SMTs genes were revealed by a
sequencing service (MEDSANTEK, Tirkiye) through the Sanger method. The sequencing
files (abl) were analysed by the Geneious v.8.1 software. Firstly, the quality scores of
chromatogram sequences were checked and the poor-quality regions in the 5’end and 3’
end of each sequence were trimmed out with a 0.05 error probability cut-off value. All
high-quality chromatogram sequences were assembled and mapped to reference sequences
for each SMT gene then olive SMT protein sequences were obtained from the deduced

consensus sequences.
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The similarity between the deduced olive protein sequences and reference A.
thaliana sequences was searched with the MUSCLE alignment. Moreover, conserved
motifs were investigated in deduced protein sequences. Finally, consensus sequences of
olive SMTs were searched by BLASTn program against other plant species in the NCBI

database. The neighbor-joining method was used for phylogenetic tree analysis.

3.7. Selection of primers to use in gene expression studies

The primers to be used in gene expression studies were selected by using Geneious
v.8.1 software. The A. thaliana reference protein sequences of SMT genes were obtained
from TAIR and BLASTp analyses were performed against to Olea europaea var. Sylvestris
proteome. The obtained olive protein sequences were searched against Olea europaea var.
Sylvestris transcriptome. To find olive SMT gene sequences obtained transcript sequences
were searched against Olea europaea var. Sylvestris genome. The SMT gene sequences
were aligned with SMT transcript sequences to obtain exon regions. The following criteria
were considered during primer designing: Tm value was optimum 60 °C, and Tm
difference between primers was at most 1°C. Furthermore, it was provided that at least one
of the primer pairs binds to the junction of two exons so binding of primers to the genomic
region of the same gene is prevented. According to the specified parameters, if an
appropriate primer binding site cannot be found in the exon junctions, the primers were
chosen to bind to different exons. It was provided that there must be an intron region
consisting of at least 1000 base pairs between two exons. In case of any gene consisting of
only one exon region (for example, OeSMT2) primers were selected within the coding

regions in the transcripts of the genes of interest.

3.8. Determination of primer efficiencies

The amplification efficiency of designed SMT primers was determined by standard
curve experiments. For this purpose cDNA was synthesized with Ayvalik RNA samples.
10-fold serial dilution of synthesized cDNAs was performed 6 times (Table 10). The 10-
fold sequential dilutions of cDNAs were used as a template for SYBR Green-based qPCR
reactions. For each primer pair, 10 pL qPCR reactions was prepared with SYBR® Green
PCR Master Mix (Applied Biosystems, USA), 200nM forward and reverse primer, 1ul of
cDNA (Table 11) and Step One Plus Real Time PCR System (Applied Biosystems, USA)

was used for amplification of primers.
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Table 10
1:10 serial dilution of cDNASs

Label of tube Sample Volume of sample Volume of
nuclease-free H2O
1 Stock cDNA 15 pl 45 ul
2 1/10 6 ul (from tube 1) 54 ul
3 1/100 6 ul (from tube 2) 54 ul
4 1/1,000 6 ul (from tube 3) 54 ul
5 1/10,000 6 ul (from tube 4) 54 ul
6 1/10,0000 6 ul (from tube 5) 54 ul

Afterwards, a scatter plot was plotted with the log value of each sample dilution
against obtained Ct values. The R? value and slope of the graph were calculated. The

efficiency of primers was calculated by using the formula (3.1) (Dorak, 2007).

Efficiency = [10(-1/slope)] — 1 (3.1)

3.9. Gene expression analysis

Step One Plus Real Time PCR System (Applied Biosystems, USA) was used to
analyse the relative gene expression levels of SMT genes. gPCR reactions were prepared as
10 pL for per well and contained SYBR® Green PCR Master Mix (Applied Biosystems,
USA) (Table 11).
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Table 11

Components of Real-time PCR reactions

Components

Volume

Final

concentrations

SYBR® Green PCR Master Mix
Forward Primer
Reverse Primer
Template cDNA

Nuclease-free H,O

5 ul
0,3 ul

0,3 pl

0,4 ul

1x
0,05 uMm

0,05 uM

Gene expression studies were completed with fruit tissue samples harvested at 8

different ripening stages from 4 olive cultivars (Ayvalik, Gemlik, Gok¢eada, Memecik).

Three biological replicates, each having three technical replicates were used for each

sample (Figure 6). Endogenous control was provided by two reference genes (CLATHRIN

and pKABAI) which have been identified by previous study (Hurkan et al., 2018).
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The thermal cycling conditions included an initial denaturation step of 95 °C for 10
min, followed by 40 cycles of 95°C for 15 s, 60°C for 60 s, and as an extension step of
72°C for 1 min (Figure 7). At the end of the reaction, Melt Curve Analysis was performed
between 60-95°C to obtain any the presence of non-specific products or primer dimers.
Gene expression data were analysed by using comparative Ct (ACT) method (Pfaffl, 2001).

The error bars were determined by calculating the means +SD of relative gene
expression of three biological and three technical replicates for each sample. Statistical
analysis of relative gene expression of SMT genes was run out by TUKEY test following
the One-Way ANOVA with a 0.05 significance level for all statistical tests.

Add Stage v | Addstep ¥ [ cotiectData v |1 open Run Method | Save Run Metnod . | Revertto Defauts

Holding Stage Cycling Stage Melt Curve Stage
Number of Cycles: 40 |3
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Figure 7. Thermal cycle of real-time PCR reactions.

26



CHAPTER 4
RESULTS AND DISCUSSION

4.1. Plant materials

For this study, three olive cultivars (Ayvalik, Memecik, and Gemlik) were chosen
because of their high yield of oil (25% for Ayvalik, 24% for Memecik, 30% for Gemlik).
These cultivars are the most cultivated varieties in the western coastal regions of Turkiye
(Efe et al., 2013). Exclusively, the Gokgeada cultivar from the island of Gokceada was
chosen based on its native and distinctive cultivation habitat. Additionally, Gokceada
cultivar has significantly high PS content in its oil (Giil & Seker, 2006). Olive fruit tissues
were supplied at 15-day intervals for 8 ripening stages (Figure 8). Fruit samples of the
cultivars were instantly frozen with liquid nitrogen after harvest and stored at -80 °C until
RNA isolation. The maturity index of olive fruits was calculated when they reached the

laboratory. Fruit colour scales were determined based on the following indicators:
0 - Olives with dark green peel colour
1 - Olives with a yellow or yellowish-green peel
2 - Olives with a slightly reddish-yellow colour peel
3 - Olives with mostly reddish colour peel

4 - Olives whose peel colour is completely black and the pulp is still completely green or

white

5 - Olives with a completely black peel colour and a magenta colour up to half of the
flesh

6 - Olives whose peel colour is completely black and the part of the fruit flesh up to the

core is magenta.

7 - Olives whose peel colour is completely black and fruit flesh and pit completely dark
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RIPENING STAGES OF GEMLIK OLIVE FRUITS

1 2 3

¢ ¢ é

0
4

September 1,2019

Figure 8. The olive fruit samples which were used for RNA isolation. The ripening stages
of the fruits are indicated in the upper right corner of the image according to the colour
scale used in the calculation of the maturity index.

4.2. RNA isolation and synthesis of cDNA

Following RNA isolation the quality and integrity of the RNAs were assessed with
UV light after 1% agarose gel electrophoresis (Figure 9). The 28S and 18S rRNA bands
were intact in the agarose gel electrophoresis. The Qubit assay was used to determine the
quantities of RNA samples. The RNA concentrations of samples range from 176 to 1072
ng/uL (Table 12). In order to avoid DNA contamination, DNAse | treatment was carried
out once RNA concentrations were measured. 1000 ng of RNA from each sample was used

for cDNA synthesis.
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Figure 9. Gel image of July 1, 2019 RNA samples of olive fruit tissues. M: 1 kb DNA
Ladder

Table 12

The RNA concentrations of olive oil samples for 8 ripening stages

310 596 324 260

264 896 460 370
554 666 348 342
252 808 378 176
628 1072 668 352
438 618 406 240
262 586 282 350
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4.3. Bioinformatic analysis

In this research, bioinformatic analysis was carried out to obtain SMT genes in the
olive genome by using available databases. The genome, transcriptome, and proteome data
of Olea europaea var. Sylvestris were downloaded from NCBI and added as a BLAST
database into Geneious v.8.1 software. The identification of olive SMT genes in the
Sylvestris genome was achieved with BLAST analysis. Reference A. thaliana protein
sequences of SMT1 (AT5G13710), SMT2 (AT1G20330), and SMT3 (AT1G76090) genes
were obtained TAIR and BLASTp analysis was performed against the Sylvestris proteome
by using the Geneious v.8.1 software. Among the protein sequences obtained according to
the BLASTp result, the sequences with the E-value closest to 0 as well as the highest

coverage and similarity percentage were determined.

Afterward, an UPGMA phylogenetic tree was plotted with candidate olive protein
sequences, reference A. thaliana and S. lycopersicum protein sequences in Geneious v.8.1.
As demonstrated in Figure 10, all SMT sequences clustered into two large branches. The
OeSMT1 sequences gathered in one branch, while OeSMT2 and OeSMT3 sequences
gathered in another. Similar to the earlier studies SMT genes were classified into two
different groups of genes also in olive (OeSMT1 and OeSMT2) as distinct from
Arabidopsis. The olive sequences shows clustered with reference SMT sequences with
higher than 65% similarity were selected for use in further studies in this research.
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Figure 10. Phylogenetic tree for sterol methyltransferase protein sequences
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Determined olive protein sequences were searched against Sylvestris transcriptome
with the tBLATSn program. 9 candidate olive SMT transcripts were selected according to
E-value, coverage and similarity percentage (Figure 11). Three olive transcript sequences
(XM_023040836,1, XR_002705702,1, and XM_023040837,1) were identified for
OeSMT1, and it was observed that the identity of transcript sequences was higher than 77%
and the length of sequences ranged from 1182 to 1315 bp. Likewise, three olive transcript
sequences (XM_023005848,1, XM_023005849,1, and XM_023042911,1) were identified
for OeSMT2, and it was observed that the identity of transcript sequences was higher than
73% and the length of sequences ranged from 1518 to 1529 bp. The transcript sequences
of OeSMT3 were found similar with OeSMT2, however the identity was obtained higher
than 71%.
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Name Description 4 % Identical Sites  E Value Sequence Length

7 XM_023005843.1 PREDICTED: Olea europaea var. sylvestris 24-methylenesterol C-methyltransferase 2-ke (L0C111381592),...73.1% 0 1,518
:/J XM_023005848.1 PREDICTED: Olea europaea var. sylvestris 24-methylenesterol C-methyltransferase 2-ke (LOC111381592),...71.5% 3.63-152 1,518
U XM_023005849.1 PREDICTED: Olea europaea var, sylvestris 24-meathylenesterol C-methyltransferase 2-ke (LOC111381993),...73.1% 0 1,521
Y XM_023005849.1 PREDICTED: Olea europaea var. sylvestris 24-methylenesterol C-methyltransferase 24ke (L0C111381993),...71.9% 3.63-152 1,521
;j XM_023042911.1 PREDICTED: Olea europaea var, sylvestris 24-methylenesterol C-methyltransferase 24ke (LOC111412139),...73.6% 0 1,529
u XM_023042911.1 PREDICTED: Olea europaea var. sylvestris 24-methylenesterol C-methyltransferase 2-ke (LOC111412135),...71.3% 9.75-147 1,529
d XM_023009755.1 PREDICTED: Olea europaea var. sylvestris cydoartenol-C-24-methyltransferase ke (LOC111385373), MRNA 73.0% 3.69e-64 595

i XM_023040836.1 PREDICTED: Olea europaea var. sylvestris cycoartenol-C-24-methyltransferase ke (LOC111410481), trans.,.78.0% 0 1,315
Y YR_002705702.1 PREDICTED: Olea europaea var, sylvestris cydoartenol-C-24-methyltransferase ke (LOC111410481), trans...78.0% 0 1,315
Y XM_023040837.1 PREDICTED: Olea europaea var, sylvestris cydoartenol C-24-methyltransferase-tke (LOC111410482), MRNA 77.2% 0 1,182

Figure 11. The candidate transcript sequences of the olive SMTs

Consequently, the candidate transcript sequences were searched against the
Sylvestris genome with the BLASTn program to detect OeSMT gene regions. 2
homoeologous OeSMT1 genes were found in Sylvestris genome and these genes are
located on chromosome 15 and were named as OeSMT1 (LOC1111410481), and
0OeSMT1.2 (LOC1111410482) respectively. Exon regions were extracted from the detected
gene regions and OeSMT coding sequences (CDS) were obtained. Based on the
bioinformatics analysis, it was detected that the CDS of the AtSMT1 gene is composed of
1011 bp and contains 13 exon regions. Whereas the CDS of the OeSMT1 and OeSMT1.2
genes is composed of 987 bp, and 981 bp. Both of them contain 12 exon regions and a high
degree of identity (98%) was observed between them.

2 homoeologous OeSMT2 genes were found in Sylvestris genome and these genes
are located on chromosome 16 were named as OeSMT2 (LOC111381993), and OeSMT2.1
(LOC1111412135) respectively. The CDS of the AtSMT2 gene is composed of 1086 bp
while the CDS of the OeSMT2 and OeSMT2.1 genes in the olive genome include 1083 bp
and 1092 bp. Also, both of them are composed of only one exon region and a high degree
of identity (79%) was observed between them. Finally, appropriate primers were designed

according to these CDS for forthcoming gene expression studies (Figure 12).
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Name v  Description

SMT2R  Single Exon Gene
SMT2F  Single Exon Gene
SMT2.1R  Single Exon Gene
SMT2.1F  Single Exon Gene

SMT1_R  Binds to both Exon-junction
SMT1_F  Binds to both Exon-junction

First Residues

CTTTGGGACGGCGGAAAAAG
TTCAACTCTCTGGCGGTTCC
TGCGATTTTCCAGGAACGGA
GTCGTTTTTCCGGAGACCCA
SMT1,2.R SMT1.2 spesific Exon-junction TGGAGATACTGAAAAGGCGAGA
SMT1.2_F SMT1.2 spesific Exon-junction AGGCCTCAGCTCTCTACACT
TAGCACCCAACAGCATCTGG
AGGAAAGGCCCTAAACCGTG

Sequence Length Tm

EEER8888

Figure 12. Information on designed primers for OeSMT genes
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4.4. Cloning and Comparative analysis of OeSMT genes
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In this study for the comparative analysis of OeSMT genes, required cloning
primers were designed and OeSMT (OeSMT1, OeSMT2.1, and OeSMT2.2) genes were

cloned successfully. In order to produce the amplicons required for the cloning of OeSMT

genes, polymerase chain reactions were set up to examine different temperatures using

chosen primers. Three distinct temperatures (54 °C, 57 °C, and 60 °C) were tried to detect

the optimal primer binding temperature. Obtained PCR products were assessed with 1%

agarose gel electrophoresis under UV light and desired bands which representing the
amplicon size of OeSMT1, OeSMT2.1, and OeSMT2.2 (respectively 702, 954, and 1266
bp) were observed (Figure 13 and 14).

OeSMT2.2
OeSMT1 54°C  S7C  60°C
54°C  57°C  60°C
. B ——

N E

Figure 13. The products of OeSMT1 and OeSMT2.2 after gradient PCR. M: 1 kb DNA

Ladder
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OeSMT2.1
sy,  54°C 57°C  60°C
L

mw

mw

i

Figure 14. The products of OeSMT2.1 after gradient PCR. M: 1 kb DNA Ladder
Following gradient PCR, the correct OeSMT amplicons were sliced from agarose
gel by using a sterile surgical blade and extracted from gel slices by using a gel extraction

kit and extracted OeSMT amplicons were visualized again on agarose gel with a UV light

transilluminator for validation (Figure 15).

*  OeSMT1 OeSMT2.1 OeSMT2.2
e d

Figure 15. Reimaged OeSMT1, OeSMT2.1, and OeSMT2.2 products after gel extraction.

M: 1 kb DNA Ladder
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Subsequently, the extracted OeSMT amplicons were ligated with the pCR™-Blunt
vector for transformation. The E. coli DH10B strain was simultaneously prepared for
transformation by giving them a component property. Then recombinant vectors were
transformed into component bacteria with the heat shock method. Transformed E. coli cells
were incubated in a selective LB media for overnight. The following day, bacteria colony
growth was observed (Figure 16), and some of them were picked as templates for colony
PCR.

Figure 16. E. coli colonies incubated overnight in selective medium

To validate that OeSMTs::pCR™-Blunt recombinant vector has successfully
inserted in E. coli cells, colony PCR products were assessed with 1% agarose gel
electrophoresis (Figure 17 and 18). After colony PCR, positive colonies confirmed to
harbour OeSMT genes were inoculated in sterile LB broth containing Kanamycin and
incubated overnight at 37 °C in a shaking incubator.

M

=

= OeSMT2.2
P OeSMT1 i ;

freye | |

5 e

22052 .

2% ’ ' - —

Figure 17. Colony PCR results of OeSMT1 and OeSMT2.2 M: 1 kb DNA Ladder
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Figure 18. Colony PCR results of OeSMT2.1 M: 1 kb DNA Ladder

The next day, plasmids were isolated from the recombinant E. coli cells which were
incubated in selective LB media for a night. The digestion of OeSMT amplicons from
isolated recombinant plasmids were provided by using FastDigest EcoRI (FD0274,
Thermo Scientific™) and FastDigest Xhol (FD0694, Thermo Scientific™) enzymes. The
product size of the digested plasmids was visualized with a UV transilluminator system
after 1% agarose gel electrophoresis (Figure 19 and 20). FastDigest EcoRI digests the
plasmid in two regions whereas FastDigest Xhol digests the plasmid in only one region.
When the recombinant plasmids of OeSMT1 and OeSMT2.1 were digested with FastDigest
EcoRI enzyme, the bands of OeSMT amplicons were observed at the bottom of the gel, and

the 3500 bp bands of pCR™-Blunt vector were observed at the top of the gel (Figure 19).
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Figure 19. Plasmid digestion with double-cut EcoRl

Figure 20. Plasmids digestion of OeSMT2.2::pCR™-Blunt vector with single-cut Xhol and
double-cut EcoRI enzymes
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4.5. Sequence alignment and phylogenetic analysis of OeSMTs

In this part of the study, the sequences of successfully cloned OeSMT genes were
determined. The deduced consensus sequence of OeSMT1 was composed of 583 bp (Figure
21). This consensus sequence was searched by BLASTnN against other plant species in the
NCBI database. The highest identity of OeSMT1 was observed consecutively in
Erythranthe guttatus species with 83,01% and 7e-164 of E-value, Camellia sinensis
species with 82,11% and 9e-163 of E-value, and Helianthus annuus species with 83,03%
and 1e-160 of E-value (Figure 3 Suppl.).

! oo 200 i 400 500 oo 0o 800 oo 1,000 1,100 1,200 1315
Consensus L o ———————————————————————————————

2
o]

.78 8.807 8.807 8.338 0.503 10.258 10,883 11.207 11.380 11.500 11.848 12,584 12,884 12,708

SMT1 1

LOC1114..

D P /P IR EI EPEPIEIIES DI IED IS I I B G 3
Fll KEMAL_MELIH_. .. |}

REV KEMAL_MELIH_... I N . ]

Figure 21. OeSMT1 consensus sequences and assembled chromatogram sequences

The deduced consensus sequence of OeSMT2.1 gene composed of 897 bp (Figure
22). This consensus sequence of OeSMT2.1 was searched by BLASTn against other plant
species in the NCBI. The highest identity of OeSMT2.1 was observed consecutively in
Sesamum indicum species with 81,92% and 0 of E-value, Nicotiana attenuata species with
78,87% and 0 of E-value, and Capsicum annuum species with 78,87% and 0 of E-value

(Figure 4 Suppl.).
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Figure 22. OeSMT2.1 consensus sequences and assembled chromatogram sequences

The deduced consensus sequence of OeSMT2.2 gene composed of 1088 bp (Figure
23). This consensus sequence of OeSMT2.2 was searched by BLASTn against other plant
species in the NCBI. The highest identity of OeSMT2.2 was observed consecutively in
Sesamum indicum species with 79,80% and O of E-value, Ipomoea triloba species with
76,92% and 0 of E-value, and Nicotiana tomentosiformis species with 76,98% and 0 of E-

value (Figure 5 Suppl.)
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Figure 23. OeSMT2.2 consensus sequences and assembled chromatogram sequences
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The deduced amino acid sequences of OeSMT genes were aligned with the SMT
protein sequences of A. thaliana and the similarity of these sequences was investigated.
Protein sequence of OeSMT1 was exhibit the 82.7% similarity with the AtSMT1 while
OeSMT?2 protein sequences were 79% (0eSMT2.1) and 81.3% (OeSMT2.2) similar with
the AtSMT2.

The binding sites for sterols and AdoMet are required to be found in the SMT
proteins (Nes et al., 2003). Therefore, conserved amino acid regions were searched in the
deduced OeSMT sequences with the NCBI Conserved Domain Search program, and three

sterol binding sites and AdoMet binding site were revealed (Figure 24).
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Figure 24. Sequence alignment of OeSMT proteins with reference AtSMT protein
sequences. Conserved motifs for sterol binding sites were represented by red rectangles

and for AdoMet binding site was represented by a green rectangle.
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The homology of deduced olive SMT genes were searched against the SMT
sequences of other plant species by using BLASTn program. A phylogenetic tree was
constructed based on the results of the BLASTn analysis (Figure 25). Also, the sequences
of Farga and Arbequina cultivars were included in this tree. When we interpreted this
phylogenetic tree, it was observed that the OeSMT1.1, OeSMT2.1, and OeSMT2.2 genes

were each grouped in a separate branch of the tree.
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Figure 25. Phylogenetic tree for SMT transcripts
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4.6. Gene expression studies

4.6.1. The efficiency of primers

By employing 10-fold serial dilutions of cDNA templates of SMTs, the standard
curve analysis was used to determine primer efficiency. For this purpose, real-time PCR
reactions were established using serial dilutions of cDNAs obtained from SMT
amplifications. Based on the standard curve analysis, only primer pairs with efficiency
values in the range of 90-110% and R? values greater than 0.98 were used during gene

expression studies (Table 13).
Table 13

Information on primers used in gene expression studies

Primer Gene accession . Efficiency R?
Primer sequence

name code (%) value

SMT1_F XM_023040836.1 = AGGAAAGGCCCTAAACCGTG

99,1 0,9993
SMT1_R XM_023040837.1 TAGCACCCAACAGCATCTGG
SMT1.2_F AGGCCTCAGCTCTCTACACT
XM_023040837.1 100,4 0,9976
SMT1.2 R TGGAGATACTGAAAAGGCGAGA
SMT2_F XM_023005849.1 | TTCAACTCTCTGGCGGTTCC
99,7 0,9998
SMT2_R XM_0230420111 | CTTTGGGACGGCGGAAAAAG
SMT2.1_F GTCGTTTTTCCGGAGACCCA
XM_023042911.1 90,0 0,9983
SMT2.1 R TGCGATTTTCCAGGAACGGA

Primer efficiency of SMT1 F and SMT1_R pairs was determined via standard
curve analysis (Figure 26). The primer efficiency graph was plotted with the Ct values
obtained by quantitative PCR. The R? value was obtained as 0.9993 while the efficiency of
the reaction was obtained as 99.1%. The curve was found to be sufficiently linear hence the

relevant primer pair was decided to be appropriate for gene expression experiments.
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Figure 26. The efficiency curve of SMT1 primer pair

Primer efficiency of SMT1.2_F and SMT1.2_R pairs was determined standard

curve analysis (Figure 27). The primer efficiency graph was plotted with the Ct values

obtained by quantitative PCR. The R? value was obtained as 0.9976 while the efficiency of

the reaction was obtained as 110.4 %. The curve was found to be sufficiently linear hence

the relevant primer pair was decided to be appropriate for gene expression experiments.
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Figure 27. The efficiency curve of SMT1.2 primer pair

Primer efficiency of SMT2_F and SMT2_R pairs was determined standard curve

analysis (Figure 28). The primer efficiency graph was plotted with the Ct values obtained

by quantitative PCR. The R? value was obtained as 0.9998 while the efficiency of the

reaction was obtained as 99.7 %. The curve was found to be sufficiently linear hence the

relevant primer pair was decided to be appropriate for gene expression experiments.
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Figure 28. The efficiency curve of SMT2 primer pair

Primer efficiency of SMT2.1 F and SMT2.1 R pairs was determined standard
curve analysis (Figure 29). The primer efficiency graph was plotted with the Ct values
obtained by quantitative PCR. The R? value was obtained as 0.9983 while the efficiency of
the reaction was obtained as 90 %. The curve was found to be sufficiently linear hence the

relevant primer pair was decided to be appropriate for gene expression experiments.
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Figure 29. The efficiency curve of SMT2.1 primer pair

Melt Curve Analysis was performed as the final step of gPCR reactions between
temperatures of 60-95°C. When the graphs were examined, no multi-peak rise was
observed in the melting curve, proving that there were no contaminating or off-target

amplification products (Figure 30).
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Figure 30. Melt curve analysis of OeSMT genes and housekeeping genes

4.6.2. The expression studies of OeSMT genes in olive fruit tissue

SMT genes, which play a key role in PS biosynthesis, are of great importance as
they determine the final PS content and, relatedly, are effective in many biological
processes (Schrick et al., 2004). In this part of the study, the expression levels OeSMT
genes in four olive cultivars were determined by quantitative Real-Time PCR. Throughout
eight consecutive ripening periods, cDNA was synthesized using RNAs extracted from
olive fruits and used in Real-Time PCR reactions. Gene expression results were analysed
with the comparative Ct (ACt) method and a relative gene expression graph was drawn for
each OeSMT gene by using Ayvalik samples harvested on July 1, as a control group. SMT1
are responsible for the C24 methylation of cycloartenol and thus the adjustment of the

balance between cholesterol and alkylated sterols in the higher plants.
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In the previous studies poor reproduction, an inconsistent vascular system, and
abnormalities in auxin transport were observed in Arabidopsis smtl,smtl/cph, and smt1°
mutants (Diener et al., 2000; Willemsen et al., 2003). Hence, the expression of SMT1 has a
great influence in determining the final PS ratio and, accordingly, in maintaining various

biological processes (Schaeffer et al., 2001).

When the OeSMT1 gene expression results were evaluated, it was observed that
OeSMT1 expression reached the highest level in all cultivars with the exception of
Memecik on August 1 (Figure 31). The increase could be claimed to be sensible if
considering the SMT1 genes have a role at the beginning of the PS biosynthesis. Moreover,
parallel with the up-regulation of OeSMTL1 an increase in PS content in olive cultivars was
observed on this date (Figure 2 Suppl.). Consequently, this period can be regarded as the
period when the synthesis rate of PSs increased. A dramatic decrease in OeSMT1
expression was observed in all cultivars on September 15, followed by an increase in
OeSMT1 gene expression on October 1. When all cultivars were examined individually, it
was noticed that Ayvalik, Gemlik, and Gokgeada all showed a consistent pattern of
OeSMT1 gene expression. However, when the results are considered comparatively, it is

remarkable that the expression of this gene is higher in Gdkgeada than in other cultivars.
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Figure 31. Gene expression results of the OeSMTL1 (Error bars represent standard error and

asterisks represent statistically significant differences at P <0.05 based on Tukey’s test).
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When the OeSMT1.2 gene expression results were evaluated, it was observed that
OeSMT1.2 expression was high in Ayvalik and Gemlik cultivars rather than the other
cultivars (Figure 32). Notably, the highest expression of this gene belonged to Gemlik
cultivar on July 15. Additionally, on October 15, all cultivars exhibited the lowest
OeSMT1.2 expression levels. Therefore, October 1 can be considered as the most

convenient harvest date for these varieties.
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Figure 32. Gene expression results of the OeSMT1.2 (Error bars represent standard error

and asterisks represent statistically significant differences at P <0.05 based on Tukey’s

test).

The second methylation is provided by the other member of sterol transferases,
SMT2, which is crucial for the balance in the final concentration between 24-methyl and
24-ethyl sterol. According to earlier research upon smt2 mutants absence of SMT2 gene
expression cause alteration in the eventual ratio of g-sitosterol and campesterol and various

morphological abnormalities in the plant morphology (F. Carland et al., 2010).
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Considering gene expression studies of OeSMT2, this gene revealed the highest
expression in all olive cultivars on August 15 (Figure 33). An increase in the PS content of
the Picual and Arbequina oil was observed between September and November in a
previous study (Fernandez-Cuesta et al., 2013). Similarly, the higher level of OeSMT2
expression in Sylvestris from August to October may have contributed to the elevated PS
content of olives. On October 15, the lowest expression levels were observed in the
Gokgeada cultivar, while the Ayvalik cultivar displayed the highest expression levels in
this period compared to other cultivars. In general sight, the expression of the OeSMT2
gene was observed continuously through all fruit ripening stages. In a previous study,
expression of the SMT2 gene was examined at the early fruit ripening stage, and an up-
regulated gene expression was observed (Inés et al., 2019). Similarly in this study, an
increase in OeSMT2 gene expression was observed on August 15. Also the unexpected
decrease in OeSMT2 expression on August 1, might be proof the expression of this gene is

affected by external conditions (Navas-Lépez et al., 2020).
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Figure 33. Gene expression results of the OeSMT2 (Error bars represent standard error and

asterisks represent statistically significant differences at P <0.05 based on Tukey’s test).
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When the OeSMT2.1 gene expression results were assessed in general, a similar
expression pattern was observed with OeSMT2 except for a few minor differences.
Especially in the period starting from August 15 to November 1, elevated levels were
noticed in the expression of this gene in the Gokgeada cultivar compared to other cultivars.
In a study that involved our Lab team, the final PS content of these four cultivars was
examined simultaneously with OeSMT gene expression, and a non-negligible increase was
observed in the total PS content in four cultivars after September 15. Among the four olive
cultivars, remarkably higher expression of OeSMT2 was observed in Gokgeada, and these
results were actually consistent with the highest concentration of PS detected in the oil of
the Gokceada cultivar (Figure 2 Suppl.). In addition, the reduction in OeSMT2 gene

expression seen on August 1 was also observed in the OeSMT2.1 (Figure 34).
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Figure 34. Gene expression results of the OeSMT2.1 (Error bars represent standard error
and asterisks represent statistically significant differences at P <0.05 based on Tukey’s
test).
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CHAPTER 5

CONCLUSION

The objective of this study is to identify the SMT genes proven to play roles in the
key points of PS synthase in the olive genome and to examine the expression levels of
these genes during olive fruit ripening. With this aim, olive fruits of Ayvalik, Gemlik,
Memecik, and Gokceada cultivars, which are widely grown in Turkiye, were obtained
through 8 consecutive fruit ripening periods and molecular factors affecting the expression
of OeSMT genes were revealed. Moreover the sequences of olive SMT genes (OeSMT1 and

0OeSMT?2) were determined for the first time.

In higher plants, the synthesis of PSs starts with mevalonate synthesis from acetyl
CoA and includes sequential numerous enzymatic reactions. Along through this
biosynthetic pathway, some enzymes are considerably important with their critical
activities such as sterol methyl transferases which sustain the carbon flux (Holmberg et al.,
2002). SMT 1 provides the methylation of cycloartenol and its rate-limiting action affects
the final sterol concentration. The second methylation is provided by the other member of
sterol transferases, SMT2, which is crucial for the balance in the final concentration
between 24-methyl and 24-ethyl sterol (Schaeffer et al., 2001). Here in the present study,
the SMT genes were identified in the Olea europaea var. Sylvestris genome with
bioinformatic studies. Obtained results demonstrate that two separate SMT genes are found
in the Sylvestris genome, unlike the model organism Arabidopsis, which contains three
different SMT genes (SMT1, SMT2, and SMT3) responsible for coding sterol methyl
transferases. The phylogenetic tree plotted with reference SMT sequences of A. thaliana
and S. lycopersicum was shown that OeSMTs are located in two separate branches. The
cloning of OeSMT genes was completed successfully and the sequence of these genes was
determined for the first time in the Olea europaea L. genome. The identity of OeSMTs was
searched by BLASTN analysis with the other plant species. According to obtained data, it
was observed that OeSMT1 has the highest relativeness with Erythranthe guttatus species,
while OeSMT2.1 and OeSMT2.2 are most alike with Sesamum indicum species. A
phylogenetic tree was plotted with sequences of the other plant species and the separation
of OeSMT1 and OeSMT2 genes into two different branches in this tree was observed as

expected.
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At the final stage of this study the gene-specific primers were designed and the
expression of OeSMTs was investigated in four olive cultivars along the fruit ripening. In
the early phases of fruit ripening, an active expression of OeSMT1 was detected with only
slight variations between 4 olive cultivars whereas a constantly active expression in

OeSMT2 was observed during all stages of fruit ripening.

Olive is a widely grown harvest plant in Tirkiye and is of great importance with its
rich nutritional content in its oil. In this respect, it is important to obtain olive varieties with
high PS content and to determine the optimal harvest date for olives during the periods
when the PS content is highest. Gene expression and sequencing data of OeSMTSs obtained
with this research light the way molecular breeding studies for the selection of cultivars

with high PS content in olive species.
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APPENDIX
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Figure 1. Variation of g-sitosterol contents determined in different periods in olive
cultivars (Unpublished data from project 1180405 funded by TUBITAK).
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Figure 2. The change of total phytosterol contents throughout 8 different ripening periods
in 4 olive cultivars (Unpublished data from project 1180405 funded by TUBITAK).

LX



Figure 3. BLASTN result of OeSMT1

Figure 4. BLASTNn result of OeSMT2.1
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Figure 5. BLASTNn result of OeSMT2.2
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