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Introduction: The balanced fatty acid profile of olive oil not only enhances its
stability but also contributes to its positive effects on health, making it a valuable
dietary choice. Olive oil's high content of unsaturated fatty acids and low content
of saturated fatty acids contribute to its beneficial effects on cardiovascular
diseases and cancer. The quantities of these fatty acids in olive oil may fluctuate
due to various factors, with genotype being a crucial determinant of the
oil's quality.

Methods: This study investigated the genetic basis of oil quality by comparing the
transcriptome of two Iranian cultivars with contrasting oil profiles: Mari, known
for its high oleic acid content, and Shengeh, characterized by high linoleic acid at
Jaén index four.

Results and discussion: Gas chromatography confirmed a significant difference
in fatty acid composition between the two cultivars. Mari exhibited significantly
higher oleic acid content (78.48%) compared to Shengeh (48.05%), while linoleic
acid content was significantly lower in Mari (4.76%) than in Shengeh (26.69%).
Using RNA sequencing at Jaén index four, we analyzed genes involved in fatty
acid biosynthesis. Differential expression analysis identified 2775 genes showing
statistically significant differences between the cultivars. Investigating these
genes across nine fundamental pathways involved in oil quality led to the
identification of 25 effective genes. Further analysis revealed 78 transcription
factors and 95 transcription binding sites involved in oil quality, with BPC6 and
RGA emerging as unique factors. This research provides a comprehensive
understanding of the genetic and molecular mechanisms underlying oil quality
in olive cultivars. The findings have practical implications for olive breeders and
producers, potentially streamlining cultivar selection processes and contributing
to the production of high-quality olive oil.
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1 Introduction

The well-balanced composition of fatty acids in olive oil
enhances its stability against oxidation, making it a valuable
addition to a healthy diet. The high level of unsaturated fatty
acids and the low level of saturated fatty acids in olive oil have
made it have positive effects on cardiovascular diseases and cancers
(Yubero-Serrano et al., 2019; Jimenez-Lopez et al., 2020). Oleic acid,
which makes up 55-83% of the total fatty acid content, is the main
fatty acid found in olive oil, while other fatty acids present include
linoleic acid (2.50-21.00%), palmitic acid (7.5-20.00%), stearic acid
(0.5-5.00%), and linolenic acid (<1%) (International Olive Council
(I0C), 2019). Olive oils with high levels of oleic acid and low levels
of linoleic, linolenic, and palmitic acids are regarded as suitable oil
quality and have superior nutritional (Salimonti et al., 2020). The
quantities of these fatty acids in olive oil vary depending on
genotype, environment, and their interactions (Mele et al., 2018;
Navas-Lopez et al., 2020). Furthermore, the cultivar genotype plays
a crucial role in determining the quality of the olive oil (Sanchez de
Medina et al., 2015; Comlekcioglu et al., 2022).

Iran is renowned in the Middle East as one of the regions with
the greatest diversity of olive germplasm (Hosseini-Mazinani et al.,
2014). Previous research has been limited on the transcriptome-
level evaluation of Iranian olive oil quality, focusing on factors such
as ripening stage and harvesting time (Parvini et al., 2014;
Zaringhalami et al., 2015; Razeghi Jahroomi et al., 2016; Fahadi
Hoveizeh et al., 2023), cultivation location effects (Asheri et al.,
2015; Taslimpour et al., 2016; Amiri-Nowdijeh et al., 2018), and
environmental temperature impacts (Fahadi Hoveizeh et al., 2023;
Karamatlou et al., 2023). In an investigation conducted by Parvini
et al. (2015), quantitative real-time PCR was employed to analyze
the expression patterns of two key genes: stearoyl [acyl-carrier-
protein] 9-desaturase (OeSAD) and omega-6 fatty acid desaturase
(OeFAD); throughout the stages of fruit development. The results
revealed elevated levels of OeSAD expression and decreased levels of
OeFAD2-2 expression in Mari and Koroneiki cultivars, leading to an
increased ratio of oleic to linoleic acid. In another study conducted
by Razeghi-Jahromi et al. (2021), 195 differentially expressed
transcripts involved in various fruit developmental stages were
detected using cDNA-AFLP in the Mari and Shengeh cultivars.
Hence, investigations on Iranian olive cultivars to specify genes
influencing oil quality have not been performed into the olive
transcriptome utilizing advanced sequencing methods such as
RNA-seq. On the other hand, several studies have been
conducted in the world regarding olive transcriptome to compare
cultivars based on the compositions and biosynthesis of fatty acids
and metabolites at different developmental stages (Xiaoxia et al,
20205 Liu et al., 2021; Rao et al., 2021; Niu et al,, 2022). In a study
conducted by Hu et al. (2023), two cultivars with different fatty acid
compositions were examined. It was stated that fatty acyl-ACP
thioesterase B, SAD, and FAD2 genes are important in determining
the composition of fatty acids. A study was done by Asadi et al.
(2023) aiming to perform a meta-analysis of olive RNA-seq data,
identify 41 key genes involved in fatty acid biosynthesis, and assess
the significance of them (Asadi et al., 2023). The study highlighted
beta-ketoacyl-[acp] synthase II (FabF), SAD, and FAD?2 as crucial
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genes influencing the oleic acid levels. In a subsequent study by
Unver et al. (2017) aimed at sequencing wild olives, RNA-seq was
utilized to identify gene expression patterns related to oil
biosynthesis. The research revealed a correlation between
decreased FAD2 expression and increased SAD expression with
the accumulation of high levels of oleic acid in olives. In a study
done by Li et al. (2015), the overexpression of SAD genes in
transgenic potatoes led to an increase in linoleic acid levels in
membrane lipids, leading to enhanced cold acclimation. In another
study, the OeFAD genes were found to desaturate linoleic acid,
resulting in the production of C18:3 fatty acids and contributing to
the cold acclimation of olive trees (ID’Angeli et al., 2016). In many
studies, different transcription factors, such as WRKY, MYB, Dof,
bZIP, Hox, RGA, LEC, and WRI1, have been identified as effective
in the biosynthesis of fatty acids (Manan et al., 2017a; Kong et al.,
20205 Yan et al., 2021; Yang et al., 2022). The WRI1 transcription
factor has been extensively studied for its central role in regulating
plant fatty acid biosynthesis and oil biosynthesis in plants (Kong
et al., 2019, 2020).

The objective of this article is to conduct an RNA-seq analysis on
Olea europaea cv Mari and Olea europaea cv Shengeh as two Iranian
olive cultivars, for the first time, aiming to uncover the genetic and
molecular mechanisms that influence oil quality. Additionally, the
study seeks to identify differentially expressed genes and pathways
linked to oil quality. Due to this factor, Mari and Shengeh were
selected as the two most extreme Iranian olive cultivars for their oil
quality, as indicated by prior research (Hosseini-Mazinani et al., 2013;
Parvini et al,, 2015). Mari (deposition number IRCul-02 in Iranian
Olive Catalog) and Shengeh (deposition number IRCul-13 in Iranian
Olive Catalog) cultivars have been examined by Hosseini Mezinani
from 2013 (Hosseini-Mazinani et al., 2013) in different aspects.
Morphological characteristics of both cultivars were analyzed for
fruit, stone and leaf based on UPOV-IOC (The International Union
for the Protection of New Varieties of Plants-International Olive
Council) parameters (Hosseini-Mazinani et al., 2013). Molecular
characterization of the studied cultivars was also analyzed using
SSR and chloroplast markers (Hosseini-Mazinani et al., 2014).
Previous studies have determined that the Mari had higher oleic
acid content and an overall more favorable fatty acid profile
compared to Shengeh (Parvini et al, 2015, 2016; Amiri-Nowdijeh
et al.,, 2018; Razeghi-Jahromi et al., 2021, 2022). Therefore, Mari was
selected for its superior oil quality due to its high oleic acid and low
linoleic acid content, whereas Shengeh was chosen for its lower oil
quality because of its low oleic acid and high linoleic acid content.
This research endeavors to provide valuable insights into the genetic
basis of these cultivars, potentially leading to the development of
targeted breeding programs and the improvement of olive
cultivation practices.

2 Materials and methods
2.1 Plant materials

Based on the previous studies, Mari and Shengeh were selected
as two extreme Iranian olive cultivars (Olea europaea) in terms of
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oil quality. Mari and Shengeh are two reference cultivars in Iran that
are preserved in Tarom Olive Germplasm Collection (Tarom Olive
Research Station, Tarom city, Zanjan province) which represented
one of the most important olive germplasm collections in Iran. Mari
and Shengeh cultivars have a medium vigor and sparse canopy with
erect habit of growth. All studied trees were 22 years old grown by
drip irrigation and were planted in North-South-oriented rows at a
5 x 6 m planting pattern. Tarom is the main region in terms of the
area under olive tree cultivation with latitude of the north 36°47,
the longitude of the east 49°6” and the altitude of 369 m. Based on
previous studies (Parvini et al., 2014, 2015), the biosynthesis of fatty
acids in Mari and Shengeh cultivars reaches its maximum value in
150 DAF, and after this time, the process of fatty acid biosynthesis
will be stable. For this reason, fruit sampling of the Mari and
Shengeh cultivars was done at Jaén index four (around 150 DAF). In
each cultivar, three trees were selected as replicates and 20 fruits
were randomly chosen around the canopy (at a distance of around
two meters from the ground) and the samples were immediately
frozen in liquid nitrogen and stored at -80°C for further analyses.

2.2 Oil extraction and fatty acid analysis

In each cultivar, three trees were selected as replicates, and 10
fruits were randomly chosen around the canopy from each replicate
for GC analyses. Oil was extracted from the mesocarp tissues of 10
fruits from Mari and Shengeh cultivars by cold pressing method.
The extracted oil was transferred into a dark glass and then stored in
dark place at 4°C. The fatty acid composition of the oil samples was
determined by GC as FAMEs according to European Regulations
(EEC 2568/91) and the results were expressed as a percentage of the
total. FAMEs were recovered by shaking off a solution of 0.1 g oil
and ImL of n-Hexan with 0.2mL of 2N methanolic potassium
hydroxide. FAMEs analyses were carried out on a ACME 6100
Younglin Capillary Gas chromatograph equipped with a FID (VICI,
Valco, Houston, TX, USA), using a fused-silica capillary column
(60mx0.32mmx0.5mm film thickness, Teknokroma, Barcelona,
Spain). The injector, detector and oven temperatures were 240,
250, and 185°C, respectively. Helium was used as the carrier gas
with a lineal flux of ImLmin™' and a split ratio of 1:50. The
experiment was down in triplicate and the mean fatty acids of the
cultivars were compared by t-test and the difference between
the means was investigated at the probability level of 95%.

2.3 RNA-seq analysis

Total RNA was extracted from olive mesocarp tissue of 10
fruits in each replicate using RNeasy Plant mini kit Qiagen
(QIAGEN, CA, USA, Cat. Number: 74904) according to the
manufacturer’s instructions. DNA was removed by treatment
with RNAase-free DNAase at 37°C for 30 min. The quality of
extracted RNAs was checked by 1% agarose gel electrophoresis,
measuring the RNA concentration, and A260/230 and A260/280
ratios by Nano Drop spectrophotometer. Finally, the RNA
extracted from each replication was pooled in equal proportions
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to create the final RNA sample for each cultivar. This sample was
then sequenced using Illumina HiSeq 2500 in paired-end layout
with a length of 150 nucleotides. Quality control of raw RNA-seq
reads (in FASTQ format) was performed using FastQC (v0.11.8)
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
while discarding adaptors, ambiguous nucleotides, and low-
quality (<20) were trimmed by Trimmomatic (v0.32), excluding
reads with final length less than 50 bases. The high quality cleaned
reads were aligned onto the Farga (Olea europaea) (https://
www.ncbi.nlm.nih.gov/assembly/GCA_902713445.1) genome as
the reference by means of the Hisat2. The read counts were
calculated using the HTSeq to estimate the count of uniquely
mapped reads for each of the samples. Finally, the read count
matrix was applied for differential expression analysis. The
differential expression analysis was carried out by edgeR and false
discovery rate (FDR) <0.01 was used to find the DEGs. Finally, DEGs
with log-fold change > 2 were selected for downstream analysis.

2.4 Pathways enrichment analysis

The identified DEGs was used for pathway enrichment analysis
by local pipeline and in-house scripts. The identified biosynthetic
pathways were divided into four groups according to the fatty acid
biosynthesis pathway and factors affecting oil quality. Important
paths were determined according to the results of our previous
study (Asadi et al,, 2023) in each group and the role of effective
genes in them was investigated.

2.5 Transcription factors identification

Identification of TFs effective in oil quality was identified by
PlantTFDB website (v5.0) (http://planttfdb.gao-lab.org/index.php)
(Jin et al., 2014; Tian et al., 2019). For this purpose, the protein
sequences of differentially expressed genes were used. In this
method, the protein sequences are compared with the protein
sequence of TFs in Arabidopsis thaliana as model, and the TFs
that get the best hit were selected. Also, in order to identify the TFs
located upstream of the identified key genes in the RNA-seq
analysis, TF enrichment analysis was used on the PlantTFDB
website and significant TFs were determined along with the
target genes.

The protein-protein interactions of up and down-regulated
genes and identified TFs were determined by the STRING (v12.0)
(https://string-db.org/) (Szklarczyk et al., 2021, 2023) and plotted
using Cytoscape (v3.10.1) (https://cytoscape.org/index.html)
(Shannon et al., 2003).

3 Results
3.1 Determining the fatty acid profile

The GC analysis was performed to determine the fatty acid
profiles of the two selected cultivars at Jaén index four (around 150
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FIGURE 1

Fatty acid compositions of Mari and Shengeh cultivars at Jaén index four (around 150 DAF). The green hue represents Mari's fatty acid profile status,
while the red hue signifies Shengeh's status. Statistical comparisons were made between the two studied cultivars for each of the fatty acids
separately, and means that do not share a letter are significantly different at 95%.

days after flowering (DAF)). The GC results showed that the main
fatty acids in olive oil in both cultivars were palmitic acid (16:00),
palmitoleic acid (16:1), stearic acid (18:0), oleic acid (18:1), linoleic
acid (18:2), and alpha-linolenic acid (18:3) (Figure 1). The results
indicated that palmitic acid was dominant saturated fatty acid and
oleic acid was dominant unsaturated fatty acid in both selected
cultivars. Also, the mean comparison of two cultivars shows a
significant difference at the 95% probability level in each of the
investigated fatty acids (Figure 1). The results showed that the
percentage of oleic acid in Mari’s mesocarp (78.48%) was
significantly higher than in Shengeh (48.04%), and the percentage
of linoleic acid in Mari (4.76%) was significantly lower than in
Shengeh (26.69%). Based on the percentage of oleic acid and linoleic

acid, the oleic acid to linoleic acid (O/L) ratio in Mari was 16.49%
and 1.80% in Shengeh. Moreover, the study findings indicated that
the ratio of total unsaturated fatty acids to total saturated fatty acids
is a key factor affecting the oxidative stability of olive oil. The ratio
of total unsaturated fatty acids to total saturated fatty acids in Mari
(5.41%) was higher than in Shengeh (3.45%).

3.2 Differential expression gene analysis

The results of the differential expression gene (DEG) analysis
showed that 2775 genes displayed statistically significant differential
expression patterns at a 99% (FDR<0.01) (Supplementary File 1).

TABLE 1 The 10 top DEGs with highest differential expression levels in up and down-regulated genes.

Up-regulated

Down-regulated

Gene ID LogFC Gene ID LogFC

OE9A020293 10.20 5.02E-09 OE9A043283 -12.62 3.281E-15
OE9A102231 9.42 3.52438E-07 OE9A016722 -1145 3.7357E-12
OE9A063930 9.29 6.69106E-07 OE9A011096 -11.34 7.5239E-12
OE9A006590 9.21 9.91751E-07 OE9A083183 -1112 2.7308E-11
OE9A110764 9.11 1.56358E-06 OE9A055074 -11.12 2.7308E-11
OE9A088894 9.00 2.65746E-06 OE9A085340 -10.97 6.6778E-11
OE9A100739 8.83 6.27832E-06 OE9A001292 -10.946 7.1088E-11
OE9A010940 8.73 1.04085E-05 OE9A110790 -10.88 1.0473E-10
OE9A051863 8.61 1.77644E-05 OE9A050253 -10.63 44111E-10
OE9A067051 8.58 2.03889E-05 OE9A023437 -10.46 1.1856E-09
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Furthermore, the results indicated that the expression of 33% of the

DEGs was up-regulated, while the expression of 67% of them was
down-regulated. The 10 top DEGs with the highest differential
expression levels are shown in Table 1. According to the obtained

results in the up-regulated DEGs, the minimum Log-Fold change

(LogFC) value is 2.13 and the maximum value is 10.20.

TABLE 2 Identified key genes in oil biosynthesis of the Mari and Shengeh.

10.3389/fpls.2024.1467102

Additionally, in the down-regulated DEGs, the minimum LogFC

value is 2.13 and the maximum value is 12.62.

To investigate genes with varying expression levels (2775

genes), pathway enrichment analysis was conducted, and main

pathways and key genes involved in fatty acid biosynthesis and
oil quality were identified (Table 2) (Supplementary Files 2, 3).

DEG genes Gene id LogFC FDR

OE9A043896 -5.67 1.26E-06
Raffinose synthase OE9A046937 -5.41 9.99E-08

OE9A117492 -6.52 2.73E-11
UDP-sugar pyrophosphorylase OE9A052745 -3.41 6.19E-04
UDP-glucose 4- OE9A021881 236 3.75E-03
epimerase enzyme

OE9A027274 -391 8.77E-05

OE9A068407 -2.48 6.13E-03
Galactinol synthase

OE9A079169 5.16 3.40E-04

OE9A011682 3.78 1.25E-05
Alpha-galactosidase OE9A078785 -3.04 6.33E-04
Phosphoglucomutase OE9A037489 -2.58 2.41E-03
6-phosphofructokinase OE9A084760 -7.50 1.55E-03
Fructose-bisphosphate aldolase OE9A026328 -2.26 7.53E-03
Triose-phosphate isomerase OE9A053216 -2.78 6.40E-03
Pyruvate kinase OE9A107193 -2.89 9.05E-03
Pyruvate dehydrogenase OE9A003942 -3.10 1.73E-04

OE9A088016 -4.95 7.56E-04
Pyruvate decarboxylase

OE9A064738 -2.52 2.36E-03
Acetyl-CoA synthetase OE9A101525 -4.50 7.28E-06

OE9A040462 -7.44 1.95E-03
Beta-ketoacyl-[acp] synthase IT

OE9A104560 -3.14 3.50E-03
Stearoyl-[acp] 9-desaturase OE9A048475 2.26 6.13E-03

OE9A069627 -5.07 2.45E-05
Fatty acid desaturase 2

OE9A098403 2.25 5.94E-03

OE9A097852 -5.80 1.22E-08
Long-chain acyl-CoA synthetase OE9A034515 -4.87 1.49E-07

OE9A095994 -2.18 9.68E-03
CYP86A4 OE9A105123 -6.98 8.54E-03
Peroxygenase OE9A078287 4.01 2.75E-03
Glycerol kinase OE9A041104 -4.40 2.68E-06
Phosphatidate phosphatase OE9A086145 -2.67 1.82E-03
Diacylglycerol acyltransferase OE9A108115 3.85 1.38E-05
Sulfoquinovosyltransferase OE9A075723 2.90 1.02E-03

Metabolic pathways

Galactose pathway

Glycolysis pathway

Fatty acid biosynthesis

and biosynthesis of unsaturated

fatty acids

Glycerolipid metabolism

The negative LogFC values should be considered as up-regulated genes in Mari and down-regulated genes in Shengeh.
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In our previous study (Asadi et al., 2023), the effective pathways in
the biosynthesis of fatty acids and their quality were identified.
Examining the pathway enrichment results in the current study also
validates that the identified pathways in the previous study are
significant in two Iranian cultivars. Therefore, genes with
differential expression in the galactose metabolism, glycolysis,
fatty acid biosynthesis, biosynthesis of unsaturated fatty acids,
fatty acid metabolism, glycerolipid metabolism, and cutin,
suberin, and wax biosynthesis as pathways were further
investigated. In the present study, glycolysis pathway has key
roles for the supplying of acetyl-CoA. Also, the galactose
metabolism pathway supplies carbon for the production of fatty
acids, and fatty acid biosynthesis and biosynthesis of unsaturated
fatty acids are key metabolic pathways for the biosynthesis of the
carbon chain of fatty acids. In the assembly of fatty acids, the
glycerolipid metabolism pathway was identified as an important
metabolic pathway that can form complex lipids. The cutin,
suberin, and wax biosynthesis pathway was identified as an
important pathway in the production of by-products of fatty acid
biosynthesis which can affect oil quality.

3.3 The synthesis of the carbon skeleton of
fatty acids

Considering the importance and role of oligosaccharides as a
source of carbon supply in the biosynthesis of fatty acids, the galactose
pathway was investigated in Mari and Shengeh (Supplementary File
4). The results indicated that raffinose synthase (EC: 2.4.1.82)
(OE9A043896, OE9A046937, OE9A117492) as a key enzyme for
converting galactinol to raffinose, has a higher expression and
probably increase the biosynthesis of raffinose in the Mari. In
raffinose production, UDP-Galactose must be produced for the
synthesis of galactinol as a precursor. The results indicated that
UDP-Galactose is generated from two distinct metabolites in the
Mari and Shengeh. In Mari, alpha-D-Galactose 1-phosphate is
converted to UDP-Galactose by the up-regulation of UDP-sugar
pyrophosphorylase (USP) (EC: 2.7.7.64) (OE9A052745) enzyme,
whereas in Shengeh, UDP-glucose is converted to UDP-Galactose
by the up-regulation of UDP-glucose 4-epimerase enzyme (UGE2)
(EC: 5.1.3.2) (OE9A021881). Plants have two different routes to
produce UDP-Galactose (Decker and Kleczkowski, 2019). The first
path called the Leloir pathway (Leloir, 1951), was found in Shengeh
and the second path, observed in Mari, involves a reaction catalyzed
by USP (Dai et al,, 2006). Based on the findings of current study, it
can be assumed that Mari exhibits a more favorable pathway for
UDP-Galactose production. In the next step, UDP-Galactose is
converted into galactinol by the activity of the enzyme galactinol
synthase (EC: 2.4.1.123), which is up-regulated in Mari
(OE9A027274 and OE9A068407) and Shengeh (OE9A079169 and
OE9A011682). Finally, the oligosaccharides are converted into simple
sugars, they can be utilized in the synthesis of fatty acids and other
compounds. The results indicate that the enzyme alpha-galactosidase
(EC: 3.2.1.22) (OE9A078785), responsible for converting raffinose
into simple sugars, is down-regulated in Shengeh. Our results show
that Mari may have an effective mechanism relative to Shengeh for
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the production of oligosaccharides such as raffinose and
simple sugars.

3.4 The generation of acetyl-CoA

The findings from the present research indicate that the glycolysis
pathway plays a significant role in generating acetyl-CoA, a key
precursor in the biosynthesis of fatty acids. The analysis of the
glycolysis pathway indicates that the genes responsible for
producing acetyl-CoA precursors, glyceraldehyde 3-phosphate
(G3P), and pyruvate show increased expression in Mari, whereas
there is no change in the expression of these genes in Shengeh
(Supplementary File 5). Therefore, the results indicate that several
enzymes were up-regulated in the Mari for the production of the G3P
from alpha-D-glucose 1-phosphate. These enzymes include
phosphoglucomutase (EC: 5.4.2.2) (OE9A037489), 6-
phosphofructokinase (PFP-ALPHAL) (EC: 2.7.1.90) (OE9A084760),
fructose-bisphosphate aldolase (EC: 4.1.2.13) (OE9A026328), and
triose-phosphate isomerase (TIM) (EC: 5.3.1.1) (OE9A053216).
The results of the present study demonstrate that the expression of
TIM enzyme, which plays a vital role in the glycolysis pathway,
increases at Jaén index four in the Mari. This enzyme facilitates the
conversion of dihydroxyacetone phosphate to G3P and vice versa to
maintain its level. Furthermore, fructose-bisphosphate aldolase
enzyme was found to govern the production of crucial intermediate
compounds, dihydroxyacetone phosphate and G3P, during oil
biosynthesis. Another important up-regulated gene in Mari is
pyruvate kinase (PKP4) (EC: 2.7.1.40) (OE9A107193), which
converts phosphoenolpyruvate to pyruvate. The study’s findings
also reveal that the second subunit of pyruvate dehydrogenase
(pdhC or LTA2) (EC: 2.3.1.12) (OE9A003942) was up-regulated in
Mari and involved in the conversion of pyruvate to acetyl-CoA. In
contrast, the results from the Shengeh show down-regulation of pdhC
(OE9A003942), indicating a lower activity of the pyruvate
dehydrogenase complex at this stage. The findings reveal that at
Jaén index four, maybe there is an alternative pathway for the
conversion of pyruvate to acetyl-CoA in the Mari. In this pathway,
pyruvate is first converted to acetaldehyde by up-regulation of
pyruvate decarboxylase (PDC2) (EC: 4.1.1.1), and then
acetaldehyde can be further converted to acetate. Finally, the
enzyme acetyl-CoA synthetase (ACS) (EC: 6.2.1.1) (OE9A101525)
is up-regulated and can convert acetate to acetyl-CoA in the Mari.
This indicates that Mari can have a compensatory mechanism in
place for the production of acetyl-CoA at Jaen index four. On the
other hand, PDC2 (EC: 4.1.1.1) (OE9A088016 and OE9A064738) is
down-regulated in the Shengeh, suggesting that the compensatory
mechanism is not active in this cultivar.

3.5 Biosynthesis of fatty acids

Increasing the number of carbons in the fatty acid carbon chain
and producing stearoyl-ACP (C18:0) is a crucial step in the
biosynthesis of fatty acids in olive. This process involves
elongating the carbon chain to form stearoyl-ACP from
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palmitoyl-ACP (C16:0) by FabF (EC: 2.3.1.179). The results of the
current study show that the expression of the FabF enzyme is up-
regulated in the Mari (OE9A040462 and OE9A104560) which can
lead to an increase in the carbon chain length of fatty acids from 16
to 18 carbons (Supplementary File 6). This process can transform
palmitic acid (C16:0) into stearic acid (C18:0), enhancing oil quality
by decreasing palmitic acid levels and boosting stearic acid content,
which serves as a precursor to oleic acid. The GC results also
demonstrate that the total amount of 18 carbon fatty acids (86.04%)
in the Mari is higher compared to the 16 carbon fatty acids
(81.13%). Furthermore, the GC results reveal that the total
amount of 18 carbon fatty acids in the Mari (86.04%) is greater
than in the Shengeh (77.01%) at Jaén index four, which can be
assumed to the higher activity of the FabF enzyme in the Mari.

Desaturation is the key step in oil biosynthesis and the results show
that in Shengeh, the SAD enzyme (EC: 1.14.192) (OE9A048475) is up-
regulated at Jaen index four, leading to the production of fatty acids
with double bonds (Supplementary File 6). Shengeh’s pathway analysis
shows a decline in FabF enzyme expression, while the SAD enzyme
expression rises, leading to the formation of fatty acids with a 16-carbon
chain and a double bond, particularly palmitoleic acid. The GC results
also reveal that the level of palmitoleic acid in Shengeh (2.37%) is
higher than in Mari (0.94%). Fatty acid desaturases (FAD) enzymes
which convert oleic acid to linoleic acid, is another key enzyme in
desaturation step. In the present study, two different genes for the fatty
acid desaturase 2 (FAD2) (EC: 1.14.19.6 and EC: 1.14.19.22) enzyme
were identified in each of the studied cultivars. In Mari, OE9A069627
was identified, which was up-regulated and OE9A098403 was
identified, which was up-regulated in Shengeh. The results show that
in Mari, the expression of the OE9A098403 is down-regulated
compared to Shengeh. This down-regulation can lead to a decrease
in linoleic acid production and the maintenance of oleic acid levels at
this stage of growth in Mari. Furthermore, the results of current study
show that the expression of the SAD enzyme is up-regulated
(OE9A048475) in Shengeh which can increase the production of
oleic acid. However, the simultaneous up-regulation of FAD2 with
the SAD enzyme converts oleic acid to linoleic acid. Our GC results
also indicate that the level of linoleic acid in Shengeh (26.69%) is higher
than in Mari (4.76%), and Mari can have a higher level of oleic acid due
to the lower activity of FAD2. Therefore, the higher level of oleic acid in
Mari can be supposed to be the decrease in FAD2 expression and the
lack of synchronization of its activity with the SAD enzyme.

One of the important enzymes in the fatty acid synthesis and
catabolism is long-chain acyl-CoA synthetase (LACS) (EC: 6.2.1.3)
which adds a CoA group to the palmitic acid and finally forming
long-chain acyl-CoA (Liu et al., 2021). The results showed that the
expression of the LACS enzyme (OE9A097852, OE9A034515, and
OE9A095994) was up-regulated in Mari at Jaén index four.
Utilizing palmitic acid in the production of long-chain fatty acids
can effectively improve oil quality. The GC results also indicate that
the amount of palmitic acid in Mari (12.87%) is lower compared to
Shengeh (20.16%), suggesting that the increased expression of the
LACS enzyme probably potentially be considered as an effective
factor in reducing the quantity of this fatty acid. Furthermore, the
results indicate an increase in the expression of the CYP86A4
(OE9A105123) enzyme in Mari which converts palmitic acid to
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Juniperic acid, a crucial monomer of cutin in plant cuticles
(Supplementary File 7). In contrast, the results reveal that in the
Shengeh at this growth stage, the peroxygenase enzyme (EC:
1.11.2.3) (OE9A078287) up-regulated and utilizes oleic acid to
produce compounds like waxes. Therefore, the enzymes identified
in the decomposition of palmitic acid may be effective in increasing
the quality of olive oil.

3.6 Assembly of fatty acid to
form triacylglycerols

After the production of fatty acids, triacylglycerols (TAG) is
made up by four reactions in the glycerolipid metabolism pathway.
Our findings indicated that the levels of glycerol kinase (GLPK)
(EC: 2.7.1.30) (OE9A041104) were reduced in the Shengeh, leading
to the inhibition of glycerol conversion to G3P (Supplementary File
8). This decrease hinders the initiation of key processes essential for
diacylglycerols (DAG) production. For the direct synthesis of DAG,
which serve as the major precursor for TAG, the enzyme
phosphatidate phosphatase (PAH2) (EC: 3.1.3.4) converts
phosphatidic acid to DAG. The findings of this study indicate
that the activity of PAH2 enzyme (OE9A086145) is down-regulated
in Shengeh. As a result, it is probable that phosphatidic acid and
DAG are the main precursors for TAG production. Two pathways
exist for the production of TAG from DAG. The first pathway relies
on the presence of fatty acids, where DAG is converted to TAG by
the enzyme diacylglycerol acyltransferase (DGAT). The second
pathway operates independently of fatty acids, with DAG being
transformed into TAG by the enzyme phospholipid:diacylglycerol
acyltransferase (PDAT). The findings of current study reveal that
DGAT (EC: 2.3.1.20) (OE9A108115) is up-regulated in Shengeh.
Furthermore, the results indicate that the expression of the enzyme
sulfoquinovosyltransferase (SQD2) (EC: 2.4.1.-) (OE9A075723) is
up-regulated in Shengeh, suggesting that DAG can be converted
into other glycerolipids.

3.7 Transcription factor identification and
their interactions

In order to identify the effective transcription factors (TF) in oil
quality, the protein sequence of DEGs was compared in the
PlantTFDB website, and 78 TFs were identified (Supplementary
File 9). All identified TFs were significant (p-value<0.05) and the
family associated with each TF was also determined. Examining the
frequency of the family of TFs showed that bHLH (11.54%) and
WRKY (10.26%) families have the highest frequency
(Supplementary File 10). One important TF involved in oil
biosynthesis is WRINKLED1 (WRI1), which is a member of the
AP2/EREBP family of TFs. The WRI1 gene encodes a TF belonging
to the APETALA2 (AP2) family (Kong et al,, 2020). The current
research has recognized the AP2 family (2.56%) as one of significant
group of TFs in olive.

The study investigated the upstream regions of both down-
regulated and up-regulated genes separately, leading to the
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Protein-protein interaction network of differentially expressedn genes and identified transcription factors (A). The interaction of BPC6 (B) and RGA
(C) and their target genes. The up-regulated and down-regulated genes are shown in red and blue color, respectively. The intensity of the color also
indicates the level of gene expression, as darker colors indicate the highest expression. The transcription factors are marked with yellow circles and
also transcription factor enrichment'’s results are marked with dashed lines. The metabolic pathways related to the identified target genes for each
transcription factor are also shown. (PFP-ALPHAL, 6-phosphofructokinase; PDC2, pyruvate decarboxylase; PKP4, pyruvate kinase; LTA2, second
subunit of pyruvate dehydrogenase; FabF, beta-ketoacyl-[acp] synthase Il; FAD2, fatty acid desaturase 2; PAH2, phosphatidate phosphatase; USP,
UDP-sugar pyrophosphorylase; SAD, stearoyl [acyl-carrier-protein] 9-desaturase; UGE2, UDP-glucose 4-epimerase enzyme; DGAT1, Diacylglycerol
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identification of associated TF regions. The study revealed that 95
significant regions linked to TFs were found upstream of the down-
regulated key genes, which contained 2 to 10 target genes
(Supplementary File 11). The BPC6 TF showed the most target
genes, with 10 target genes found upstream of the main down-
regulated genes (Figure 2B). In contrast, the expression of these TFs
was assessed, showing a reduction in BPC6 expression in the
Shengeh. Additionally, the current study demonstrated that seven
significant regions linked to TFs were found upstream of the up-
regulated key genes, which contained 2 to 5 target genes
(Supplementary File 12). The findings revealed that the RGA
boasts the highest number of target genes compared to other TFs,
harboring five target genes upstream of the key up-regulated genes
(Figure 2C). Analysis of the RNA-seq data unveiled a decrease in
the expression of this TF in the Shengeh, prompting an increase in
the expression of the target genes. Protein—protein interactions of
DEGs and identified TFs were drawn and the network included 764
nodes and 1951 edges (Figure 2A).

3.7.1 The interaction of BPC6 and target genes
The BPC6 (OE9A013666; AT5G42520) TF regulates important
genes like PFP-ALPHA1, PKP4, PDC2, LTA2, FabF, FAD2, LACS6,
CYP86A2, and USP (Figure 3). A decrease in BPC6 expression may
lead to reduced expression of these genes, impacting various
pathways. In the galactose pathway, lower BPC6 expression

10.3389/fpls.2024.1467102

reduces USP enzyme expression, affecting raffinose production.
Reduced BPC6 expression in glycolysis can result in lower PFP-
ALPHAI1 and PKP4 expression and may be impacting pyruvate
production. Probably, decreased LAT2 enzyme expression due to
reduced BPC6 affects acetyl-CoA production and fatty acid
biosynthesis. Lower PDC2 expression may impact acetyl-CoA
production. The FabF enzyme expression decreases and can
change 16/18 fatty acid ratios may lead to an increase in the
production of palmitic acid and palmitoleic acid in the Shengeh
and reduced oil quality. Reduced LACS6 expression can affect long-
chain fatty acid production and decreased CYP86A2 expression
may reduce cutin, wax, and suberin production.

3.7.2 The interaction of RGA and target genes

The RGA (OE9A032653 and OE9A011576; AT2G01570) is
involved in controlling the expression of UGE2, SAD, FAD2,
DGATI, and SQD2 genes. Reduction in RGA expression may
lead to an up regulation of these genes (Figure 4). The results
show that the presence of RGA upstream of the UGE2 gene
probably increase the activity of this enzyme in the Shengeh and
increase the activity of this pathway for the production of UDP-
Galactose, so that probably the production of raffinose increase.
According to the obtained results, the greatest role of the RGA
could be related to the production of unsaturated fatty acids in the
fatty acid biosynthesis pathway. The RGA is located upstream of
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two key genes SAD and FAD2, which are involved in the
production of unsaturated fatty acids. The results show that the
decrease in the expression of the RGA may increase the expression
of SAD and FAD2 genes in the Shengeh toward the production of
linoleic acid. According to the obtained results, it can be assumed
that the negative regulation of the key genes SAD and FAD2 by the
RGA can be one of the reasons for the decrease in oil quality in
the Shengeh at Jaén index four. Also, the results show that in the
Shengeh, the decrease in the expression of the RGA increases the
expression of the DGAT1 enzyme, which plays a role in TAG
production. On the other hand, decreasing the expression of the
RGA can play a role in increasing the expression of the SQD2
enzyme in this pathway, and this enzyme can increase the
production of glycerolipids.

4 Discussion

In the present study, we compared two Iranian extreme olive
cultivars, Mari and Shengeh, for expression of key genes in the
biosynthesis of fatty acids and oil quality at Jaén index four. The
results of GC analysis showed that Mari has a better quality than
Shengeh due to high oleic acid and low palmitic acid and linoleic
acid. In a research conducted by Parvini et al. (2015), it was stated
that the percentage of oleic acid in mesocarp of Mari was much
higher than Shengeh. We also evaluated the O/L ratio as a crucial
factor in assessing the nutraceutical potential and high stability of
the examined cultivars. In a study conducted by Parvini et al.
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(2014), on Mari and Shengeh cultivars at 45 to 200 DAF at the
Tarem Olive Research Station, it was found that the average O/L
ratio in Mari is significantly high (27.79%) compared to Shengeh
(3.15%), a result that aligns with the findings of the current study.

Sugars are one of the main elements that are used as precursors of
oil biosynthesis in olive fruits (Salas et al., 2013). Leaf photosynthesis is
the main and fruit photosynthesis is a secondary important source of
carbohydrate production for mesocarp growth and the production of
the carbon skeleton of fatty acids in olive (Conde et al., 2008; Salas et al.,
2013). In addition to leaf and fruit photosynthesis, the ability to
produce oligosaccharides as a separate reaction is a special feature in
plants of the Oleaceae family and some other plant families, such as
Apiaceae (Sanchez and Harwood, 2002; Salas et al, 2013). In the
research conducted by de Koning et al. (2021) indicate that raffinose
synthase is expressed from the middle of seed maturity stage until the
end of maturation, playing a crucial role in the accumulation of
raffinose in soybean and common bean seeds. A study conducted by
Valentine et al. (2017), demonstrated that silencing raffinose synthase
gene in Glycine max resulted in a significant decrease in the content of
raffinose and stachyose in the seeds. Another crucial enzyme involved
in raffinose production is galactinol synthase, and its expression varies
between the two cultivars examined in the current study. According to
astudy by Le et al. (2020), knocking the genes responsible for galactinol
synthase in soybeans results in reduced raffinose production, causing
alterations in carbohydrate levels. Therefore, it can be assumed that the
expression of enzymes involved in raffinose production and conversion
to simple sugars is up-regulated in Mari at Jaén index four. This
compensatory mechanism is properly active in providing carbon for
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fatty acid biosynthesis in this cultivar. Furthermore, towards the end of
the growth stage, when fruit photosynthesis decreases as a result of
darkening color, Mari can exhibits an efficient carbon
supply mechanism.

The glycolysis is stable and rapid way in acetyl-CoA production
rather than pentose phosphate (Asadi et al., 2023). Additionally, in
olives, the glycolysis pathway and the production of acetyl-CoA
predominantly occur in plastids rather than mitochondria and
olives have a preference for synthesizing acetyl-CoA and fatty
acids within one cellular organelles (plastids) (Harwood and
Aparicio, 2000). In general, it can be supposed that the expression
of genes in the glycolysis pathway is significantly higher in the Mari
compared to Shengeh. A study on Arabidopsis showed that mutants
lacking phosphoglucomutase, a key enzyme in G3P production, had
a40% decrease in oil content compared to the wild type. Inhibiting
the conversion of Glucose 1-phosphate to Glucose 6-phosphate in
these mutants limited carbon flow to fatty acid synthesis, leading to
the reduction in oil content (Periappuram et al., 2000). In other
hand, by increasing the activity of phosphoglucomutase and TIM in
Mari, the conversion of G3P and dihydroxyacetone phosphate is
facilitated, enabling a continuous flow of metabolites in glycolysis,
leading to the production of pyruvate. Another enzyme that plays a
key role in generating pyruvate and acetyl-CoA is fructose-
bisphosphate aldolase, which is up-regulated in Mari. Previous
research has highlighted its relationship with the expression levels
of the SAD enzyme (Manan et al., 2017b). In a study by Guerin et al.
(2016) on the gene co-expression network of the oil biosynthesis
pathway in palm trees, it was discovered that the enzymes 6-
phosphofructokinase and PKP4, which are important for pyruvate
and acetyl-CoA biosynthesis, directly interact with genes involved in
fatty acid biosynthesis. The results of the present study show that the
accumulation of pyruvate in order to produce acetyl-CoA continues
up to Jaén index four in Mari. Subsequently, pyruvate is converted
to acetyl-CoA by the activity of pyruvate dehydrogenase complex
(Lei et al,, 2022). According to results of Asadi et al. (2023), the
highest rate of pyruvate accumulation is observed at 90 DAF, and
only pdhC is active at 130 DAF and beyond. In Arabidopsis, the
analysis of pdhC and acetyl-CoA synthetase, essential enzymes in
Acetyl-CoA production, showed that acetyl-CoA generated from
acetate via the acetyl-CoA synthetase pathway is not a major source
for fatty acid biosynthesis. Rather, the plastidic pdhC reaction plays
a critical function in this process (Lin and Oliver, 2008). Study of
this matter in Mari revealed that the activity of pdhC in producing
acetyl-CoA is enhanced and plays a more crucial role compared to
the compensatory mechanism involving acetate. In contrast,
examination of the alternative pathway for acetyl-CoA production
from acetate in Shengeh indicated a decrease in gene expression
along this pathway. In a study by Guerin et al. (2016) on the gene co-
expression network of palm oil biosynthesis, it was discovered that
enzymes such as aldehyde dehydrogenase and acetyl-CoA
synthetase, found in the compensatory mechanism, indirectly
influenced the biosynthesis of fatty acids.

The FabF enzyme plays a crucial role in determining the ratio of
C16/C18 fatty acids and directly affects the degree of unsaturation
of the oil, subsequently impacting the quality of the oil (Spika et al.,
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2021). Based on the GC results and the up-regulation of the FabF
enzyme in Mari, the higher ratio of 18-carbon to 16-carbon fatty
acids in this cultivar may be attributed to the function of the FabF
enzyme. In a research study comparing the fatty acid composition at
five different growth stages of olives, it was observed that the FabF
enzyme expression peaked at 80 DAF, can lead to a higher
proportion of 18-carbon fatty acids compared to 16-carbon fatty
acids (Liu et al., 2021). Research conducted on oil palm and canola
has revealed a negative correlation between the FabF enzyme and
C16:0 fatty acids, while simultaneously increasing the content of
C18:0 (Gupta et al., 2012; Guerin et al., 2016). The mutation of FabF
in Escherichia coli led to a shift in the fatty acid distribution, with a
significant increase in palmitic acid and palmitoleic acid levels,
making up over 70% of the total fatty acids. Additionally, when the
FabF gene from Arabidopsis thaliana was cloned, there was a
notable increase in the levels of C18 fatty acids (Kassab et al,
2019). The desaturation of 18-carbon fatty acids like stearoyl-ACP
can enhance oleic acid production and enhance the quality of oil. In
the research conducted by Parvini et al. (2015), it is also stated that
the highest activity of the SAD enzyme in the Mari is observed at
120 DAF and decreases at 150 DAF, which is consistent with the
results of the present study. The results of the meta-analysis
conducted on olive indicate that the activity of the SAD enzyme
reaches its peak at 90 DAF and subsequently decreases after 130
DAF (Asadi et al., 2023). Based on this finding, it can be inferred
that the activity of the SAD enzyme in the Mari, which contains
higher levels of oleic acid, likely increases prior to Jaén index four.
The results of previous studies show that the maximum expression
of the FabF in 80 DAF and the maximum activity of the SAD before
120 DAF can be an effective solution to increase the level of oleic
acid in cultivars such as Mari that have high oleic acid. Preventing
the conversion of oleic acid to linoleic acid by reducing the
expression of FAD2 is another method that helps to maintain the
level of oleic acid. In a research conducted by Liu et al. (2021),
the transcript OE6A098403, up-regulated in Shengeh, exhibited
elevated expression levels compared to other FADs, potentially
leading to an increase in linoleic acid content in Shengeh. Also,
the results of Sirangelo et al. (2023) show that FAD2 is down-
regulated in the ripening stages in genotypes with high oleic acid.
Based on the obtained results, the simultaneous activity of the
FAD2 and SAD enzymes can be considered as one of the criteria for
reducing oil quality at Jaén index four. The findings from the
research conducted by Sirangelo et al. (2023) indicate that during
the ripening stage of fruit in genotypes with high oleic acid and low
linoleic acid (such as Mari), there is a down-regulation of the FAD2
gene and an up-regulation of the SAD gene. In a study by Unver
etal. (2017), it was noted that the decrease in FAD2 expression and
increase in SAD expression correlated with the accumulation of
higher levels of C18:1 in olive. On the other hand, in the research
conducted by Hu et al. (2023), FAD2 showed significantly higher
expression compared to SAD, supporting the conversion of C18:1
and correlating with the increased presence of C18:2 in genotypes
with high linoleic acid. The integrated analysis of genes involved in
the fatty acid biosynthesis demonstrated that the optimal
coordination between high-expression SAD and low-expression
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FAD enzymes facilitated the significant accumulation of oleic acid
in cultivars such as Mari.

Conversely, the AP2/ERF superfamily stands out as one of the
most extensive collections of plant-specific TFs. Furthermore, the
AP2/ERF superfamily can be categorized into three subfamilies:
AP2, RAV, and ERF (Yamada et al, 2020). In our study, we
discovered all subfamilies - AP2, RAV, and ERF - where the ERF
(7.69%) exhibited a higher frequency compared to the RAV (1.28%)
and AP2 (2.56%) families. Previous research on oil seeds has
highlighted the significance of MYB, WRKY, bZIP, Dof, and Hox
TFs in oil biosynthesis (Yang et al., 2022); in our investigation, we
also identified MYB, WRKY, bZIP, and Dof as influential factors.
One of the important TFs in fatty acid biosynthesis is the WRII,
which controls many genes of the fatty acid biosynthesis pathway.
The upstream sequences of the genes controlled by the WRI1 have
high similarity to the sequences of the BBR/BPC family TFs.
Therefore, the upstream sequence of genes regulated by WRI1 is
known as AW-Box, and this region probably has a high similarity
with the BPC6 sequence upstream of identified target genes (Kong
et al, 2020; Kuczynski et al., 2022). The RNA-seq results of the
present study show that the expression of the gene encoding the TF
WRI1 (OE9A064028) is down-regulated in the Shengeh and can
also reduce the expression of the target genes controlled by this TF.
Therefore, the key and effective genes in the biosynthesis of fatty
acids identified in the present study in Mari and Shengeh can be
controlled by BPC6 and WRI1. In a research conducted by Yan et al.
(2021), the role of gibberellin in the biosynthesis of fatty acids in
Brassica napus was investigated and four RGA encoding genes were
identified that negatively controlled the gibberellin signaling
pathway. In the mentioned research, it has been stated that the
creation of mutations in all four identified genes causes an increase
in the amount of seed oil content at the end of the seed
development. On the other hand, in the study of Yan et al.
(2021), the interaction of the RGA with another TF such as LEC
at the beginning of the seed development causes the amount of seed
oil to decrease, and at the end of the growing season, the activity of
the FAD2 enzyme decreases and the amount of linoleic acid
decreases. Therefore, it can be said that in rapeseed LEC2 TF
suppresses the FAD2 enzyme and the RGA may reduce this
suppressive effect.

5 Conclusion

The present study compared two Iranian extreme olive cultivars,
Mari and Shengeh, for the expression of key genes in the biosynthesis
of fatty acids and oil quality at Jaén index four. The results indicated
that Mari exhibited superior quality compared to Shengeh,
characterized by higher oleic acid and lower palmitic acid and
linoleic acid levels. The differential gene expression analysis identified
2775 genes with statistically significant expression patterns, with 33% of
DEGs up-regulated and 67% down-regulated. Pathway enrichment
analysis revealed key genes involved in fatty acid biosynthesis and oil
quality pathways, highlighting the importance of pathways such as
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glycolysis, galactose metabolism, fatty acid biosynthesis, and
glycerolipid metabolism in the biosynthesis of fatty acids. The study
highlighted the importance of oligosaccharides as a source of carbon
supply for oil biosynthesis in olive fruits. Enzymes involved in raffinose
production and conversion to simple sugars were found to be up-
regulated in Mari, indicating an efficient carbon supply mechanism for
fatty acid biosynthesis in this cultivar. Moreover, the study revealed that
Mari exhibited higher expression of genes in the glycolysis pathway
compared to Shengeh, leading to enhanced acetyl-CoA production and
fatty acid biosynthesis. The up-regulation of enzymes such as
phosphoglucomutase, 6-phosphofructokinase, fructose-bisphosphate
aldolase, triose-phosphate isomerase, and pyruvate dehydrogenase in
Mari contributed to increased acetyl-CoA production. Furthermore,
the research emphasized the significance of the FabF enzyme in
influencing the ratio of C16/C18 fatty acids and its impact on oil
quality. The up-regulation of FabF in Mari resulted in a higher
proportion of 18-carbon fatty acids, contributing to the enhanced
quality of the oil. The coordinated expression of SAD and FAD2
enzymes in Mari facilitated the accumulation of oleic acid and
maintained oil quality. A different approach observed in Mari to
maintain oleic acid levels involves using alternative fatty acids like
palmitic acid to generate different by-products. The findings show an
elevation in the expression of the CYP86A4 enzyme in Mari, may be
responsible for converting palmitic acid into Juniperic acid and in
Shengeh at the same growth stage, the peroxygenase enzyme is up-
regulated and can employs oleic acid to create waxes.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material. The
raw RNA-seq datasets for this study can be found in the National
Center for Biotechnology Information (NCBI) Sequence Read Archive
(SRA). The transcriptome project has been deposited under the
accession number PRINA1111836 (https://www.ncbinlm.nih.gov/
sra/PRJNA1111836).

Author contributions

AA: Conceptualization, Data curation, Formal analysis,
Investigation, Software, Visualization, Writing - original draft,
Writing - review & editing. ET: Writing - review & editing. VS:
Conceptualization, Methodology, Project administration, Software,
Supervision, Validation, Writing — original draft, Writing - review
& editing. MH: Conceptualization, Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

frontiersin.org


https://www.ncbi.nlm.nih.gov/sra/PRJNA1111836
https://www.ncbi.nlm.nih.gov/sra/PRJNA1111836
https://doi.org/10.3389/fpls.2024.1467102
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Asadi et al.

Acknowledgments

This work has been supported by the National Institute of
Genetic Engineering and Biotechnology (NIGEB), Iran (project
numbers 879 and 731). The authors express their sincere
gratitude to the administratorship of Zanjan Research Center of
Agriculture and Natural Resources for providing access to Tarom
Olive Collection.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Amiri-Nowdijeh, A., Fazelipour, F., Haghbeen, K., Taheri, M., and Hosseini-
Mazinani, M. (2018). Minor olive varieties from Iran with promising nutraceutical
properties. J. Agric. Sci. Technol. 20, 347-357.

Asadi, A., Shariati, V., Mousavi, S., Mariotti, R., and Hosseini Mazinani, M. (2023).
Meta-analysis of transcriptome reveals key genes relating to oil quality in olive. BMC
Genomics 24, 566. doi: 10.1186/s12864-023-09673-y

Asheri, M., Sharifani, M. M., Yamchi, A., Kiani, G., Ahmadi Golsefidi, M., and
Hosseini-Mazinani, M. (2015). Influence of olive cultivar on oil attributes in the arid
region of Qom, Iran. Agric. Conspec. Sci. 80, 173-179.

Comlekciogly, S., Elgudayem, F., Nogay, G., Kafkas, N. E., Ayed, R,, Ercisli, S., et al.
(2022). Biochemical characterization of six traditional olive cultivars: A comparative
study. Horticulturae 8, 1-14. doi: 10.3390/horticulturae8050416

Conde, C,, Delrot, S., and Geros, H. (2008). Physiological, biochemical and molecular
changes occurring during olive development and ripening. J. Plant Physiol. 165, 1545-
1562. doi: 10.1016/j.jplph.2008.04.018

D’Angeli, S., Matteucci, M., Fattorini, L., Gismondi, A., Ludovici, M., Canini, A., et al.
(2016). OeFADS, OeLIP and OeOSM expression and activity in cold-acclimation of
Olea europaea, a perennial dicot without winter-dormancy. Planta 243, 1279-1296.
doi: 10.1007/s00425-016-2490-x

Dai, N., Petreikov, M., Portnoy, V., Katzir, N., Pharr, D. M., and Schaffer, A. A.
(2006). Cloning and expression analysis of a UDP-galactose/glucose
pyrophosphorylase from melon fruit provides evidence for the major metabolic
pathway of galactose metabolism in raffinose oligosaccharide metabolizing plants.
Plant Physiol. 142, 294-304. doi: 10.1104/pp.106.083634

Decker, D., and Kleczkowski, L. A. (2019). UDP-sugar producing
pyrophosphorylases: Distinct and essential enzymes with overlapping substrate
specificities, providing de novo precursors for glycosylation reactions. Front. Plant
Sci. 9. doi: 10.3389/fpls.2018.01822

de Koning, R., Kiekens, R., Toili, M. E. M., and Angenon, G. (2021). Identification
and expression analysis of the genes involved in the raffinose family oligosaccharides
pathway of phaseolus vulgaris and glycine max. Plants 10, 1465. doi: 10.3390/
plants10071465

Fahadi Hoveizeh, N., Gholami, R., Zahedi, S. M., Gholami, H., and Carillo, P. (2023).
Effects of harvesting time on fruit development process and oil content of selected
Iranian and foreign olive cultivars under subtropical conditions. Plants 12, 2737.
doi: 10.3390/plants12142737

Guerin, C.,, Joét, T., Serret, J., Lashermes, P., Vaissayre, V., Agbessi, M. D. T., et al.
(2016). Gene coexpression network analysis of oil biosynthesis in an interspecific
backcross of oil palm. Plant J. 87, 423-441. doi: 10.1111/tpj.13208

Gupta, M., DeKelver, R. C,, Palta, A, Clifford, C., Gopalan, S., Miller, J. C,, et al.
(2012). “Oil modification via transcriptional activation of canola KASII using an
engineered zinc finger transcription factor,” in In vitro cellular & developmental
biology-animal (SPRINGER 233 SPRING ST, NEW YORK, NY 10013 USA), 25.

Harwood, J., and Aparicio, R. (2000). Handbook of Olive Oil. New York, NY:
Springer. doi: 10.1007/978-1-4757-5371-4

Hosseini-Mazinani, M., Mariotti, R., Torkzaban, B., Sheikh-Hassani, M., Ataei, S.,
Cultrera, N. G. M,, et al. (2014). High genetic diversity detected in olives beyond the
boundaries of the Mediterranean sea. PloS One 9, €93146. doi: 10.1371/
journal.pone.0093146

Frontiers in Plant Science

13

10.3389/fpls.2024.1467102

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1467102/

full#supplementary-material

Hosseini-Mazinani, M., Torkzaban, B., and Arab, J. (2013). Iranian olive catalogue
(Tehran: National Institute for Genetic Engineering and Biotechnology).

Hu, W., Ma, J., Zhang, H., Miu, X., Miao, X,, and Deng, Y. (2023). Integrated
lipidomic and transcriptomic analysis reveals diacylglycerol accumulation in olive of
Longnan (China). Peer] 11, 1-21. doi: 10.7717/peerj.15724

International Olive Council (IOC). (2019). International trade standard applying to
olive oils and olive-pomace oils. Available online at: https://www.internationaloliveoil.org/
what-we-do/chemistry-standardisation-unit/standards-and-methods. (June 27, 2020).

Jimenez-Lopez, C., Carpena, M., Lourengo-Lopes, C., Gallardo-Gomez, M., M.
Lorenzo, J., Barba, F. J., et al. (2020). Bioactive compounds and quality of extra
virgin olive oil. Foods 9, 1014. doi: 10.3390/foods9081014

Jin, J., Zhang, H., Kong, L., Gao, G., and Luo, J. (2014). PlantTFDB 3.0: a portal for
the functional and evolutionary study of plant transcription factors. Nucleic Acids Res.
42, D1182-D1187. doi: 10.1093/nar/gkt1016

Karamatlou, I, Navabpour, S., Nezhad, K. Z., Mariotti, R., Mousavi, S., and Hosseini-
Mazinani, M. (2023). Cold stress resilience of Iranian olive genetic resources: evidence
from autochthonous genotypes diversity. Front. Plant Sci. 14. doi: 10.3389/
fpls.2023.1140270

Kassab, E., Fuchs, M., Haack, M., Mehlmer, N., and Brueck, T. B. (2019). Engineering
Escherichia coli FAB system using synthetic plant genes for the production of long
chain fatty acids. Microb. Cell Fact. 18, 1-10. doi: 10.1186/s12934-019-1217-7

Kong, Q., Yang, Y., Guo, L., Yuan, L., and Ma, W. (2020). Molecular basis of plant oil
biosynthesis: insights gained from studying the WRINKLEDI transcription factor.
Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00024

Kong, Q., Yuan, L., and Ma, W. (2019). Wrinkledl, a “master regulator” in
transcriptional control of plant oil biosynthesis. Plants 8, 1-10. doi: 10.3390/
plants8070238

Kuczynski, C., McCorkle, S., Keereetaweep, J., Shanklin, J., and Schwender, J. (2022).
An expanded role for the transcription factor WRINKLEDI in the biosynthesis of
triacylglycerols during seed development. Front. Plant Sci. 13. doi: 10.3389/
1pls.2022.955589

Le, H., Nguyen, N. H,, Ta, D. T, Le, T. N. T, Bui, T. P,, Le, N. T, et al. (2020).
CRISPR/Cas9-mediated knockout of galactinol synthase-encoding genes reduces
raffinose family oligosaccharide levels in soybean seeds. Front. Plant Sci. 11.
doi: 10.3389/fpls.2020.612942

Lei, J., Teng, X., Wang, Y., Jiang, X., Zhao, H., Zheng, X,, et al. (2022). Plastidic
pyruvate dehydrogenase complex E1 component subunit Alphal is involved in
galactolipid biosynthesis required for amyloplast development in rice. Plant
Biotechnol. J. 20, 437-453. doi: 10.1111/pbi.13727

Leloir, L. F. (1951). The enzymatic transformation of uridine diphosphate glucose into a
galactose derivative. Arch. Biochem. Biophys. 33, 186-190. doi: 10.1016/0003-9861(51)90096-3

Li, F, Bian, C. S, Xu, J. F,, Pang, W,, Liu, J., Duan, S. G,, et al. (2015). Cloning and
functional characterization of SAD genes in potato. PloS One 10, e0122036.
doi: 10.1371/journal.pone.0122036

Lin, M., and Oliver, D. J. (2008). The role of acetyl-coenzyme A synthetase in
arabidopsis. Plant Physiol. 147, 1822-1829. doi: 10.1104/pp.108.121269

Liu, X,, Guo, L., Zhang, J., Xue, L., Luo, Y., and Rao, G. (2021). Integrated analysis of
fatty acid metabolism and transcriptome involved in olive fruit development to
improve oil composition. Forests 12, 1773. doi: 10.3390/12121773

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1467102/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1467102/full#supplementary-material
https://doi.org/10.1186/s12864-023-09673-y
https://doi.org/10.3390/horticulturae8050416
https://doi.org/10.1016/j.jplph.2008.04.018
https://doi.org/10.1007/s00425-016-2490-x
https://doi.org/10.1104/pp.106.083634
https://doi.org/10.3389/fpls.2018.01822
https://doi.org/10.3390/plants10071465
https://doi.org/10.3390/plants10071465
https://doi.org/10.3390/plants12142737
https://doi.org/10.1111/tpj.13208
https://doi.org/10.1007/978-1-4757-5371-4
https://doi.org/10.1371/journal.pone.0093146
https://doi.org/10.1371/journal.pone.0093146
https://doi.org/10.7717/peerj.15724
https://www.internationaloliveoil.org/what-we-do/chemistry-standardisation-unit/standards-and-methods
https://www.internationaloliveoil.org/what-we-do/chemistry-standardisation-unit/standards-and-methods
https://doi.org/10.3390/foods9081014
https://doi.org/10.1093/nar/gkt1016
https://doi.org/10.3389/fpls.2023.1140270
https://doi.org/10.3389/fpls.2023.1140270
https://doi.org/10.1186/s12934-019-1217-7
https://doi.org/10.3389/fpls.2020.00024
https://doi.org/10.3390/plants8070238
https://doi.org/10.3390/plants8070238
https://doi.org/10.3389/fpls.2022.955589
https://doi.org/10.3389/fpls.2022.955589
https://doi.org/10.3389/fpls.2020.612942
https://doi.org/10.1111/pbi.13727
https://doi.org/10.1016/0003-9861(51)90096-3
https://doi.org/10.1371/journal.pone.0122036
https://doi.org/10.1104/pp.108.121269
https://doi.org/10.3390/f12121773
https://doi.org/10.3389/fpls.2024.1467102
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Asadi et al.

Manan, S., Ahmad, M. Z,, Zhang, G., Chen, B, Hagq, B. U,, Yang, J,, et al. (2017a).
Soybean LEC2 regulates subsets of genes involved in controlling the biosynthesis and
catabolism of seed storage substances and seed development. Front. Plant Sci. 8.
doi: 10.3389/fpls.2017.01604

Manan, S., Chen, B., She, G., Wan, X,, and Zhao, J. (2017b). Transport and
transcriptional regulation of oil production in plants. Crit. Rev. Biotechnol. 37, 641-
655. doi: 10.1080/07388551.2016.1212185

Mele, M. A, Islam, M. Z.,, Kang, H. M., and Giuffré, A. M. (2018). Pre-and post-
harvest factors and their impact on oil composition and quality of olive fruit. Emirates J.
Food Agric. 30, 592-603. doi: 10.9755/ejfa.2018.v30.i7.1742

Navas-Lopez, J. F., Cano, J., de la Rosa, R., Velasco, L., and Leon, L. (2020). Genotype
by environment interaction for oil quality components in olive tree. Eur. . Agron. 119,
126115. doi: 10.1016/j.¢ja.2020.126115

Niu, E., Hu, W,, Ding, J., Wang, W., Romero, A., Shen, G, et al. (2022). GC-MS/LC-
MS and transcriptome analyses revealed the metabolisms of fatty acid and flavonoid in
olive fruits (Olea europaea L.). Sci. Hortic. (Amsterdam). 299, 111017. doi: 10.1016/
j.scienta.2022.111017

Parvini, F., Hosseini Mazinani, M., Tahmasebi-Enferadi, S., Ebrahimi, E., and
Zeinaloo, A. (2014). Effect of fruit harvesting time on oil content and fatty acid
profile of two endemic olive cultivars ‘Mari’ and ‘Shengeh’. Iran. J. Hortic. Sci. Technol.
14, 343-356.

Parvini, F., Sicardo, M. D., Hosseini-Mazinani, M., Martinez-Rivas, ]J. M., and
Hernandez, M. L. (2016). Transcriptional analysis of stearoyl-acyl carrier protein
desaturase genes from olive (Olea europaea) in relation to the oleic acid content of
the virgin olive oil. J. Agric. Food Chem. 64, 7770-7781. doi: 10.1021/acs.jafc.6b02963

Parvini, F., Zeinanloo, A. A., Ebrahimie, E., Tahmasebi-Enferadi, S., and Hosseini-
Mazinani, M. (2015). Differential expression of fatty acid desaturases in Mari and
Shengeh olive cultivars during fruit development and ripening. Eur. J. Lipid Sci.
Technol. 117, 523-531. doi: 10.1002/ej1t.201400327

Periappuram, C., Steinhauer, L., Barton, D. L., Taylor, D. C,, Chatson, B., and Zou, J.
(2000). The plastidic phosphoglucomutase from arabidopsis. A reversible enzyme
reaction with an important role in metabolic control. Plant Physiol. 122, 1193-1199.
doi: 10.1104/pp.122.4.1193

Rao, G., Zhang, J., Liu, X., Li, X,, and Wang, C. (2021). Combined metabolome and
transcriptome profiling reveal optimal harvest strategy model based on different
production purposes in olive. Foods 10, 360. doi: 10.3390/foods10020360

Razeghi-Jahromi, F., Hosseini-Mazinani, M., Razavi, K., and Zarei, A. (2021).
Analysis of fatty acid compositions and differential gene expression in two Iranian
olive cultivars during fruit ripening. Acta Physiol. Plant 43, 1-14. doi: 10.1007/s11738-
021-03218-0

Razeghi-Jahromi, F., Parvini, F., Zarei, A., and Hosseini-Mazinani, M. (2022).
Sequence characterization and temporal expression analysis of different SADs and
FAD2-2 genes in two Iranian olive cultivars. Sci. Hortic. (Amsterdam). 305, 111415.
doi: 10.1016/j.scienta.2022.111415

Razeghi Jahroomi, F., Hosseini Mazinani, S. M., Mohammadj, S., Razavi, K., Shiran,
B., and Mostafavi, K. (2016). Investigation of the optimal harvesting time in some
Iranian and mediterranean olive cultivars based on their oil content and fatty acid
compositions. J. Crop Prod. Process. 6, 85-96. doi: 10.18869/acadpub.jcpp.6.19.85

Salas, J. J., Harwood, J. L., and Martinez-Force, E. (2013). “Lipid metabolism in olive:
biosynthesis of triacylglycerols and aroma components,” in Handbook of Olive Oil. Eds.
R. Aparicio and J. Harwood (New York: Springer New York Heidelberg Dordrecht
London), 97-127. doi: 10.1007/978-1-4614-7777-8

Salimonti, A., Carbone, F., Romano, E., Pellegrino, M., Benincasa, C., Micali, S., et al.
(2020). Association study of the 5"'UTR intron of the FAD2-2 gene with oleic and linoleic
acid content in Olea europaea L. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00066

Sanchez, J., and Harwood, J. L. (2002). Biosynthesis of triacylglycerols and volatiles in
olives. Eur. J. Lipid Sci. Technol. 104, 564-573. doi: 10.1002/1438-9312(200210)104:9/
10<564::AID-EJLT564>3.0.CO;2-5

Frontiers in Plant Science

14

10.3389/fpls.2024.1467102

Sanchez de Medina, V., Calderon-Santiago, M., El Riachy, M., Priego-Capote, F., and
Luque de Castro, M. D. (2015). Influence of genotype on the fatty acids composition of
virgin olive oils from advanced selections obtained by crosses between Arbequina,
Picual, and Frantoio cultivars along the ripening process. Eur. J. Lipid Sci. Technol. 117,
1261-1270. doi: 10.1002/€j1t.201400488

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al.
(2003). Cytoscape: a software environment for integrated models of biomolecular
interaction networks. Genome Res. 13, 2498-2504. doi: 10.1101/gr.1239303

Sirangelo, T. M., Forgione, I, Zelasco, S., Benincasa, C., Perri, E., Vendramin, E., et al.
(2023). Combined transcriptomic and metabolomic approach revealed a relationship
between light control, photoprotective pigments, and lipid biosynthesis in olives. Int. .
Mol. Sci. 24, 14448. doi: 10.3390/ijms241914448

SzKlarczyk, D., Gable, A. L., Nastou, K. C,, Lyon, D., Kirsch, R., Pyysalo, S., et al.
(2021). The STRING database in 2021: customizable protein-protein networks, and
functional characterization of user-uploaded gene/measurement sets. Nucleic Acids Res.
49, D605-D612. doi: 10.1093/nar/gkaal074

SzKklarczyk, D., Kirsch, R., Koutrouli, M., Nastou, K., Mehryary, F., Hachilif, R,, et al.
(2023). The STRING database in 2023: protein-protein association networks and
functional enrichment analyses for any sequenced genome of interest. Nucleic Acids
Res. 51, D638-D646. doi: 10.1093/nar/gkac1000

épika, M. J., Perica, S., 2anetic’:, M., and ékevin, D. (2021). Virgin olive oil phenols,
fatty acid composition and sensory profile: Can cultivar overpower environmental and
ripening effect? Antioxidants 10, 689. doi: 10.3390/antiox10050689

Taslimpour, M. R,, Zeinanloo, A. A., and Aslmoshtaghi, E. (2016). Evaluating the
performance of eleven olive cultivars in Fars province of Iran. Int. J. Hortic. Sci.
Technol. 3, 1-8.

Tian, F., Yang, D.-C., Meng, Y.-Q., Jin, J., and Gao, G. (2019). PlantRegMap: charting
functional regulatory maps in plants. Nucleic Acids Res. 48, D1104-D1113.
doi: 10.1093/nar/gkz1020

Unver, T., Wu, Z., Sterck, L., Turktas, M., Lohaus, R., Li, Z., et al. (2017). Genome of
wild olive and the evolution of oil biosynthesis. Proc. Natl. Acad. Sci. 114, 201708621.
doi: 10.1073/pnas.1708621114

Valentine, M. F., De Tar, J. R,, Mookkan, M., Firman, J. D., and Zhang, Z. J. (2017).
Silencing of soybean raffinose synthase gene reduced raffinose family oligosaccharides
and increased true metabolizable energy of poultry feed. Front. Plant Sci. 8.
doi: 10.3389/fpls.2017.00692

Xiaoxia, L., Jianguo, Z., Ying, L., and Guodong, R. (2020). Metabolome and
transcriptome analyses reveal tissue-specific variations in gene expression and
metabolites of olive. J. Plant Biol. 63, 73-82. doi: 10.1007/s12374-020-09231-z

Yamada, Y., Nishida, S., Shitan, N., and Sato, F. (2020). Genome-wide identification
of AP2/ERF transcription factor-encoding genes in California poppy (Eschscholzia
californica) and their expression profiles in response to methyl jasmonate. Sci. Rep. 10,
18066. doi: 10.1038/541598-020-75069-7

Yan, G, Yu, P, Tian, X,, Guo, L., Ty, J., Shen, J, et al. (2021). DELLA proteins
BnaA6.RGA and BnaC7.RGA negatively regulate fatty acid biosynthesis by interacting
with BnaLECls in Brassica napus. Plant Biotechnol. J. 19, 2011-2026. doi: 10.1111/
pbi.13628

Yang, Y., Kong, Q. Lim, A. R. Q,, Lu, S, Zhao, H., Guo, L., et al. (2022).
Transcriptional regulation of oil biosynthesis in seed plants: Current understanding,
applications, and perspectives. Plant Commun. 3, 100328. doi: 10.1016/
jxple.2022.100328

Yubero-Serrano, E. M., Lopez-Moreno, J., Gomez-Delgado, F., and Lopez-Miranda,
J. (2019). Extra virgin olive oil: More than a healthy fat. Eur. J. Clin. Nutr. 72, 8-17.
doi: 10.1038/s41430-018-0304-x

Zaringhalami, S., Ebrahimi, M., Piravi Vanak, Z., and Ganjloo, A. (2015). Effects of
cultivar and ripening stage of Iranian olive fruit on bioactive compounds and
antioxidant activity of its virgin oil. Int. Food Res. J. 22, 1961-1967.

frontiersin.org


https://doi.org/10.3389/fpls.2017.01604
https://doi.org/10.1080/07388551.2016.1212185
https://doi.org/10.9755/ejfa.2018.v30.i7.1742
https://doi.org/10.1016/j.eja.2020.126115
https://doi.org/10.1016/j.scienta.2022.111017
https://doi.org/10.1016/j.scienta.2022.111017
https://doi.org/10.1021/acs.jafc.6b02963
https://doi.org/10.1002/ejlt.201400327
https://doi.org/10.1104/pp.122.4.1193
https://doi.org/10.3390/foods10020360
https://doi.org/10.1007/s11738-021-03218-0
https://doi.org/10.1007/s11738-021-03218-0
https://doi.org/10.1016/j.scienta.2022.111415
https://doi.org/10.18869/acadpub.jcpp.6.19.85
https://doi.org/10.1007/978-1-4614-7777-8
https://doi.org/10.3389/fpls.2020.00066
https://doi.org/10.1002/1438-9312(200210)104:9/10%3C564::AID-EJLT564%3E3.0.CO;2-5
https://doi.org/10.1002/1438-9312(200210)104:9/10%3C564::AID-EJLT564%3E3.0.CO;2-5
https://doi.org/10.1002/ejlt.201400488
https://doi.org/10.1101/gr.1239303
https://doi.org/10.3390/ijms241914448
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.3390/antiox10050689
https://doi.org/10.1093/nar/gkz1020
https://doi.org/10.1073/pnas.1708621114
https://doi.org/10.3389/fpls.2017.00692
https://doi.org/10.1007/s12374-020-09231-z
https://doi.org/10.1038/s41598-020-75069-7
https://doi.org/10.1111/pbi.13628
https://doi.org/10.1111/pbi.13628
https://doi.org/10.1016/j.xplc.2022.100328
https://doi.org/10.1016/j.xplc.2022.100328
https://doi.org/10.1038/s41430-018-0304-x
https://doi.org/10.3389/fpls.2024.1467102
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Unraveling the genetic basis of oil quality in olives: a comparative transcriptome analysis
	1 Introduction
	2 Materials and methods
	2.1 Plant materials
	2.2 Oil extraction and fatty acid analysis
	2.3 RNA-seq analysis
	2.4 Pathways enrichment analysis
	2.5 Transcription factors identification

	3 Results
	3.1 Determining the fatty acid profile
	3.2 Differential expression gene analysis
	3.3 The synthesis of the carbon skeleton of fatty acids
	3.4 The generation of acetyl-CoA
	3.5 Biosynthesis of fatty acids
	3.6 Assembly of fatty acid to form triacylglycerols
	3.7 Transcription factor identification and their interactions
	3.7.1 The interaction of BPC6 and target genes
	3.7.2 The interaction of RGA and target genes


	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


