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Abstract: The olive fruit is a drupe whose development and ripening takes several months from
flowering to full maturation. During this period, several biochemical and physiological changes occur
that affect the skin color, texture, composition, and size of the mesocarp. The final result is a fruit rich
in fatty acids, phenolic compounds, tocopherols, pigments, sterols, terpenoids, and other compounds
of nutritional interest. In this work, a transcriptomic analysis was performed using flowers (T0) and
mesocarp tissue at seven different stages during olive fruit development and ripening (T1–T7) of
the ‘Picual’ cultivar. A total of 1755 genes overexpressed at any time with respect to the flowering
stage were further analyzed. These genes were grouped into eight clusters based on their expression
profile. The gene enrichment analysis revealed the most relevant biological process of every cluster.
Highlighting the important role of hormones at very early stages of fruit development (T1, Cluster 1),
whereas genes involved in fatty acid biosynthesis were relevant throughout the fruit developmental
process. Hence, genes coding for different fatty acid desaturase (SAD, FAD2, FAD3, FAD4, FAD5,
FAD6, and FAD7) enzymes received special attention. In particular, 26 genes coding for different fatty
acid desaturase enzymes were identified in the ‘Picual’ genome, contributing to the improvement of
the genome annotation. The expression pattern of these genes during fruit development corroborated
their role in determining fatty acid composition.

Keywords: Olea europaea L.; olive fruit; ripening process; RNAseq; fatty acid desaturase

1. Introduction

The olive tree (Olea europaea L.) is cultivated for the nutritional value of its fruit, a
drupe consisting of a fleshy mesocarp and a woody endocarp. The development and
ripening of the olive fruit is a long process lasting several months, which could be divided
into five phases [1]. The development process starts immediately after the pollination
and fruit set, following a double sigmoid growth curve pattern [2]. The first phase is
characterized by an exponential growth of the embryo due to a rapid cell division that
usually lasts around half a month after flowering [3]. During the following 30 days, a phase
of cell division and expansion takes place, leading to the mesocarp growth and endocarp
development. Pit hardening concurs with a recession of cell division and a reduction in
fruit growth. Subsequently, the green fruit continues growing until it reaches the final size
by cell expansion at the yellowish stage [4]. Finally, the ripening phase leads to changes
to the purple color of the skin, from the turning stage or veraison to completely purple
or black.

The length of the fruit development and ripening process exhibits variations among
cultivars [4], and the final composition can differ significantly, even during fruit devel-
opment [2]. In any case, olive fruit has unique characteristics due to its composition,
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including fatty acids, phenolic compounds, tocopherols, pigments, sterols, and terpenoids.
These compounds are transferred to virgin olive oil, giving it a unique flavor and healthy
properties [5]. The biosynthesis of these compounds involves several biochemical and
physiological changes during olive fruit development [1]. Despite the efforts made to
understand the molecular mechanisms underlying these metabolic processes, numerous
genes involved in their biosynthetic pathways are still unknown [6].

Transcriptomic studies focused on fatty acid biosynthesis have been reported in the
cultivars ‘sylvestris’ [7], ‘Leccino’ [8], ‘Arbequina’, ‘Frantoio’, and ‘Nikitskii’ [9], whereas in
the ‘Picual’ cultivar are mainly related to fruit abscission [10–12], early fruit development [3],
and hormonal control [13].

Regarding the oil content, it accumulates mainly in the mesocarp after pit hardening
and reaches its maximum during veraison, representing up to 30% of the fresh weight of the
ripe fruit [1,14]. The most abundant fatty acid is oleic acid (C18:1), which represents about
75% of total fatty acids, followed by linoleic (C18:2), palmitic (C16:0), stearic (C18:0), and
linolenic (C18:3) acids. The pattern of fatty acid biosynthesis and desaturation varies during
fruit development and between cultivars, with a higher proportion of oleic than linoleic
acid in the final content being desirable [15]. Therefore, a thorough understanding of the
fatty acid biosynthesis process during fruit development could contribute to producing
higher-quality oils.

Four genes encoding for stearoyl–ACP desaturase (SAD) enzyme have been described
in olive involved in oleic acid formation: OeSAD1 [16], OeSAD2, OeSAD3 [17], and Oe-
SAD4 [18]. Moreover, five genes have been characterized as encoding for microsomal oleate
desaturases (OeFAD2-1, OeFAD2-2, OeFAD2-3, OeFAD2-4, OeFAD2-5) [19–22], which are
responsible for linoleic acid content together with the plastidial isoform OeFAD6 [19,23].
Similarly, genes involved in the biosynthesis of linolenic acid have been studied in olive,
including four linoleate desaturases. Two are located in the endoplasmic reticulum: Oe-
FAD3A [24] and OeFAD3B [25]. Another two possess plastidial localization: OeFAD7-1 [26]
and OeFAD7-2 [25]. In addition, genes corresponding to FAD4 [27] and FAD5 [28] have
not been studied in olive. The expression of genes coding for most of these enzymes and
isoforms has been further analyzed in several cultivars with low and high linoleic acid
content [15], but, up to date, there are no transcriptomic studies encompassing all these
genes during fruit development.

This work represents an overview of the genes overexpressed throughout fruit devel-
opment, from flower to ripe fruit mesocarp. We analyze their expression profiles and the
biological processes in which they are involved in order to identify relevant genes for the
biosynthesis of olive fruit compounds. Moreover, in the ‘Picual’ genome, this work aims to
identify genes coding for fatty acid desaturases, which could contribute to improving the
genome annotation, and their expression was analyzed throughout fruit development from
flower to ripened fruit. In short, this work aims to provide a better understanding of the
molecular mechanism involved in fruit development, which could be crucial for molecular
marker development.

2. Results
2.1. Gene Expression During Fruit Development

The development of the olive fruit is a process that takes around 6 months from full
bloom to fruit ripening (Figure 1A).

In this work, different gene expressions were observed at each sampling time through-
out fruit development. The flowering stage (T0) clearly differed from the rest of the fruit
stages, and samples collected at 0.5, 1, and 2 months after full bloom (AFB) (T1, T2, and T3,
respectively) and corresponding to early developmental stages of the whole fruit are signifi-
cantly distinct from the other mesocarp samples from fruit collected at 3, 4, 5, and 6 months
AFB (T4, T5, T6, and T7, respectively) (Figure 1B). The percentages of read mapping to the
reference genome ranged from 74.3% to 78.7% (Table S1).
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Figure 1. (A) Developmental stages collected for RNAseq analysis. (B) PCA plot showing the ex-
pression differences among olive fruit developing samples. Samples collected in triplicate: T0: flow-
ers at full bloom, T1: fruits at 15 days after full blooming (AFB), T2: fruits at 1 month AFB, T3: fruits 
at 2 months AFB, T4: fruits at 3 months AFB, T5: fruits at 4 months AFB, T6: fruits at 5 months AFB, 
and T7: fruits at 6 months AFB. 

Thus, the flowering stage (T0) was considered the reference time for the analysis of 
the differential gene expression throughout the fruit development from 15 days to 6 
months AFB (T1–T7) (Figure 2). The results pointed out a predominance of repressed 
genes (Down) along the entire olive fruit development process, which means that more 
genes are overexpressed in the flowering stage. Likewise, the number of repressed genes 
in fruits increases throughout fruit development, showing the highest value when the fruit 
is fully mature at T7 (6 months AFB). The number of overexpressed genes in fruit ranged 
from 539 at 15 days after flowering (T1) to 932 one month after flowering (T2). Overall, 
13,486 differentially expressed genes were identified with a p-adj value < 0.01 and a fold 
change higher than 4. Of those, 2,160 genes were overexpressed at any time during fruit 
development compared to the flowering stage. The expression profile of those genes over-
expressed at some time with respect to the flowering stage and with an expression value 
(log2CPM) higher than 0 was analyzed with DPGP v0.1 software [29]. 

Genes overexpressed at any stage of fruit development received special attention be-
cause of their potential role in interesting biological processes in olive fruit. In total, 1755 
genes were gathered into 37 clusters according to their expression trend along the fruit 
development (Figure S1). However, clusters showing similar trends were reorganized into 
eight clusters (A–H), excluding those clusters showing a random expression pattern dur-
ing fruit development (clusters 12, 33, 36, and 37 from DPGP). Genes included in each 
cluster, along with their annotation, are available in the supplementary information (Table 
S2). The eight clusters revealed several GO terms related to biological processes charac-
teristic of fruit development (Table S3). In the following cluster description, only the 20 
most representative processes according to the FDR and fold enrichment values obtained 
in ShinyGO 0.8 will be presented. 

Figure 1. (A) Developmental stages collected for RNAseq analysis. (B) PCA plot showing the
expression differences among olive fruit developing samples. Samples collected in triplicate: T0:
flowers at full bloom, T1: fruits at 15 days after full blooming (AFB), T2: fruits at 1 month AFB, T3:
fruits at 2 months AFB, T4: fruits at 3 months AFB, T5: fruits at 4 months AFB, T6: fruits at 5 months
AFB, and T7: fruits at 6 months AFB.

Thus, the flowering stage (T0) was considered the reference time for the analysis
of the differential gene expression throughout the fruit development from 15 days to
6 months AFB (T1–T7) (Figure 2). The results pointed out a predominance of repressed
genes (Down) along the entire olive fruit development process, which means that more
genes are overexpressed in the flowering stage. Likewise, the number of repressed genes
in fruits increases throughout fruit development, showing the highest value when the
fruit is fully mature at T7 (6 months AFB). The number of overexpressed genes in fruit
ranged from 539 at 15 days after flowering (T1) to 932 one month after flowering (T2).
Overall, 13,486 differentially expressed genes were identified with a p-adj value < 0.01 and
a fold change higher than 4. Of those, 2,160 genes were overexpressed at any time during
fruit development compared to the flowering stage. The expression profile of those genes
overexpressed at some time with respect to the flowering stage and with an expression
value (log2CPM) higher than 0 was analyzed with DPGP v0.1 software [29].

Genes overexpressed at any stage of fruit development received special attention
because of their potential role in interesting biological processes in olive fruit. In total, 1755
genes were gathered into 37 clusters according to their expression trend along the fruit
development (Figure S1). However, clusters showing similar trends were reorganized into
eight clusters (A–H), excluding those clusters showing a random expression pattern during
fruit development (clusters 12, 33, 36, and 37 from DPGP). Genes included in each cluster,
along with their annotation, are available in the Supplementary Information (Table S2).
The eight clusters revealed several GO terms related to biological processes characteristic
of fruit development (Table S3). In the following cluster description, only the 20 most
representative processes according to the FDR and fold enrichment values obtained in
ShinyGO 0.8 will be presented.

Cluster A (Figure 3) corresponds to cluster 35 obtained in DPGP and includes 15 over-
expressed genes at T1, i.e., 15 days AFB. Interestingly, the most enriched term in this
cluster is related to the synthesis of paclitaxel (GO:0042617), a diterpenoid noted for its
anticancer properties [30]. This compound has not been previously described in olive
since terpenes have been studied in advanced stages of fruit development, representing
a minority percentage among the volatile compounds, and their content decreases as the
fruit ripens [31–33]. However, the terpenoids studied in olive fruit are those coming from
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the phenylpropanoid pathway, which acts to the detriment of the paclitaxel synthesis
pathway [30].
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of indole-3-acetic acid (GO:0103075, GO:0010279), the main auxin in plants, and two GO 
terms related to gibberellin (GO:0045544, GO:0009739) were detected. Both hormones play 
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[3,34]. For instance, in tomato and melon, an overexpression of auxin synthesis-related 
genes has been observed in the early stages of fruit development, coinciding with an ac-
cumulation of indole-3-acetic acid, decreasing as the ripening process progresses [35,36]. 
Likewise, N,N-dimethylaniline monooxygenase (GO:0004499) is a flavin monooxygenase, 
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Figure 2. Differentially expressed genes throughout fruit development owing to the flowering stage.
T0: flowers at full bloom, T1: 15 days after full blooming (AFB), T2: 1 month AFB, T3: 2 months AFB,
T4: 3 months AFB, T5: 4 months AFB, T6: 5 months AFB, and T7: 6 months AFB.
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Figure 3. Cluster A. (A) Gene expression profile. Blue line represents the mean value of expression
for the total genes in the group. Blue shadow represents the standard error of gene expression. Gray
lines represent the expression of individual genes. The red horizontal line represents the threshold
separating positive from negative expression levels. (B) The 20 most representative biological
processes according to the FDR and fold enrichment values obtained in ShinyGO 0.80.
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The functional enrichment analysis also revealed genes related to the hormone re-
sponse, such as auxin, gibberellin, jasmonic acid, ethylene, and salicylic acid, which are
very important in plant growth and development. Two GO terms related to the synthesis of
indole-3-acetic acid (GO:0103075, GO:0010279), the main auxin in plants, and two GO terms
related to gibberellin (GO:0045544, GO:0009739) were detected. Both hormones play a
crucial role in the fruit set and in cell division in the early stages of fruit development [3,34].
For instance, in tomato and melon, an overexpression of auxin synthesis-related genes has
been observed in the early stages of fruit development, coinciding with an accumulation
of indole-3-acetic acid, decreasing as the ripening process progresses [35,36]. Likewise,
N,N-dimethylaniline monooxygenase (GO:0004499) is a flavin monooxygenase, as well
as indole-3-pyruvate monooxygenase (GO:0103075). Both compounds influence the nat-
ural synthesis of gibberellin and auxins [36]. Among others, enriched terms related to
micronutrients required for fruit development, such as iron and manganese, also appeared
in cluster A [37].

The second cluster (Figure 4) was the result of merging clusters 20 and 34 generated
by the DPGP algorithm (Figure S1), including a total of 118 overexpressed genes at T2
(1 month AFB). Enrichment analysis revealed GO terms related to acyl–CoA biosynthesis
(GO:0046949) and medium-chain fatty acid–CoA ligase activity (GO:0031956), which are
related to lipid biosynthesis. At T2, olive fruits were actively growing, which is reflected
in the enrichment of growth-related GO terms (GO:0046622, GO:0040009, GO:0035265,
GO:0048437) and the close terms GO:0020037 and GO:0044550. Genes with the term
GO:0020037 (heme-binding) belong to the cytochrome P450 family, and others are annotated
as peroxides (Table S2). Specifically, peroxidases have been particularly induced during the
early stage of olive fruit growth [38]. The genes enriching the term GO:0048437 are genes
annotated as CYP78A5, a cytochrome P450 protein, which have been shown to stimulate
cell proliferation and promote seed growth [39].
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Figure 4. Cluster B. (A) Gene expression profile. Blue line represents the mean value of expression
for the total genes in the group. Blue shadow represents the standard error of gene expression. Gray
lines represent the expression of individual genes. The red horizontal line represents the threshold
separating positive from negative expression levels. (B) The 20 most representative biological
processes according to the FDR and fold enrichment values obtained in ShinyGO 0.80.
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At this early stage of fruit development, genes involved in cellulose synthesis and
cell wall biogenesis (GO:0010330, GO:0016759, GO:0016760, GO:009832, GO:009833, and
GO:009834) are also prominent, supporting the fruit growth. In addition, enriched terms
related to sucrose metabolism appeared (GO:0005985 and GO:0016157), which is consistent
with previous studies that also observed overexpression of genes encoding enzymes related
to starch and sucrose synthesis at 30 days AFB [2]. This makes sense, as olive mesocarp
cells require sugars to synthesize oil [40]. In addition, the enrichment analysis revealed
genes related to the heat-stress response (GO:0070370 and GO:0005528), which could affect
fruit development, subsequent fruit yield, and oil quality [41,42].

Cluster C (Figure 5) consists of 407 genes overexpressed during the early stages of
fruit development, including T1, T2, and T3. This period encompasses the process of cell
division and expansion until pit hardening (at T3, the pit was hardened). In this case, some
biological processes had already been highlighted in clusters A and B, as they are related
to cell division and expansion (GO:0009833, GO:0009834, GO:0009505, and GO:0016759).
In addition to cellulose, this cluster includes the term GO:0045492 for xylan biosynthesis,
which is also related to cell wall biogenesis. Xylan is a hemicellulosic polysaccharide
abundant in the cell wall of olive fruit pulp [43].
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Figure 5. Cluster C. (A) Gene expression profile. Blue line represents the mean value of expression
for the total genes in the group. Blue shadow represents the standard error of gene expression. Gray
lines represent the expression of individual genes. The red horizontal line represents the threshold
separating positive from negative expression levels. (B) The 20 most representative biological
processes according to the FDR and fold enrichment values obtained in ShinyGO 0.80.

The presence of genes related to cellulose and xylan compounds in clusters A and B
supports the hypothesis that those compounds are more abundant in unripe fruit and are
degraded along the ripening process [44]. Moreover, cell wall polysaccharides are the main
factors responsible for fruit softening during ripening [43,44], and remodeling of these
compounds along with the lignification could be involved in fruit abscission [45]. This
fact may explain the appearance of the lignin process (GO:0046274 and GO:009809) and
fruit dehiscence (GO:0010047) together in that group. The early fruit drop may be due to
competition of the fruits for nutrients [46]. In the ‘Picual’ cultivar, the premature fruit drop
has been previously observed at 217 days AFB and is characterized by an increase in the
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expression of genes from the MYB and bZIP (basic leucine zipper) families, as well as a
higher accumulation of sterols [10]. Despite the occurrence of premature fruit drops, fruit
drops are genetically programmed to occur when the fruit is mature.

The most enriched biological process in cluster C was related to steroid biosynthesis
(GO:0047787), which are health-promoting compounds. In previous studies on fruits of
‘Coratina’ and ‘Tendellone’ olive cultivars, transcripts related to steroid synthesis were
also detected in the early stages of fruit development [47]. Generally, this group includes
various oxidoreductases (GO:0047787, GO:0035671, GO:0016722, GO:0016722, GO:0016491,
and GO:0055114), which can act at different levels of the phenylpropanoid pathway. Specif-
ically, two of them (GO:0016722 and GO:0052716) are correlated with lignin biosynthesis
(GO:0009809 and GO:0046274). Lignin deposition and cellulose biosynthesis are essen-
tial for pit hardening [4], which occurred between T2 and T3 in this study. In this early
stage of fruit development, genes involved in the synthesis of isoprenoids and terpenoids
(GO:0008299 and GO:0016114) are also prominent.

The result of grouping 349 genes that are overexpressed between T1 and T5 is the
cluster D (Figure 6), which also corresponds to the union of clusters 9, 11, 16, 21, 24, 25,
and 30 generated by DPGP (Figure S1). This group is mainly characterized by a peak of
expression between T2 and T3 when pit hardening takes place. These results are in line
with previous work confirming that programmed cell death (GO:0012502) and secondary
thickening of the cell wall are characteristic of stone cell formation in drupes, as well as the
deposition of cellulose and lignin [4,48]. In this line, genes related to the phenylpropanoid
pathway and lignin synthesis (GO:1903086 and GO:2000762) also stood out in cluster
D (Figure 6). Although they could also be related to cell death processes, this cluster
includes genes involved in autophagy (GO:0010508) and response to high light intensity
(GO:0009644). However, it is more likely that these mechanisms are associated with the
response to abiotic stress.
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lines represent the expression of individual genes. The red horizontal line represents the threshold
separating positive from negative expression levels. (B) The 20 most representative biological
processes according to the FDR and fold enrichment values obtained in ShinyGO 0.80.

In these intermediate stages, fruit development is also regulated through genes in-
volved in the conjugation of indole-3-acetic acid (GO:0033473). This auxin, together with
gibberellins (GO:0009740), is important for olive fruit development [13], supporting previ-
ous findings in different plant species in which both hormones have an important role in
the regulation of cell division and expansion in fruits [34]. In olives, gibberellins have been
suggested to regulate fruit size and the progression of the ripening process [13].

Between T1 and T5, olive fruits remained green, so they had active chloroplasts
performing photosynthesis. This fact is supported by the enriched biological process related
to the Ribulose–bisphosphate carboxylase activity (GO:0016984), which can be involved
in fruit photosynthesis, providing additional sugars and organic compounds necessary to
be used for fruit development and fatty acid biosynthesis in the olive mesocarp [40,49].
Related to this enzymatic activity, genes involved in the biological process GO:0019253
(reductive pentose–phosphate cycle) have also been detected.

Cluster D is also enriched in CCAAT-binding factors (GO:0016602), which are transcrip-
tion factors involved in several processes, highlighting their role in determining the flowering
time, seed maturation, and fatty acid biosynthesis [50,51]. These transcription factors interact
with gibberellic acid and abscisic acid, also playing important roles in flavonoid biosynthesis,
photomorphogenesis, photosynthesis, response to stress, and reproductive development [50].

Cluster E includes 192 genes that are overexpressed relative to the flowering stage,
with an upward trend as the development process progresses (Figure 7). This cluster is the
result of joining clusters 2, 6, 15, 18, and 22 generated by DPGP (Figure S1).
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Genes involved in lipid oxidation are noted in cluster E, but they are genes annotated
as lipoxygenase 2 (LOX2) (Table S2), which produce mainly 13-hydroperoxides from linoleic
and linolenic acids [52]. Previous studies about lipoxygenase activity in ‘Picual’ olive fruits
also described the upregulation of LOX2 during early fruit development [3]. Lipoxygenase
enzymes are responsible for volatile compounds which contribute to olive oil aroma and can
also act as resistance mechanisms [53]. For this reason, the biological process of response to
herbivores (GO:0080027) is also in this cluster.

This cluster has a broad representation of genes involved in the first steps of the fatty
acid synthesis pathway, starting with the photosynthetic process. The photosystem II
(GO:0009654) provides NADP which is reduced to NADPH (GO:0070995) necessary for
fatty acid biosynthesis. Hence, the glycolytic process (GO:0006096) involves the breakdown
of carbohydrates into pyruvate with the concomitant reduction in NADP to NADPH
(GO:0006090) [54]. Pyruvate is required for acetyl–CoA biosynthesis through the activity
of the pyruvate dehydrogenase complex (GO:0045254) [8,49]. The dihydrolipoyllysine-
residue acetyltransferase (GO:0004742) is the E2 component of the pyruvate dehydrogenase
complex (GO:0045254) and is essential for the oxidative decarboxylation of pyruvate to
acetyl–CoA [55]. These two metabolites are considered the main precursors for fatty acid
biosynthesis. Additionally, the enoyl-[acyl-carrier-protein] reductase (GO:0016631) also
uses NADPH as co-factor for enoyl–ACP reduction resulting in acyl–ACP [54,56]. This
enzyme belongs to the enzymatic complex fatty acid synthase (FAS), and it has been
characterized in olive fruit in previous studies, showing a similar expression pattern [57].
Proteomic studies described a peak of accumulation around 110 days AFB [49].

Cluster F (Figure 8) includes 54 genes mainly expressed between T3 and T6, that is,
from pit hardening to turning purple. This cluster corresponds to cluster 17 generated by
DPGP (Figure S1). According to the enrichment analysis, the most characteristic biological
processes are those related to malonate metabolism. Specifically, the malonyl–CoA syn-
thetase is the enzyme required for converting free malonate into malonyl–CoA (GO:0090409
and GO:009410). Go terms related to the inositol were enriched in this cluster (GO:0019310
and GO:0050113). Inositol is a precursor of the phytic acid present in the pulp of olive
fruit, and its content decreases according to the ripeness [58]. Additionally, phytic acid is
necessary for phospholipid formation [1,54].

Genes related to the phenylpropanoids pathway are also present in cluster F due to the
activity of the flavonol 3-O-glucosyltransferase (GO:0047893). Likewise, terms GO:0102425
and GO:0102360 are obsoleted terms synonymous with flavonol 3-O-glucosyltransferase
activity (checked at https://www.ebi.ac.uk/QuickGO/, accessed on 24 July 2024).

High activity of the flavonol 3-O-glucosyltransferase enzyme in the fruit’s early stages
has been observed in previous studies in which this activity concurred with a higher
concentration of flavonoids [2,59]. In this cluster, the differential expression of genes
involved in flavonoid biosynthesis could be responsible for the fruit veraison [2,49].

Cluster F has the particularity of showing several biological processes related to human
health (GO:0003228, GO:0060297, GO:0007519, GO:0001947, GO:0048702, GO:0010830,
GO:0072358). Genes included in these biological processes are annotated as RNA-binding
proteins (Table S2) that play a key post-transcriptional role in gene expression. In this case,
genes specifically coding for rbm38 protein, containing an RRM domain, have been studied
in animals, but their role is unknown in plants. Nonetheless, several genes encoding for
proteins with the RRM domain for RNA recognition have been described in plants related
to the stress response and the flowering time regulation and affecting the fruit ripening
process [60].

Cluster G (Figure 9) encompasses genes with a similar expression profile to clusters E
and F (Figures 7 and 8, respectively). The average expression of these genes starts upon pit
hardening (similar to cluster F) and follows an increasing trend as fruit ripening progresses
(similar to cluster E).

https://www.ebi.ac.uk/QuickGO/
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lines represent the expression of individual genes. The red horizontal line represents the threshold
separating positive from negative expression levels. (B) The 20 most representative biological
processes according to the FDR and fold enrichment values obtained in ShinyGO 0.80.

The most enriched biological processes are related to the phyllotactic pattern (GO:0060771,
GO:0060772, GO:0060774, and GO:0040019), which could be involved in plant tissue devel-
opment. However, the annotation of the representative genes of these GO terms revealed
WRI1 genes (WRINKLED1) (Table S2). WRI1 is a key transcription factor that stimulates
the expression of many enzymes involved in the conversion of sugar into fatty acids and
triacylglycerols during oilseed and oil fruit development [61]. In olive, WRI has been
described as a key transcription factor in regulating the oil biosynthesis pathway under
heat-stress conditions [62].

Other enriched GO terms correspond to fatty acid biosynthetic processes (GO:0006633),
and those related to the acetyl–CoA carboxylase enzyme (GO:0009317 and GO:0003989)
are especially significant. This biotin-dependent multi-subunit enzyme catalyzes the irre-
versible carboxylation of acetyl–CoA to produce malonyl–CoA, which represents the first
step for the plastidial de novo fatty acid biosynthesis, and it has been demonstrated as a
key regulatory point of the pathway.

Other biological processes are also related to fatty acid (GO:0006631) and lipid (GO:0006629)
metabolic processes. In addition, cluster G includes specific genes for glycolysis (GO:0004148,
GO:0006096, GO:0016668), producing pyruvate [54].

Cluster H (Figure 10) encompasses 177 genes, including clusters 7, 8, 23, 28, and
29 from DPGP output. The expression of these genes increases at the late stages of fruit
development when the fruit is in its veraison stage until it becomes fully purple (T6–T7).
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The most relevant biological processes in this cluster are related to the biosynthesis
of secondary metabolites (GO:0044550). Firstly, the formation of terpenes, represented by
(S)-limonene 3-monooxygenase activity, is noted. Previous studies described the activity
of this enzyme related to the accumulation of limonene at late developmental stages of
olive fruit [2,63]. On the other hand, it is noteworthy the representation of genes involved
in lignan synthesis, such as those related to the synthesis of (+)-pinoresinol (GO:1902125),
(+)-lariciresinol (GO:1902131 and GO:1902132), and (−)-secoisolariciresinol (GO:1902138),
all of which are directly related to each other.

The fruit ripening term (GO:0009835) appears for the first time in cluster H, which
includes genes coding for polygalacturonase enzymes (Table S2). This finding could
suggest the beginning of pectin degradation. In olive, the activity of polygalacturonase
has been described on several cultivars, where reduced activity was observed along fruit
ripening [64]. As a result of cell wall solubilization, several compounds are released, which
act as precursors for ascorbic acid biosynthesis in olive fruits [64]. This fact could also
explain the appearance of the biological process GO:0031418.

2.2. Identification of Genes Coding for Olive Fatty Acid Desaturase Enzymes

After studying the gene expression during fruit development, it is worth noting the
variability of genes involved in the biosynthesis of fatty acids, predominating in almost
every cluster. These results support the complexity of fatty acid biosynthesis and their
relevance from the very early stages of fruit development. For this reason, this work has
focused on identifying genes that code for the fatty acid desaturase enzymes, as well as
analyzing their expression levels throughout fruit development. Fatty acid desaturases
are key in determining the fatty acid composition of the olive fruit and, therefore, of the
olive oil.

As a first step, sequences coding for olive fatty acid desaturase enzymes and isoforms
were selected from previous studies, in which their function in fatty acid biosynthesis has
been previously validated. Table 1 shows the query and the corresponding sequences in
the ‘Picual’ genome (O. europaea L. cv. ‘Picual’).

Table 1. Genes coding for olive fatty acid desaturase enzymes and isoforms.

Characterized Gene (Query) Blast Results
Gene Accession Number Reference Homologue in Picual Genome Score (Bits) E-Value

OepSAD1 KX196198 [17] Oleur061Scf6912g00024.1 767 0

OepSAD2 KX196199 [17] Oleur061Scf0559g08018.1 590 0

OepSAD3 KX196200 [17] Oleur061Scf0224g02015.1 831 0
Oleur061Scf3272g00008.1 802 0

OelSAD4 MN821530 [18] Oleur061Scf0767g13023.1 836 0
Oleur061Scf3412g00008.1 695 0

OepFAD2-1 AY733076 [20] Oleur061Scf3674g03010.1 786 0
Oleur061Scf0958g02020.1 780 0

OepFAD2-2 AY733077 [20] Oleur061Scf7210g01055.1 793 0

OepFAD2-3 MN103339 [22] Oleur061Scf7529g00002.1 261 2 × 10−87

OepFAD2-4 MN103340 [22] Oleur061Scf0319g05005.1 687 0

OepFAD2-5 MN103341 [22] Oleur061Scf0968g03003.1 794 0

OepFAD3A KP893692 [25] Oleur061Scf0307g02015.1 253 2 × 10−83

Oleur061Scf0650g04033.1 252 1 × 10−82

Oleur061Scf2865g00005.1 210 8 × 10−68

OepFAD3B KP893693 [25] Oleur061Scf0030g03013.1 297 1 × 10−100
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Table 1. Cont.

Characterized Gene (Query) Blast Results
Gene Accession Number Reference Homologue in Picual Genome Score (Bits) E-Value

AtFAD4 AT4G27030 [27] Oleur061Scf7759g00020.1 385 1 × 10−134

Oleur061Scf1598g05014.1 383 8 × 10−134

Oleur061Scf1696g01055.1 283 1 × 10−95

AtFAD5 AT2G31360 [28] Oleur061Scf0657g07008.1 356 2 × 10−122

Oleur061Scf2722g04011.1 307 3 × 10−123

Oleur061Scf3819g00007.1 260 3 × 10−85

OepFAD6 AY733075 [23] Oleur061Scf4218g00008.1 898 0
Oleur061Scf4537g02008.1 803 0

OekFAD7-1 DQ788674 [26] Oleur061Scf1634g12008.1 380 2 × 10−131

OepFAD7-2 KP893695 [25] Oleur061Scf0300g03002.1 769 0

The alignment of the validated gene sequences to the ‘Picual’ genome showed, in some
cases, up to two or three homologous genes coding for the same enzyme and isoform. This
may be due to DNA duplication events, as noted in previous genome studies [65]. Likewise,
the variability in the number of genes involved in oil biosynthesis was observed among
cultivars in a wide genome exploration using ‘Ayvalik’, ‘Leccino’, ‘Farga’, and ‘Picual’ [66].
In spite of that, this work provides valuable information about validated genes coding for
olive fatty acid desaturase enzymes and isoforms, which is useful for the improvement of
the ‘Picual’ genome annotation.

Firstly, stearoyl–ACP desaturase (SAD) is a plastidial soluble enzyme responsible
for oleic acid biosynthesis from stearic acid. Figure 11 shows the expression profile of
genes coding for SAD isoforms. OepSAD1 and OepSAD2 were the most expressed SAD
genes (Figure 11A,B). Their expressions were increasing as the process of fruit development
progressed, with OepSAD1 transcript levels rising at early stages of fruit development
(T1–T3), remaining high at later stages, and those of OepSAD2 showing a significant
increase after pit hardening during the period of oil accumulation (T3–T7). In the same way,
OeSAD1 and OeSAD2 have previously shown a similar expression pattern by qRT-PCR
in the ‘Picual’ and ‘Arbequina’ cultivars [17,67]. These data were further confirmed in
‘Leccino’ and ‘Coratina’ [18], ‘Mari’ and ‘Shengeh’ [68], and in cultivars characterized by
extremely low (‘Abou Kanani’) and high (‘Klon-14’) oleic acid content [13].
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The two genes coding for OepSAD3 showed similar expression profiles, decreasing
after pit hardening (T3) (Figure 11C). Similarly, low levels of OeSAD3 gene expression have
been reported only in young fruit at early stages of development [15,25,68]. The two genes
coding for OelSAD4 showed low transcript levels and similar expression trends between
them (Figure 11D). However, OeSAD4 expression does not seem to be correlated with oleic
acid content in the olive fruit mesocarp [18].

Altogether, unlike the other three olive SAD isoforms, OeSAD2 exhibits high expres-
sion levels in the mesocarp during olive fruit development and ripening, which increased
parallel to the unsaturated fatty acid content. Hence, it has been proposed as the gene that
contributes mainly to the oleic acid synthesis in the olive mesocarp and, therefore, to its
content in the olive oil [15,25].

Regarding the microsomal enzymes, different isoforms of the oleate desaturase (FAD2)
and linoleate desaturase (FAD3) have been studied during fruit development (Figure 12).
In this case, genes coding for five different FAD2 isoforms have been identified. A single
coding gene has been identified for each isoform, except for OepFAD2-1, for which two
genes have been identified (Figure 12A), and for OepFAD3A, for which there genes were
identified (Figure 12F) in the ‘Picual’ genome. For all cases, high levels of expression have
been observed for the coding genes of each isoform, except for OepFAD2-3 (Figure 12C),
which has not been expressed at any stage of fruit development.

FAD2-1 has been described as the main contributor to linoleic acid content in olive
seed, whereas FAD2-2 and FAD2-5 have been related to the linoleic acid content in the
olive mesocarp [20–22]. In this work, genes coding for OepFAD2-1 showed high expression
levels from flower until veraison (T6), while the expression of OepFAD2-2 and OepFAD2-5
decreased at early developmental stages but increased after pit hardening during the period
of oil accumulation (Figure 12B,E). These results are in line with the qRT-PCR expression
profile observed for the cultivars ‘Picual’ and ‘Arbequina’ [21,22], ‘Mari’ and ‘Shengeh’ [69],
and ‘Leccino’ and ‘Coratina’ [18] and in cultivars characterized by extremely high (‘Abou
Kanani’) and low (‘Klon-14’) linoleic acid content [15]. Therefore, these two isoforms
(FAD2-2 and FAD2-5) are consistently described as the main responsible for the linoleic
acid content in olive fruits and olive oils [15].

In contrast, the role of OeFAD2-3 and OeFAD2-4 for the linoleate synthesis in the
mesocarp has not been validated [15,22]. Accordingly, in this work, OepFAD2-3 and
OepFAD2-4 do not increase their transcript levels during the oil accumulation phase (T4–T7)
(Figure 12D).

With respect to microsomal linoleate desaturases, OepFAD3A and OepFAD3B genes,
responsible for the production of linolenic acid from linoleic acid, showed high expression
at very early stages of fruit development (T1–T3), followed by a sharp decrease after pit
hardening, exhibiting very low transcript levels in the mesocarp during the period of oil
accumulation (T3–T7) (Figure 12F,G). Similar results have been previously obtained by
qRT-PCR in the ‘Picual’ and ‘Arbequina’ cultivars [25]. Consequently, the contribution of
FAD3 genes to the linolenic acid content of the olive mesocarp and, therefore, of the olive
oil seems to be very limited. In contrast, OeFAD3A has been described as the main gene
responsible for the accumulation of linolenic acid in olive seeds due to their contrasting
expression profile between mesocarp and seed [25].

Regarding plastidial membrane-bound fatty acid desaturase enzymes, the expression
of genes coding for FAD4, FAD5, FAD6, and FAD7 were analyzed throughout fruit develop-
ment. In all cases, the genes coding for these fatty acid desaturases were highly expressed
during fruit development (Figure 13).
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FAD4 and FAD5 have not been studied in olive, possibly because they are involved
in the fatty acid composition of plastidial lipids and, therefore, not related to the fatty
acid profile of the olive oil. Both enzymes are responsible for the desaturation of palmitic
acid in the sn-2 position of plastidial lipids, with FAD4 acting on phosphatidylglycerol to
synthesize trans-palmitoleic acid [27], while FAD5 acts on monogalactosyldiacylglycerol
to yield delta-7 palmitoleic acid [28]. Three genes coding for FAD4 were identified in the
‘Picual’ olive genome (Figure 13A). These results are in line with the previous description
of FAD genes in the ‘Farga’ cultivar, while the wild olive has only two genes coding for
FAD4 [9]. The expression of genes coding for FAD4 was higher in the early stages of fruit
development. However, the expression profile of Oleur061Scf1696g01055 differed from the
other two genes coding for this isoform (Figure 13A). Similar results were observed for
genes coding for FAD5 (Figure 13B), where the expression pattern of Oleur061Scf3819g00007
was slightly different from the other genes coding for the same isoform in the ‘Picual’
cultivar. Nevertheless, the expression of Oleur061Scf2722g04011 and Oleur061Scf0657g07008
increased from flower (T0) to yellowish fruit (T5) and decreased as the fruit ripened.

FAD6, as well as FAD2, could contribute to the linoleic acid content in olive fruit,
although to a lesser extent [15,18,21,69]. The two genes coding for FAD6 showed similar
expression patterns decreasing during fruit development (Figure 13C), which is in line with
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previous studies using qRT-PCR in the cultivars ‘Picual’ and ‘Arbequina’ [21], ‘Leccino’
and ‘Coratina’ [18], and ‘Klon-14’ and ‘Abou Kanani’ [15]. However, the expression pattern
of FAD6 genes seems to be cultivar-dependent because of the variability observed during
fruit development in these olive cultivars.

Additionally, OeFAD7-1 and OeFAD7-2 have a critical role in the linolenic acid content
in olive fruit mesocarp [25]. The role of OeFAD7-1 has been characterized in the ‘Ko-
roneiki’ [26], ‘Picual’, and ‘Arbequina’ cultivars [25], whereas OeFAD7-2 has been validated
in the ‘Picual’ and ‘Arbequina’ cultivars [25]. In this work, single genes were identified
coding for each FAD7 isoform, and their transcripts decreased during fruit development
mainly in early stages (Figure 13D,E). On the contrary, the expression pattern in the ‘Picual’
and ‘Arbequina’ [25] and ‘Klon-14’ and ‘Abou Kanani’ cultivars [15] showed a constant
transcript level for both genes during mesocarp development and ripening.

3. Materials and Methods
3.1. RNAseq Data and Transcriptomic Analysis

RNAseq data from the bioproject number PRJNA870905, available in NCBI database,
was used for this study. Specifically, the data correspond to flower and fruit samples of
the olive cultivar ‘Picual’ collected from three different trees on south-facing branches.
Sampling was performed at seven different times, from full blooming (T0: flower) to full
maturity, including fruit at 15 days after full blooming (AFB) (T1: embryo’s growth) and
monthly until 6 months AFB (T2: young drupe, T3: pit hardened, T4: green, T5: yellowish,
T6: veraison, T7: completely purple). The samples were stored at −80 ◦C until processing.

RNA extraction from full samples (T0 to T3) or from mesocarp (T4 to T7) was per-
formed using the Spectrum™ Plant kit (Merck KGaA, Darmstadt, Germany). After purifica-
tion, strand-specific sequencing was performed with the NGS Illumina pair-end technology
(150 bp × 2) by the company Sistemas Genómicos S.L. (Paterna, Valencia, Spain).

For transcriptomic analysis, STAR v2.7 [70] was used to align reads to the reference
genome of ‘Picual’ [65], and aligned fragments were counted with featureCounts v2.0.6 [71].
The differentially expressed genes were identified by applying EdgeR v4.2 [72], comparing
any stage of the fruit development process (T1–T7) to the flowering stage (T0). To consider
a gene differentially expressed, values of p-adj < 0.01 and fold change > 4 or <−4 were
set. Overexpressed genes were annotated using Sma3s v2 [73]. Afterward, the expression
profile of those genes overexpressing at any point AFB (i.e., T1–T7) was analyzed using
DPGP v0.1 [29] by clustering those showing a similar expression pattern. The normalized
CPM values extracted from EdgeR v4.2 were used as input for DPGP v0.1. The clusters
generated by DPGP v0.1 showing similar expression profiles were regrouped and plotted
using the ggplot2 package v3.4.4 in Rstudio v4.2.1. These final clusters were subjected
to gene enrichment analysis for biological processes using ShinyGO v0.8 web tool (http:
//bioinformatics.sdstate.edu/go/ (accessed on 21 June 2024)) [74]. For this analysis, the
total of differentially expressed genes, both up and down, as background, were considered
as background.

3.2. Fatty Acid Desaturase Gene Identification

In this study, special emphasis has been given to those genes involved in fatty acid
desaturation. For this purpose, sequences of genes coding for fatty acid desaturases
were searched on the OliveTreeDB database (https://genomaolivar.dipujaen.es/db/index.
php (accessed on 2 April 2024)). Specifically, homologous sequences to OepSAD1, Oep-
SAD2 and OepSAD3 [17], OelSAD4 [18], OepFAD2-1, OepFAD2-2, OepFAD2-3, OepFAD2-4
and OepFAD2-5 [20,22], OepFAD3A and OepFAD3B, [25] AtFAD4 [27], AtFAD5 [28], Oep-
FAD6 [23], OekFAD7-1 [26], and OepFAD7-2 [25] were searched based on their description
and validation in previous works.

http://bioinformatics.sdstate.edu/go/
http://bioinformatics.sdstate.edu/go/
https://genomaolivar.dipujaen.es/db/index.php
https://genomaolivar.dipujaen.es/db/index.php
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4. Conclusions

This work represents an effort to characterize the transcriptional profile throughout
fruit development, including in several stages from flowering (full blooming) until fruit
ripening (6 months AFB). The objective is to characterize the importance of those genes
overexpressed during olive fruit development.

In general, a decay of gene expression has been observed throughout fruit devel-
opment. Therefore, the inclusion of samples close in time to the early stages of fruit
development has provided novel information about the processes occurring at that time,
which have usually been ignored in most of the work published so far.

This work has highlighted eight clusters of genes showing different expression profiles.
At the beginning of fruit development (T1, cluster A), hormones played an important
role, together with the synthesis of cellulose as the primary component of the cell wall
and the accumulation of sugar compounds before pit hardening (T2, cluster B). Genes
involved in the synthesis of phenolic compounds were detected from the beginning of fruit
development (T2 and T3, cluster C), maintaining their relevance throughout the whole
process of fruit development. Nonetheless, the higher expression of genes involved in
the synthesis of fatty acids was observed at intermediate stages (clusters E and G), even
increasing as the fruit ripens. In the end, when the fruit turns completely purple (T6–T7,
cluster H), cell wall degradation processes appear.

Gene expression analysis has corroborated the complexity of the fatty acid synthesis
process and the variability of genes involved in this process throughout olive fruit develop-
ment. Therefore, a detailed analysis of validated genes coding for the fatty acid desaturase
enzymes responsible for the fatty acid composition has been carried out. The identification
of genes coding for SAD, FAD2, FAD3, FAD4, FAD5, FAD6, and FAD7 in the ‘Picual’ genome
has improved the genome annotation. Moreover, the expression analysis of these genes has
corroborated their role in the synthesis of fatty acids in olive fruits, except for the genes
coding for OeSAD4 and OeFAD2-3, which showed negligible expression throughout the
fruit development.
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