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ABSTRACT 1 

The effect of three irrigation strategies on the olive oil quality in a hedgerow 2 

‘Arbequina’ olive orchard with 1667 trees ha-1 was assessed. Olive trees were fully irrigated, 3 

with the crop water demand replaced through daily irrigation (FI), or irrigated according to two 4 

regulated deficit irrigation (RDI) treatments, in which the total irrigation supplies amounted to 5 

60% and 30% of the water supplied to the FI treatment. Oil content, fatty acid composition and 6 

desaturase genes expression in fruits from the three treatments were analysed. Although the 7 

total oil content and the amounts of the diverse lipid classes were not affected by the different 8 

irrigation treatments, changes in the fatty acid composition during the mesocarp development 9 

and ripening in the three irrigation treatments were detected. The 30RDI strategy caused a 10 

decrease in the linoleic acid content in olive mesocarp and, therefore, in the olive oil. The lack 11 

of correlation with the expression of known oleate desaturase genes (FAD2-1, FAD2-2 and 12 

FAD6) points out to an un-identified oleate desaturase gene that could be repressed by water 13 

stress. Linolenic acid content and expression levels of plastidial linoleate desaturase genes14 

(OeFAD7-1 and OeFAD7-2) increased under 30RDI conditions at the beginning of fruit 15 

development. However, this effect was not noticeable in the olive oil because it was not 16 

observed during fruit ripening. All these data enlighten the molecular mechanisms related to 17 

the fatty acid desaturation in the oil of olive trees under water stress and point out to the 30RDI 18 

as suitable strategy when olive quality is the main production target. 19 

 20 

 21 

 22 

 23 
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precipitation; PC, phosphatidylcholine; RDI, regulated deficit irrigation; SAD, stearoyl-ACP 33 

desaturase; SD, standard deviation; SHD, super high density; TAG, triacylglycerol; WAF, 34 

weeks after flowering; qRT-PCR, quantitative real-time PCR. 35 

 36 

 37 

1. Introduction 38 

Olive (Olea europaea L.) is one of the most economically relevant tree crops in the 39 

Mediterranean basin. Historically, olives for oil production have been rain-fed cultivated, with 40 

widely spaced trees, to take full advantage of the water stored in the soil during winter rains for 41 

the next spring and summer growth. More recently, new orchards are planted at higher plant 42 

densities and have localised irrigation system, resulting in higher yields and improvement in 43 

the alternate-bearing behaviour (Beede and Goldhamer, 1994). Within the last two decades, 44 

hedgerow orchards with plant densities over 1500 trees ha-1, also called super high density 45 
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(SHD) orchards, facilitate the use of over-the-row mechanical harvesters and bring orchards 46 

into production sooner after planting. Tree spacing, pruning, weed control, pest management, 47 

nutrition and irrigation are being managed intensively in this type of orchards. However, there 48 

is still inconsistent information about the specific effect of irrigation on the production and 49 

quality of the oil. Current evidence suggests that a deficit irrigation strategy could be the best 50 

option for SHD olive orchards, since problems derived from excessive tree vigour can be 51 

minimized by reduced irrigation (Connor, 2006). Regulated deficit irrigation (RDI) consists on 52 

replacing crop evotranspiration (ETc) in the phases of the growing cycle when the crop is most 53 

sensitive to water stress, and reducing or even withholding irrigation for the rest of the cycle 54 

(Chalmers et al., 1981). The quantity of water applied to trees in SHD orchards has a deep 55 

impact on olive oil quality (Berenguer et al., 2006; Dag et al., 2015; García et al., 2013, 2017; 56 

Gómez-del-campo and García, 2013; Rosecrance et al., 2015). However, the effect of different 57 

irrigation strategies on the olive oil fatty acid composition remains unclear. 58 

 The olive oil is obtained by mechanical extraction from the olive fruit, which is a drupe 59 

consisting of a fleshy pericarp and a woody endocarp that encloses a single seed. The pericarp, 60 

in turn, consists of an outer epicarp and an inner mesocarp. The olive mesocarp forms and stores 61 

TAG and, possessing active chloroplasts, it has the capability of fixing atmospheric CO2 and 62 

incorporating it into storage material (Sánchez, 1994). TAG fatty acid composition determines 63 

the technological and nutritional properties of the virgin oil. Oleic acid is the major fatty acid 64 

in the olive oil (55-83%), whereas linoleic acid accounts for 3.5-21% and linolenic acid for 65 

<1%. The relative contents of oleic, linoleic and linolenic acids depend mainly on the cultivar 66 

but also on pedoclimatic and management conditions (Beltrán et al., 2004).  67 

Fatty acid biosynthesis in higher plants starts in the plastid, yielding primarily 68 

palmitoyl-acyl carrier protein (ACP) and stearoyl-ACP by successive addition of two carbon 69 

atoms from acetyl-CoA (Harwood, 2005). Still in the plastid, the desaturation of stearoyl-ACP 70 
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is carried out by the soluble stearoyl-ACP desaturase (SAD) to produce oleoyl-ACP, which is 71 

the main product of the plastidial fatty acid biosynthesis. The oleoyl-ACPs are then cleaved by 72 

specific thioesterases to free fatty acids, which are then activated to acyl-CoAs and incorporated 73 

into the glycerolipid biosynthetic pathway, where can be further desaturate to linoleic and 74 

linolenic acids. Two sets of ω6 and ω3 membrane-bound fatty acid desaturases have been 75 

described, which differ in their cellular localization, lipid substrates, and electron donor system 76 

(Shanklin and Cahoon, 1998). The microsomal ω6 and ω3 desaturases (FAD2 and FAD3, 77 

respectively) are located in the endoplasmic reticulum (ER) and use phospholipids as acyl 78 

substrates, as well as NADH, NADH-cytochrome b5 reductase, and cytochrome b5 as electron 79 

donors. On the other hand, the plastidial ω6 and ω3 desaturases (FAD6 and FAD7/8, 80 

respectively) are located in the chloroplast and use primarily glycolipids as acyl carriers, as 81 

well as NAD(P)H, ferredoxin-NAD(P) reductase, and ferredoxin as electron donors. 82 

In olive, three genes encoding the plastidial SAD have been isolated and characterised: 83 

OeSAD1 (Haralampidis et al., 1998), OeSAD2 and OeSAD3 (Parvini et al., 2016). Among them, 84 

OeSAD2 resulted to be the main gene contributing to the oleic acid content of the olive fruit 85 

and, therefore, of the virgin olive oil (Parvini et al., 2016). Regarding membrane bound 86 

desaturases, two genes encoding microsomal oleate desaturases (OeFAD2-1 and OeFAD2-2) 87 

has been reported by Hernández et al. (2005), whereas only one OeFAD6 gene has been 88 

identified so far (Banilas et al., 2005; Hernández et al., 2011). Hernández et al. (2009) suggested 89 

that OeFAD2-2 is the main gene that determines the linoleic acid content in the olive mesocarp 90 

and, therefore, in the virgin olive oil. On the other hand, four members of the olive linoleate 91 

desaturase gene family have been isolated and characterised, two microsomal (OeFAD3A, 92 

Banilas et al., 2007; OeFAD3B, Hernández et al., 2016) and two plastidial (OeFAD7-1, 93 

Poghosyan et al., 1999; OeFAD7-2, Hernández et al. 2016). Gene expression analysis and lipid 94 

profiling during olive fruit development and ripening revealed that the OeFAD7-1 and 95 
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OeFAD7-2 genes contribute mainly to the linolenic acid present in the olive oil (Hernández et 96 

al., 2016). 97 

Concerning the effect of irrigation on the olive oil quality, different and even opposite 98 

behaviours have been reported (Dag et al., 2015; Issaoui et al., 2013; Stefanoudaki et al., 2009; 99 

Tovar et al., 2002), indicating that the meteorological conditions and the growing area could 100 

have a greater effect on the olive oil fatty acid profile than the irrigation treatment. Recently, 101 

Fernández et al. (2013) tested the impact of a fully irrigated (FI) and two RDI treatments with 102 

the same RDI strategy but different irrigation levels, replacing 60% (60RDI) and 30% (30RDI) 103 

of the water supplied in FI, on a SHD olive orchard cv. Arbequina. The 30RDI strategy was the 104 

closest to an optimum irrigation management for oil production, since it improved physical oil 105 

extraction and led to the virgin olive oil with higher content of phenolic compounds and greater 106 

oleic/linoleic ratio (Fernández et al. 2013, García et al. 2017). However, no information 107 

regarding fatty acid composition of total lipids and lipid classes of mesocarp tissue during olive 108 

fruit development and ripening has been reported so far. In addition, with the exception of a 109 

previous paper from our group on how two different water regimes (rain-fed and irrigated) 110 

affect transcript levels of olive FAD2 and FAD6 genes (Hernández et al. 2009), no data related 111 

to the effect of water deficit on the fatty acid desaturase gene expression levels in olive 112 

mesocarp tissue has been reported up to date.  113 

In this sense, the aim of this work was to investigate how the three different irrigation 114 

treatments applied by Fernández et al. (2013) in the ‘Arbequina’ SHD orchard affect the oil 115 

content, fatty acid composition of total lipids and lipid classes, and fatty acid desaturase genes 116 

expression levels during olive fruit development and ripening in relation to olive oil quality.   117 

 118 

 119 
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 120 

 121 

2. Materials and Methods 122 

2.1. Orchard Characteristics and Irrigation Treatments 123 

The study was conducted in 2012 at the Sanabria orchard, a commercial SHD olive (O. 124 

europaea L., cv. Arbequina) orchard near Seville, south west Spain. Trees were planted in 2007, 125 

in rows north-northeast to south-southwest oriented, and at 4 m x 1.5 m (1667 tress ha-1). 126 

Climate in the area is Mediterranean, with mild rainy winters and hot, dry summers. Most of 127 

the annual rainfall occurs between late September and May. For the studied year, values in the 128 

area of potential evapotranspiration (ETc) and precipitation (P) were 1598.2 mm and 404.6 mm, 129 

respectively.  130 

 The irrigation season lasted from June 5 to October 22. The harvesting was made on 131 

November 13, but irrigation was not needed from October 22 because rainfall was enough to 132 

replace ETc. We had a FI treatment and two RDI treatments, as described by Fernández et al. 133 

(2013). Basically, the FI trees were irrigated daily all along the irrigation season, to replace the 134 

irrigation needs (IN), calculated as IN = ETc - Pe, being ETc the maximum potential crop 135 

evapotranspiration calculated with the crop coefficient approach and Pe the effective 136 

precipitation calculated as 75% of the precipitation recorded in the orchard (Orgaz and Fereres, 137 

2001). See Fernández et al. (2013) for details on the crop coefficients. In the RDI treatments, 138 

daily irrigation was applied just at two periods of the irrigation season when the crop is highly 139 

sensitive to water stress (Fernández, 2014), which in 2012 were in June and from late August 140 

to mid-September, i.e. at periods 2 and 3 defined by Fernández et al. (2013). At period 1 (bloom) 141 

rainfall was enough and irrigation was not needed. The RDI treatments were scaled to a total 142 

irrigation amount of 60% (60RDI) and 30% (30RDI) of IN. For details on the supplied irrigation 143 
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amounts in each treatment, see Fernández et al. (2013). Basically, in all treatments water was 144 

supplied with a pipe per tree row located close to the trunks and with a 2 L h-1 dripper every 145 

0.5 m. All treatments were fertilized with the same amounts, by injection the calculated dose in 146 

the irrigation system. The amounts of fertilizer were adapted every month to match the crop 147 

needs (Troncoso et al., 2001). We used a randomized block design with four 12 m x 16 m plots 148 

per treatment. Each plot contained eight central trees surrounded by 24 border trees. For each 149 

biological sample, the olive mesocarp tissue was collected from 50 different olive fruits 150 

harvested from the eight central trees contained in each of the four plots per treatment, frozen 151 

in liquid nitrogen and stored at -80 ºC. Olive mesocarp tissues were sampled at different times 152 

after blooming, corresponding to different developmental stages of the olive fruit. Specifically, 153 

we analysed olive fruit mesocarp immediately after the lignification of the stone at 13 weeks 154 

after flowering (WAF), when the olive fruit was completely green (16 WAF), when the olive 155 

fruit was yellowish (22 WAF), at the onset of ripening when the olive fruit was turning from 156 

green to purple (29 WAF) and finally when the olive fruit was completely purple and matured 157 

(33 WAF). 158 

159 

2.2. Total RNA Extraction and cDNA Synthesis 160 

Total RNA isolation was performed as described by Hernández et al. (2005) using 1.5 161 

g of frozen olive mesocarp tissue. RNA quality verification, removal of contaminating DNA 162 

and cDNA synthesis were carried out according to Hernández et al. (2009). 163 

 164 

2.3. Quantitative Real-Time PCR (qRT-PCR) 165 

Gene expression analysis was performed by qRT-PCR as previously described by 166 

Hernández et al. (2009). Primers for gene-specific amplification were previously designed 167 
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using the Primer3 program (http://bioinfo.ut.ee/primer3/) by Parvini et al. (2016) for SAD 168 

genes, Hernández et al. (2009) for ω6 desaturase genes, and Hernández et al. (2016) for ω3 169 

desaturase genes. The housekeeping olive ubiquitin2 gene (OeUBQ2, AF429430) was used as 170 

an endogenous reference for normalization (Hernández et al. 2009). The qRT-PCR data were 171 

calibrated relative to the corresponding gene expression level in 13 WAF mesocarp tissue from 172 

FI treatment (100%). The relative expression level of each gene was calculated following the 173 

2-ΔΔCt method for relative quantification (Livak and Schmittgen 2001). The data are presented as 174 

means ± standard deviation (SD) of three reactions performed in different 96-well plates, each 175 

having two replicates in each plate. 176 

 177 

2.4. Lipid Analysis 178 

 Olive fruit mesocarp tissue was heated at 70 ºC for 30 min with isopropanol to inactivate 179 

endogenous lipase activity. Lipids were extracted as described by Hara and Radin (1978), and 180 

lipid separation was carried out by thin layer chromatography according to Hernández et al. 181 

(2008). Fatty acid methyl esters of the different lipid preparations were produced by acid-182 

catalysed transmethylation (Garcés and Mancha, 1993), and analysed by gas chromatography 183 

(Román et al., 2012). Heptadecanoic acid was used as internal standard to calculate the lipid 184 

and fatty acid content in the samples, by comparing the peak area of a known amount of 185 

heptadecanoic acid with the peak area of the different fatty acids. Total lipid content was 186 

calculated as the sum of the different fatty acids.  Results are expressed in mol percent of the 187 

different fatty acids, and are presented as means ± SD of three independent determinations.  188 

189 

190 

191 
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192 

193 

194 

3. Results 195 

For the whole irrigation season, the irrigation amounts were 4787 m3 ha-1 for FI, 2913 196 

m3 ha-1 for 60RDI and 1346 m3 ha-1 for 30RDI. These amounts were, respectively, 102%, 63% 197 

and 29% of IN, which means that the management of irrigation was precise enough for the 198 

actual irrigation amounts to be very close of the aimed amounts. The fertilizers supplied to each 199 

treatment, for the whole fertirrigation period, amounted to 310 kg ha−1 N and K, 117 kg ha−1 of 200 

P, and 195 kg ha−1 of B and Fe. These amounts were enough to avoid nutrient deficiencies, as 201 

confirmed from leaf analyses (Fernández et al., 2013). The severe water stress, recorded as stem 202 

water potential values at midday (MPa)2, was only detected at 16 WAF in 60 RDI trees, and at 203 

13 and 16 WAF in the case of 30 RDI trees (Fernández et al., 2013). 204 

To investigate how the different irrigation levels affected olive lipid biosynthesis, we 205 

analyzed the lipid composition of olive fruit mesocarp at different stages of development and 206 

ripening in fruits from FI, 60RDI and 30RDI trees. We observed that the total lipids content 207 

increased during mesocarp development and ripening in the three treatments, with no 208 

significant differences between RDI and FI, apart from a slight reduction observed in both 209 

60RDI and 30RDI compared to FI at the beginning of mesocarp development (Fig. 1). The fatty 210 

acid composition analysis revealed small changes in the total unsaturated fatty acids content 211 

during the mesocarp development and ripening in the three irrigation treatments (Fig. 2a). 212 

However, we observed that oleic acid, as well as linolenic acid, decreased during the mesocarp 213 

development and ripening, unlike linoleic acid content that showed an increase (Fig. 2b). At 214 

the beginning of the mesocarp development, when the olive fruit was still green (13 and 19 215 
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WAF), the oleic acid contents in the 60RDI and 30RDI treatments were lower than in FI 216 

treatment. However, when the olive fruit was yellowish before maturation (22 WAF), the oleic 217 

acid contents in 60RDI and 30RDI were higher than in FI. During olive fruit ripening (29 to 33 218 

WAF), the oleic acid contents were similar in 60RDI and FI, and lower than in 30RDI. These 219 

results were in agreement with the linoleic and linolenic acid trends. The linoleic acid content 220 

was similar in the three irrigation treatments at the beginning of mesocarp development, and 221 

lower in 60RDI and 30RDI than in FI at 22 WAF. During olive mesocarp ripening (29 to 33 222 

WAF) the linoleic acid content was lower in 30RDI than in 60RDI and FI, with no differences 223 

among these two treatments. On the other hand, the linolenic acid contents in 60RDI and 30RDI 224 

were higher than in FI at 13 and 19 WAF, while the olive mesocarp was green. Later on, no 225 

significant differences were detected between the three treatments.  226 

To gain further insight into the effect of the different irrigation treatments on the olive 227 

mesocarp lipid biosynthesis, we analysed the amount and fatty acid composition of the different 228 

lipid classes during the mesocarp development and ripening of fruits from all treatments (Table 229 

S1). We did not detect any significant effect of the irrigation treatment on the amount of any 230 

lipid class. With respect to the fatty acid composition, however, we observed that the linoleic 231 

acid content was lower in TAG in 30RDI mesocarp compared to FI at 22, 29 and 33 WAF. The 232 

same effect was observed earlier in the same season for phosphatidylcholine (PC), 233 

phosphatidylethanolamine and diacylglycerol, actually, when the olive fruit was still 234 

completely green (19 WAF). On the other hand, the increase in the linolenic acid content in the 235 

30RDI mesocarp was only detected in TAG, at 13 WAF. 236 

Subsequently, we looked for possible correlations between the differences found in the 237 

fatty acid composition of the olive fruit subjected to different irrigation treatments and changes 238 

in the expression levels of the olive fatty acid desaturase genes, in order to identify the genes 239 

responsible for the observed alterations. To do that, we analyzed the expression levels of olive 240 
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desaturase genes in mesocarp tissue during the olive fruit development and ripening, in fruits 241 

of the three treatments. First, we analyzed the expression levels of the olive SAD genes, 242 

responsible for the desaturation of stearoyl-ACP in the plastid to produce oleoyl-ACP. qRT-243 

PCR expression analyses of OeSAD1, OeSAD2 and OeSAD3 genes in mesocarp tissue from the 244 

three irrigation treatments are shown in Fig. 3. No significant differences in SAD genes 245 

expression levels were found between RDI and FI fruits, with the exception of SAD1 transcript 246 

levels in the 30RDI fruits at 29 WAF, which were lower than those in 60RDI and FI fruits. 247 

Subsequently, we analyzed the expression levels of olive oleate desaturase genes (Fig. 4), 248 

responsible for the linoleic acid synthesis. Although higher levels of OeFAD2-1 were observed 249 

in 60RDI at the beginning of fruit development, the expression levels of this gene were similar 250 

in the three irrigations treatments from 22 WAF onwards. In contrast, transcript levels of the 251 

other microsomal oleate desaturase gene (OeFAD2-2) and the plastidial one (OeFAD6) were 252 

similar in the three irrigation treatments throughout fruit development and ripening. Finally, we 253 

studied the expression levels of linoleate desaturase genes (Fig. 5), involved in linoleic acid 254 

desaturation to produce linolenic acid. The expression levels of the two microsomal linoleate 255 

desaturase genes (OeFAD3A and OeFAD3B) were similar in the three irrigation treatments 256 

during olive fruit development and ripening, apart from a higher transcript level of both genes 257 

at 13 WAF only in the 60RDI treatment. Finally, the expression analysis of plastidial linoleate 258 

desaturases (OeFAD7-1 and OeFAD7-2) revealed higher transcript levels of both genes at the 259 

beginning of fruit development in 30RDI as compared to FI. This effect was also observed in 260 

60RDI, although to a lesser extent.  261 

262 

4. Discussion 263 
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 Recent evidence suggests that deficit irrigation could help to achieve sustainable 264 

balance between water saving, tree vigour and oil production in SHD olive orchards 265 

(Fernández, 2014). However, its effect on the olive oil technological, nutritional and 266 

organoleptic properties remains controversial. In this work, we have analysed the effect of 267 

60RDI and 30RDI compared to FI on lipid content, fatty acid composition and desaturase genes 268 

expression, in order to determine how different irrigation treatments affected lipid biosynthesis 269 

during fruit development and ripening. In our study, the oil yield per milligram of mesocarp 270 

tissue in the RDI treatments was lower in comparison to FI during the olive fruit development, 271 

although no significant differences were detected in oil content between the different water 272 

treatments after fruit maturation. These results are in agreement with numerous studies, which 273 

reported that oil content on per fruit basis is not usually found to be affected by water 274 

application (d’Andria et al. 2004, Grattan et al. 2006, Lavee et al. 2007, Moriana et al. 2003). 275 

García et al. (2013) reported that olive trees with deficit irrigation treatments had lower fruit 276 

production than control trees. In this sense, Ben-Gal et al. (2001) reported that olive fruit yield 277 

increased with increasing irrigation. However, the major differences found in oil yield were 278 

according to the cultivar and the biennial bearing cycle. On the other hand, Rosecrance et al.279 

(2015) suggested that moderate water stress significantly increased olive oil yield in a SHD 280 

‘Arbequina’ olive orchard, in agreement with results obtained by García et al. (2013), Girona 281 

et al. (2002) and Iniesta et al. (2009). They found that the lower fruit production in the 282 

deficiently irrigated trees was compensated for by a more efficient physical extraction, because 283 

of the lower proportion of water in the fruit.  284 

              Interestingly, no significant change was detected in the content of any of the different 285 

lipid classes during the mesocarp development and ripening exposed to 60RDI, 30RDI and FI 286 

(Table S1). Distinct results were obtained when plant leaves were used (Liljenberg, 1992) 287 

including olive (Guerfel et al., 2008), where a decrease in galactolipids 288 
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(monogalactosyldiacylglycerol and digalactosyldiacylglycerol) and phospholipids (mainly PC) 289 

has been described in response to water deficit stress. The fact that in 60RDI and 30RDI there 290 

is not a complete water deficit could explain these contrasting results.  291 

 Regarding our results on the TAG fatty acid composition, no significant differences 292 

were detected in the total unsaturated fatty acid content between the RDI treatments and FI. 293 

This agrees with findings by Dabbou et al. (2015), who reported that the unsaturated/saturated 294 

ratio was not considerably affected by irrigation in cultivar Coratina. This result is also in 295 

accordance with the expression levels of olive SAD genes detected in this work, which did not 296 

show significant differences between RDI conditions and FI, with the exception of SAD1 297 

transcript levels in the 30RDI treatment at 29 WAF. However, OeSAD2 and not OeSAD1 was 298 

the gene known to be the main responsible for the content of oleic acid and its polyunsaturated 299 

derivatives in the olive mesocarp and, therefore, in the olive oil (Parvini et al., 2016). In 300 

addition, our results suggest that OeSAD1 and OeSAD3  genes are not related to olive tree water 301 

stress, since their expression levels and the unsaturated fatty acid content in lipid classes were 302 

similar under the different irrigation regimes. 303 

 304 

          Although the total unsaturated fatty acid content was not affected by water supply, we 305 

observed differences among treatments in the linoleic acid content. The 30RDI mesocarp 306 

showed a lower linoleic acid content than the 60RDI and FI treatments after fruit maturation, 307 

indicating that only the most severe water stress strategy had an effect on the linoleic acid 308 

content. This agrees with the already reported high oleic/linoleic ratio found in the oil obtained 309 

from the same 30RDI trees (García et al., 2017). Changes in linoleic acid content are usually 310 

the most consistently effect of irrigation on the fatty acid composition. Berenguer et al. (2006) 311 

reported a reduction in the linoleic acid content for severely stressed trees (15-25% water of 312 

control) in a SHD ‘Arbequina’ orchard. A similar behaviour was observed by Gómez-del-313 
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Campo et al. (2013), who reported a reduction in the linoleic acid content when irrigation of 314 

‘Arbequina’ trees was 30% of control. Also, Caruso et al. (2014) detected lower levels of 315 

linoleic acid in oils from deficit irrigated ‘Frantoio’ olive trees. However, in these last two cases 316 

differences between water treatments resulted dependent on the climatic conditions. On the 317 

other hand, a clear trend of reduction in oleic/linoleic ratio with increasing water stress was 318 

observed in oils from ‘Koroneiki’ trees (Dag et al., 2015; Stefanoudaki et al., 2009). Therefore, 319 

the effect of irrigation on fatty acid composition seems to depend on the cultivar and on 320 

meteorological conditions. In this sense, Hernández et al. (2009) reported that water stress was 321 

cultivar dependent, since irrigated olive trees of the cv. Arbequina showed a slight increase in 322 

linoleic acid content in comparison to rain-fed trees. This effect was not observed in ‘Picual’ 323 

trees. Moreover, the increase in linoleic acid content observed in that study in cv. Arbequina 324 

with irrigation correlated well with the higher expression level detected for OeFAD2-2, the 325 

main gene responsible for the linoleic acid synthesis in the mesocarp (Hernández et al. 2009). 326 

These data indicated that, in this cultivar, irrigation produced an increase in the OeFAD2-2 327 

transcript level and, thus, in the linoleic acid content. However, in the present study we did not 328 

find a correlation between the linoleic acid content in the different irrigation treatments and the 329 

oleate desaturase genes expression levels, possibly because the water stress was not as severe 330 

as that found under rain-fed conditions. This could explain that the expression levels of the 331 

OeFAD2-2 gene were not affected (Fig. 4). On the other hand, although OeFAD2-1 and 332 

OeFAD6 genes have been shown to be transcriptionally regulated by different environmental 333 

factors (Hernández et al., 2011), our results show that their expression levels do not appear to be 334 

affected by differences on irrigation during fruit maturation. This is in agreement with results 335 

previously reported by Hernández et al. (2009). Therefore, a possible explanation for the 336 

decrease in linoleic acid content under RDI conditions could be the alteration of the transcript 337 

levels of an un-identified oleate desaturase gene. Furthermore, the reduction in linoleic acid 338 
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content was observed first in PC (19 WAF), where linoleic acid is synthesized in the ER, and 339 

phosphatidic acid and diacylglycerol, the precursors of TAG in the Kennedy pathway, and later 340 

on in TAG (22 WAF) (Table S1). These data support the hypothesis that an un-identified FAD2 341 

gene could be repressed by water stress, decreasing in PC the content of linoleic acid, which is 342 

then transferred to TAG. Nevertheless, the existence of post-transcriptional regulatory 343 

mechanisms of known FAD2 genes cannot be discounted.  344 

 Differences in water conditions seem to have little effect on the linolenic acid content. 345 

Most authors reported either no significant differences in linolenic acid levels detected using 346 

different irrigation treatments (Caruso et al., 2014; Dabbou et al., 2011; Servili et al., 2007; 347 

Tognetti et al., 2007), or slight, inconsistent changes. While Berenguer et al. (2006) and Toplu 348 

et al. (2009) described an increase in the linolenic acid content in oils made from trees receiving 349 

increased amount of irrigation, the opposite effect was described by Dabbou et al. (2010) and 350 

Stefanoudaki et al. (2009). Our data reveal a gradual increase in linolenic acid content with 351 

decreasing irrigation, only at early stages of fruit development. After fruit ripening, when olive 352 

fruits are harvested to produce olive oil, we did not observe any difference in linolenic acid 353 

content between the different irrigation treatments. These results correlate well with the 354 

increased expression levels detected for OeFAD7-1 and OeFAD7-2 genes in 60RDI and 30RDI 355 

mesocarps, at the beginning of fruit development. Hernández et al. (2016) suggested that 356 

FAD7-1 and FAD7-2 are mainly responsible for the synthesis of the linolenic acid present in 357 

the virgin olive oil, since both plastidial ω3 desaturase isoforms catalyse the desaturation of 358 

linoleoyl-galactolipids to produce linolenoyl-galactolipids and then, linolenic acid is exported 359 

to the ER to be incorporated into TAG. Therefore, the higher transcript levels of OeFAD7-1 360 

and OeFAD7-2 genes observed in 60RDI and 30RDI conditions caused an increase in linolenic 361 

acid in galactolipids, and this linolenic acid could be then transferred to TAG. However, this 362 

effect was observed at early stages of fruit development only. Since olive fruits are harvested 363 
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after fruit ripening, about 29 WAF, when OeFAD7-1 and OeFAD7-2 genes were not affected 364 

by irrigation, no significant differences were observed in the linolenic acid in oils obtained from 365 

different irrigation treatments, as previously reported (García et al., 2017).   366 

 367 

 368 

 369 

5. Conclusions 370 

Our results suggest that a deficit irrigation of 30% of the IN induced an increase in the 371 

oleic/linoleic ratio in olive mesocarp after fruit maturation and, therefore, in the olive oil. From 372 

this point of view, the 30RDI strategy resulted suitable for sustainable water saving and oil 373 

quality improvement. Although one year may be a limited period of time for drawing definitive 374 

management conclusions, it is noteworthy that this is the first detailed study that analyses 375 

responses of fatty acid composition to water stress at the gene level from field samples. The 376 

lack of correlation with the expression of known oleate desaturase genes (FAD2-1, FAD2-2 and 377 

FAD6) and the decrease in linoleic acid in PC, where linoleic acid is synthesised in the ER, 378 

points out to an un-identified OeFAD2 gene that could be repressed by water stress, although 379 

the existence of post-transcriptional regulatory mechanisms of known FAD2 genes cannot be 380 

discarded. The increase in the linolenic acid content observed at the beginning of fruit 381 

development under 30RDI conditions could be explained by the observed induction of the 382 

OeFAD7-1 and OeFAD7-2 genes, which are the main responsible for the linolenic acid content 383 

in the olive oil. However, this effect was not noticeable in the olive oil since it was not observed 384 

during fruit ripening, when the olive fruits are harvested to produce the olive oil. This study 385 

constitutes a significant step towards the understanding of the molecular mechanisms involved 386 

in the response to water stress and related to fatty acid desaturation in oil fruits. For most 387 

farmers, however, the production target is not to obtain the olive oil of greatest quality, but the 388 
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most productive balance, in terms of net income, between olive yield and olive quality. 389 

Consequently, to decide on the irrigation management of a particular olive orchard will imply 390 

to combine our findings with those on the effect of the irrigation strategy on oil yield. 391 

392 

393 
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561 

562 

563 

FIGURE CAPTIONS 564 

565 

Figure 1. Effect of RDI treatments on the total lipid content in mesocarp tissue from cultivar 566 

Arbequina during olive fruit development and ripening. At the indicated times, total lipid 567 

content was analysed as described in Materials and Methods. Data are mean ±SD from three 568 

independent experimental determinations.569 

Figure 2. Effect of RDI treatments on the unsaturated fatty acids percentage a), and the oleic, 570 

linoleic and linolenic acids percentage b), in the mesocarp tissue from cultivar Arbequina 571 

during olive fruit development and ripening. At the indicated times, fatty acids were analyzed 572 

by gas chromatography as described in Materials and Methods. Data are mean ±SD from three 573 

independent experimental determinations. * indicates that 60RDI is significant different (p ≤ 574 

0.05) to FI according to two-way ANOVA with a Bonferroni post test. ** indicates that 30RDI 575 

is significant different (p ≤ 0.05) to FI according to two-way ANOVA with a Bonferroni post 576 

test. 577 

578 

Figure 3. Effect of RDI treatments on the relative expression levels of olive SAD genes 579 

(OeSAD1, OeSAD2 and OeSAD3) in the mesocarp tissue from cultivar Arbequina during olive 580 

fruit development and ripening. At the indicated times, relative expression levels were 581 

determined by qRT-PCR as described in Materials and Methods. Data are mean ±SD from three 582 

independent experimental determinations. * indicates that 60RDI is significant different (p ≤ 583 
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0.05) to FI according to two-way ANOVA with a Bonferroni post test. ** indicates that 30RDI 584 

is significant different (p ≤ 0.05) to FI according to two-way ANOVA with a Bonferroni post 585 

test. 586 

587 

Figure 4. Effect of RDI treatments on the relative expression levels of olive ω-6 desaturase 588 

genes (OeFAD2-1, OeFAD2-2 and OeFAD6) in the mesocarp tissue from cultivar Arbequina 589 

during olive fruit development and ripening. At the indicated times, relative expression levels 590 

were determined by qRT-PCR as described in Materials and Methods. Data are mean ±SD from 591 

three independent experimental determinations. * indicates that 60RDI is significant different 592 

(p ≤ 0.05) to FI according to two-way ANOVA with a Bonferroni post test. ** indicates that 593 

30RDI is significant different (p ≤ 0.05) to FI according to two-way ANOVA with a Bonferroni 594 

post test. 595 

 596 

Figure 5. Effect of RDI treatments on the relative expression levels of olive ω-3 desaturase 597 

genes (OeFAD3A, OeFAD3B, OeFAD7-1 and OeFAD7-2) in the mesocarp tissue from cultivar 598 

Arbequina during olive fruit development and ripening. At the indicated times, relative 599 

expression levels were determined by qRT-PCR as described in Materials and Methods. Data 600 

are mean ±SD from three independent experimental determinations. * indicates that 60RDI is 601 

significant different (p ≤ 0.05) to FI according to two-way ANOVA with a Bonferroni post test. 602 

** indicates that 30RDI is significant different (p ≤ 0.05) to FI according to two-way ANOVA 603 

with a Bonferroni post test. 604 

605 




