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ABSTRACT   18 

The involvement of different isoforms of genes encoding phospholipases D (CsPLDα, 19 

CsPLDβ, CsPLDδ, CsPLDγ and CsPLDζ) and A2 (CsPLA2α, CsPLA2β and CsPAT1) on 20 

starvation-induced postharvest non-chilling peel pitting (NCPP) has been compared in the 21 

inner (albedo) and outer (flavedo) parts of the peel of citrus fruit treated or not with sucrose 22 

(Suc). The study has been performed in Navelate (Citrus sinensis (L.) Osbeck) sweet 23 

orange, which is prone to NCPP, stored under non-stressful environmental conditions (90-24 

95 % relative humidity (RH) and 20 ºC). Transcriptional changes, as well as respiration rate 25 

and ATP content evolution during fruit storage were compared in both peel tissues. Results 26 

indicated that the albedo is more susceptible than the flavedo to starvation; and that, at early 27 

stress stage, ATP and all CsPLD isoforms and CsPLA2β are good indicators of carbon 28 

starvation in the albedo, and CsPLDβ in the flavedo. These carbon starvation-induced 29 

signals were not activated when Suc was applied as an external energy source. In the 30 

second phase of starvation, expression of all CsPLD-encoding genes increased with NCPP; 31 

and CsPLDγ and CsPLDζ showed major increases in both peel tissues. The correlation of 32 

the expression of CsPLA isoforms with damage development was lower. In this phase, Suc 33 

may protect the fruit by providing additional energy sources to sustain respiration; and by 34 

favouring phospholipid-derived signaling messengers mediated by CsPLDβ and CsPAT1 in 35 

the albedo, CsPLDζ in the flavedo, and CsPLA2β in both tissues. Results from the 36 

examination of changes in gene expression point out tissue specificities in the expression of 37 

PL genes but also different susceptibility to starvation between the flavedo and the albedo 38 

in citrus fruit.  39 

 40 
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1. INTRODUCTION  43 

Nutrient deprivation may be an important abiotic stress that fruit undergo after 44 

detachment since they have to sustain respiration and survive from their own energy 45 

reserves for prolonged periods during postharvest storage. However, little is known about 46 

the mechanisms underlying carbon starvation and energy shortage caused by fruit 47 

detachment and their putative involvement in postharvest losses (Saquet et al., 2003; Yi et 48 

al., 2008; Romero et al., 2020). Different studies report on the responses of culture cells, 49 

and of both photosynthetic tissues and non-photosynthetic tubers containing abundant 50 

carbon respiratory sources to carbon starvation (Aubert et al., 1996; Smith and Stitt, 2007; 51 

Baena-González and Sheen, 2008); but knowledge in non-photosynthetic sink organs like 52 

the peel of citrus fruit, which has fewer carbon sources, is scarce. Different evidences from 53 

our group suggested the involvement of carbon starvation and energy demand to sustain 54 

respiration on the development of a postharvest physiological disorder in citrus fruit, which 55 

manifests as depressed areas affecting the inner (albedo) and outer (flavedo) part of the 56 

peel, named non-chilling peel pitting (NCPP) (Cajuste et al., 2011; Lafuente et al., 2014; 57 

Establés-Ortiz et al., 2016; Romero et al., 2020). Moreover, results from Romero et al. 58 

(2020) in citrus fruit were in concordance with others showing that cellular perception of 59 

energy shortage, determined as a decrease in adenosine triphosphate (ATP), may affect cell 60 

membrane integrity (Rawyler et al., 1999, 2002).  61 

Phospholipids are key structural elements of biomembranes but also serve as rich 62 

sources for second messengers in plants (Wang, 2001; Meijer and Munnik, 2003). 63 

Membrane integrity can be lost because of phospholipid catabolism in plants exposed to 64 

severe stress; but activation of phospholipases (PLs) under mild stress may lead to 65 

signaling molecules triggering plant defense responses. PLD catalytic activity on 66 
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phosphatidylcholine (PCho), producing choline (Cho) and the second lipid messenger 67 

phosphatidic acid (PA), initiates the downstream response cascade; in turn, PA can be 68 

degraded by phospholipases A (PLA). Different PLD and PLA2 encoding genes have 69 

distinguishable functions in the response to stresses in plants and citrus fruit (Wang, 2001; 70 

Ryu, 2004; Romero et al., 2013a, 2014); and a specific crosstalk between genes encoding 71 

these enzymes in the regulation of the response to different stresses has been suggested in 72 

plants and in citrus fruit (Romero et al., 2014). Alteration of membrane integrity has been 73 

related to the development of NCPP caused by sharp changes in peel water potential and in 74 

the activities of PLD and PLA2 (Alférez et al., 2008; Cronjé et al., 2017). Moreover, the 75 

role of different PLD and PLA2 encoding genes in response to water stress has been 76 

reported in model plants and citrus fruit and leaves (Katagiri et al., 2001; Hong et al., 2008; 77 

Romero et al., 2013a, 2014). Other data indicate that PLD may be involved in the induction 78 

of chilling injury in cucumber and citrus fruit, which in the latter manifests as peel damage 79 

but showing different symptomology to NCPP (Mao et al., 2007; Lafuente et al., 2017). 80 

However, no information exists about the involvement of PLD and PLA2 encoding genes in 81 

starvation-induced NCPP. Moreover, transcriptional approaches to unravel their 82 

involvement on the response of plants to starvation are scarce. 83 

As far as we know, no information exists in plants involving PLA2 in the starvation 84 

response. On the other hand, literature about starvation and PLD in plants mainly focus in 85 

PLDζ isoform and refers to vegetative tissues and inorganic phosphate (Pi) (Cruz-Ramírez 86 

et al., 2006). In fact, this is a key gene in the biosynthesis of galactolipids, hydrolysing 87 

PCho and phosphatidylethanolamine (PE) to produce diacylglycerol and Pi. In this regard, 88 

it is noticing that treating citrus fruit with an external source of carbon (glycerol) favors 89 

alternative modes of energy in the flavedo leading to the increase of Pi, which is necessary 90 
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for ATP production, and reduced NCPP development associated with fruit detachment-91 

induced energy shortage (Romero et al., 2020). In suspension cells, it has been also shown 92 

that phospholipid catabolic pathway and, specifically, PLD were activated at the early 93 

stages of starvation (Lee et al., 1998).  94 

In spite of sugars acting as external energy sources and controlling regulatory 95 

networks and interactions with multiple signaling pathways (Rollan et al., 2002), the effect 96 

of sugars on phospholipid catabolism and signaling remains unknown in plants. However, 97 

in the context of the present work, it merits attention that adding external energy sources as 98 

glycerol or pyruvate to Suc-starved cells stopped the accumulation of PCho and reduced 99 

cell autophagy (Aubert et al., 1996). Here, aiming to understand the role of PLD and PLA 100 

on starvation-induced postharvest NCPP development, we have examined transcriptional 101 

changes of 5 PLD and 3 PLA-encoding genes in the flavedo and albedo of Navelate (Citrus 102 

sinensis (L.) Osbeck) sweet orange, which is prone to develop NCPP. To that end, the fruit 103 

was stored under conditions that minimize environmental stress and do not alter water, 104 

osmotic and turgor potentials of flavedo and albedo tissues (constant 90-95 % relative 105 

humidity (RH) and 20 ºC) (Cajuste et al., 2010). Storage conditions were also selected to 106 

avoid alteration of the storage atmosphere (unwaxed fruit held in open plastic boxes), to 107 

focus on the starvation effect. Transcriptional changes, as well as respiration and ATP 108 

content, have been compared in the flavedo and albedo, because both tissues are affected by 109 

NCPP (Cajuste et al., 2011) and their morphology and ability to provide energy is different 110 

(Matas et al., 2010; Establés-Ortiz et al., 2016). Likewise, tissue-specificity in the 111 

expression of the citrus PL-encoding genes has been proven (Romero et al., 2014). 112 

Moreover, the effect of an external energy source (Suc) on these changes is examined.  113 

 114 
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2. MATERIAL AND METHODS 115 

2.1. Fruit material and chemical treatments 116 

Full mature Navelate (Citrus sinensis (L.) Osbeck) sweet oranges were randomly 117 

harvested from trees grown in commercial orchards in Lliria (Valencia, Spain). The fruit 118 

with no visual defects were immediately delivered to the laboratory and divided into two 119 

groups. Fruit from the first group were dipped for 2 min in aqueous solutions containing 10 120 

mM Suc and fruit from the second group were dipped in water and used as control. The Suc 121 

concentration was selected because its efficacy reducing NCPP (Romero et al., 2020). After 122 

drying at room temperature, fruit in both groups were sorted into two subgroups. The first 123 

subgroup was made up of three replicates of ten fruit each to estimate NCPP along fruit 124 

storage up to 10 d; and the second subgroup of three replicates of five fruit per storage 125 

period, which were used for ATP and CO2 analyses and for determining changes in the 126 

expression levels of genes encoding the enzymes PLD and PLA2. Two discs from the 127 

equatorial zone of each fruit were taken at each sampling period to determine immediately 128 

CO2 production of flavedo and albedo as described below (Section 2.4). The rest of the 129 

tissue from flavedo and albedo of the fruit used for taking the discs was immediately 130 

frozen, homogenised in liquid nitrogen and kept at -80 ºC for later determinations. All the 131 

fruit were stored at 20 ºC and 90-95 % RH to minimize temperature and water stresses.  132 

 133 

2.2. Determination of nonchilling peel pitting incidence  134 

The incidence of NCPP disorder, which manifests as collapsed surface areas that 135 

affects to the albedo and the flavedo (Supplementary Fig. S1), was estimated by calculating 136 

the percent of fruit showing damage. The same fruit were used at the various evaluations 137 
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dates and the results are provided as the mean of three biological replicate samples of ten 138 

fruit each ± standard error. 139 

 140 

2.3. RNA isolation, cDNA synthesis and RT-qPCR analysis 141 

Total RNA isolation, cDNA synthesis and RT-qPCR analysis were performed as 142 

previously described by Romero et al. (2013b). Total RNA was extracted from the albedo 143 

and flavedo tissues and treated with Ribonuclease-free DNAse (Applied Biosystems) 144 

according to the manufacturer’s instructions for removing genomic DNA contaminations. 145 

Total RNA concentration was measured spectrophotometrically, and its quality and 146 

integrity verified by agarose gel electrophoresis and GelRed staining (Biotium). The 147 

cDNAs from all samples were synthesized from 2 μg of total RNA. First-strand cDNA 148 

synthesis was performed by using SuperScript III RT (Invitrogene) and Ribonuclease 149 

Inhibitor (Invitrogene) following the manufacturer’s instructions. Gene-specific primer 150 

pairs were designed for the gene expression analysis with DNAMAN 4.03 software 151 

(Lynnon BioSoft). Forward and reverse sequences for specific primers (CsPLDα, CsPLDβ, 152 

CsPLDδ, CsPLDγ and CsPLDζ; and  CsPLA2α, CsPLA2β and CsPAT1) are shown in 153 

Supplementary Table S1. For data normalization, two reference genes (CsACT and CsTUB) 154 

were used. A LightCycler480 System (Roche Diagnostics) was used with SYBR Green 1 155 

Master (Roche Diagnostics) to monitor cDNA amplification at 95 ºC for 10 s, 60 ºC for 5 s 156 

and 72 ºC for 10 s. The Relative Expression Software Tool (REST, http://rest.gene-157 

quantification.info) was used for gene expression analysis. Expression levels for all albedo 158 

and flavedo samples were referred to that obtained in the albedo and flavedo of freshly 159 

harvested fruit, respectively. All the values are provided as the mean of three biological 160 

replicates samples, with at least two technical replicates ± standard error.  161 
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 162 

2.4. Determination of ATP and respiration rate  163 

ATP analysis was performed on freeze-ground albedo and flavedo samples as 164 

reported by Romero et al., (2020). Briefly, 100 mg of the frozen tissues were extracted 165 

twice with 1.2 mL of chilled 0.5 g L-1 trichloro acetic acid (TCA) using a Mini Beadbeater 166 

8 Cell Disruptor (Biospec Products, Inc.). After centrifugation (14000 x g at 4 ºC for 6 167 

min), an aliquot of 0.6 mL was taken from each supernatant. The combined aliquots were 168 

neutralized and then diluted with 0.1 M Tris acetate buffer (pH 7.75), so that the final 169 

sample TCA concentration was lower than 0.1 %, to determine the ATP content using a 170 

luciferin/luciferase kit from Sigma (Catalog Number FL-AA, Sigma-Aldrich, St. Louis, 171 

MO, USA) by following the manufacturer’s instructions. Two independent diluted extract 172 

aliquots per biological replicate of albedo or flavedo sample were analyzed.   173 

The respiratory rate of flavedo and albedo discs were determined at each sampling 174 

period immediately after separating the flavedo and albedo from the fruit. They were 175 

measured periodically during fruit storage in three replicate samples. Two discs of 7 mm 176 

diameter per fruit were taken from the same fruit used to determine ATP or changes in gene 177 

expression; and a total of five fruit per replicate were used. Three replicate samples of 178 

albedo or flavedo discs were incubated at 20 ºC in sealed 15-mL glass tubes for 1 h for CO2 179 

determination. One mL of gas sample was withdrawn from the head space of each tube 180 

with a hypodermic syringe and injected into a Gas Chromatograph (Perkin Elmer 181 

Autosampler), equipped with a Chromosorb 102 column kept at 60 ºC and a thermal 182 

conductivity detector. The results of ATP and respiration rate are provided as the mean of 183 

three biological replicate samples ± standard error. 184 

 185 
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2.5. Statistical analysis 186 

The results are the means of three biological replicated samples ± standard error. A 187 

mean comparison using the Tukey’s test was made to determine whether mean values 188 

differed significantly at P ≤ 0.05. The analyses were performed with the Statgraphics Plus 189 

4.0 Software (Manugistics, Inc.). 190 

 191 

3. RESULTS 192 

 193 

3.1. Effect of Sucrose on changes in NCPP incidence  194 

The incidence of NCPP was determined in Navelate oranges stored under 195 

conditions that minimize atmospheric or environmental stresses (unwaxed fruit held in 196 

open plastic boxes at 90-95 % RH and 20 ºC) since they may favor this physiological 197 

disorder in citrus fruit (Ben-Yehoshua et al., 2001; Alférez et al., 2003; Romero et al., 198 

2012). Under these storage conditions, weight loss was lower than 1 % (Supplementary 199 

Fig. S1A), no difference in weight loss was found between the control and the Suc-treated 200 

fruit (Supplementary Fig. S1A), and the fruit developed the NCPP syndrome 201 

(Supplementary Fig. S1B) after 2 d (Fig. 1). The incidence of the disorder increased during 202 

fruit storage and was significantly reduced by treating the fruit with Suc (Fig. 1). By day 5, 203 

about the 43 % of control fruit showed NCPP, while the disorder was only detected in 204 

about the 23 % of the Suc-treated fruit. Important differences were maintained until the end 205 

of the experiment between the control and the Suc-treated fruit, when the incidence of the 206 

disorder in control fruit was close to the 80 % (Fig. 1).   207 

 208 

3.2. Changes in respiration and ATP content in the flavedo and albedo  209 
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The respiratory rate of the flavedo was much higher than that of the albedo. Both 210 

tissues showed the characteristic respiration trend in starved plants (Krotkov, 1939). It 211 

decreased in both tissues after fruit detachment and such decrease was transitory (Fig. 2). 212 

Such transient decrease occurred immediately after harvesting the fruit (1 d) and was more 213 

marked in the albedo, which showed lower ability to recover the respiratory rate of freshly 214 

harvested fruit. Treating the fruit with Suc clearly modified such trend in the flavedo, since 215 

respiration of the Suc-treated fruit remained almost constant during fruit storage (Fig. 2B). 216 

Suc had a lower effect in the albedo in terms of the initial and transient decrease in 217 

respiration although the treatment increased the ability of these fruit to recover the 218 

respiratory rate observed immediately after detachment (Fig. 2B).   219 

The ATP content also decreased after fruit detachment in the inner and outer part of 220 

the peel, although a sharp but transient increase in ATP occurred in the albedo of control 221 

fruit by day 1. However, by day 3, ATP content was about 2-fold lower in the albedo than 222 

in the flavedo (Fig. 3A and 3B). Suc reduced the decrease in ATP content in both tissues 223 

and its effect was observed first in the albedo (Fig. 3A and 3B). Thus, no effect of Suc was 224 

found by day 3 in the flavedo, while ATP levels were about twice in the albedo of the Suc-225 

treated fruit respect to the control fruit. This effect was observed later (7 d) in the flavedo. 226 

Keeping control fruit stored for longer periods led to an increase in ATP content in both 227 

peel tissues, which was higher in the flavedo, and such increases were reduced by applying 228 

Suc.  229 

 230 

3.3. Effect of fruit detachment and sucrose supply on the PLs-encoding genes  231 

The transcriptional changes of a relevant set of CsPLs in response to carbon 232 

starvation conditions caused by detachment in the flavedo and albedo of Navelate oranges 233 
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and leading to NCPP has been explored because both tissues show different ability to 234 

provide energy (Matas et al., 2010) and susceptibility to develop this disorder (Cajuste et 235 

al., 2011; Establés-Ortiz et al., 2016). Morevoer, how these changes are affected by Suc 236 

treatment has been examined becasue external energy sources reduce NCPP (Romero et al., 237 

2020). Different PLD and PLA2 isoforms play distinct roles in the response of plants to 238 

stresses; and a crosstalk between genes encoding these enzymes in the response to different 239 

stress cues has been reported in plants and in citrus fruit (Romero et al., 2014).  In this 240 

work, the set of genes have been selected on view of previous research indicating their 241 

putative involvement in the development of NCPP in citrus fruit held under stressful 242 

storage conditions (Romero et al., 2014). Levels of expression of the different PLD and 243 

PLA2 isoforms were always higher at harvest in the flavedo than in the albedo (Fig. 4). 244 

Among the five genes encoding PLD (CsPLDα, CsPLDβ, CsPLDδ, CsPLDγ and CsPLDζ), 245 

major differences between both tissues were found in CsPLDβ and CsPLDγ genes, whose 246 

expression was about 6- and 12-fold higher in the flavedo, respectively. Among the three 247 

genes encoding PLA2 (CsPLA2α, CsPLA2β and CsPAT1), CsPAT1 and CsPLA2α showed 248 

major differences (14- and 8-fold higher in the flavedo, respectively) (Fig. 4). 249 

The expression of PLD-encoding genes increased in the flavedo of control fruit after 250 

fruit detachment. The pattern of changes in gene expression differed during fruit storage at 251 

20 ºC and 90-95 % RH (Fig. 5). The expression of CsPLDα, CsPLDδ, CsPLDγ and 252 

CsPLDζ increased after 3 d. The CsPLDδ–encoding gene showed the highest increase. 253 

Such increase was transitory and reached a maximum by day 3. A faster (1 d) and transient 254 

increase was also observed in the expression of the CsPLDβ–encoding gene, although it 255 

was lower. In contrast, the expression of CsPLDα, CsPLDγ, and CsPLDζ increased from 3 256 

to 10 d. Treating the fruit with Suc had a strong impact in the trend of changes in the 257 
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expression of all PLD-encoding genes in the flavedo (Fig. 5). In general, Suc avoided the 258 

rise observed in the control non-treated fruit. This effect was more marked in the CsPLDα-, 259 

CsPLDγ- and CsPLDδ-encoding genes. Moreover, expression levels of the CsPLDβ and 260 

CsPLDζ isoforms in the flavedo of the Suc-treated fruit mirrored those of their respective 261 

control fruit (Fig. 5). 262 

PLD-encoding genes were also up-regulated in the albedo after fruit detachment 263 

(Fig. 6). Except for CsPLDβ, expression patterns in the albedo did not parallel those 264 

observed in the flavedo (Fig. 5), although some similarities were found for each individual 265 

gene. A common feature for all PLD-encoding genes was the early (1d) and transient 266 

increase in their expression, which was specially marked in the CsPLDδ-encoding gene 267 

(7.5-fold increase) (Fig. 6). The expression of this gene also peaked by day 7, which 268 

paralleled the trend found in the flavedo. However, the relative increase in gene expression 269 

was much higher in the albedo (Fig. 5 and 6). In this tissue, the time course changes in the 270 

expression of the CsPLDα-encoding gene was similar to that of CsPLDδ although the 271 

transcript accumulation was lower. Finally, expression levels of the CsPLDγ and CsPLDζ 272 

isoforms increased, like in the flavedo, at the end of the experiment. The relative increase 273 

found in CsPLDγ was about 4.5-fold higher in the albedo (Fig. 5 and 6). As in the flavedo, 274 

in general, Suc had an effect reducing the up-regulation of PLD-encoding genes in the inner 275 

peel part (Fig. 6). Examination of changes in the expression of the CsPLDβ gene revealed 276 

that Suc repressed the early (1 d) rise in the expression of this gene in the albedo. However, 277 

it caused a marked transient up-regulation, respect to its control sample, at a later storage 278 

period (Fig. 6). 279 

CsPLA2α was down-regulated after detachment in the inner and outer peel parts, 280 

although its expression increased at long term in the flavedo (Fig. 7). Suc had a much lower 281 
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effect on changes in the expression of this gene than in the expression of the PLD-encoding 282 

genes. It had also a lower effect on the expression of CsPAT1 in the flavedo (Fig. 7A), 283 

which transiently increased after fruit detachment, reaching a maximum by day 3. The 284 

expression of this gene barely changed in the albedo of the control fruit but Suc had a 285 

marked effect favouring a transient peak by day 7 after fruit detachment (Fig. 7B). An early 286 

(1 d) transient increase in CsPLA2β expression levels occurred as a consequence of 287 

detachment in both the flavedo and albedo of control fruit, which was repressed by 288 

applying Suc (Fig. 7). Its expression barely changed after 3 d in the albedo (Fig. 7B) and it 289 

increased in the flavedo (Fig. 7A). Such increase was reduced by Suc (Fig. 7A) although 290 

the treatment markedly increased CsPLA2β expression in the albedo, both at the beginning 291 

and at the end of the experiment (Fig. 7B).  292 

 293 

4. DISCUSSION  294 

Data obtained in control and Suc-treated fruit on respiration, ATP content, and 295 

expresion of PL-encoding genes participating in plant defense signaling but also in lipolysis 296 

in starved cells, reinforce the idea that energy shortage caused by carbon starvation is an 297 

important factor for NCPP development in detached citrus fruit stored under non-stressful 298 

environmental conditions (Cajuste et al., 2011; Establés-Ortiz et al., 2016; Romero et al., 299 

2020). Our results also support that the albedo is more susceptible to this stress than the 300 

flavedo. In fact, respiration of the flavedo was much higher than that of the albedo, which 301 

reflects a higher metabolic activity, and agrees with the higher ability of the flavedo to 302 

provide energy (Matas et al., 2010). In addition, the trend of changes in albedo respiration 303 

better mimicked the characteristic respiratory trend associated with starvation in plants. 304 

This trend is characterized by an early transient decrease in the respiration rate, associated 305 
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with the decrease in cellular carbohydrate levels, which is followed by a second survival 306 

phase (Krotktov, 1939; Brouquisse et al., 1992). This second phase involves energy 307 

reconfiguration to provide additional energy sources to sustain respiration and requires 308 

breakdown of proteins and lipids and other alternative modes of energy metabolism 309 

(Brouquisse et al., 1992). In this work, the relative decrease in respiration was more marked 310 

in the albedo than in the flavedo, and the second phase delayed in the inner tissue, (Fig. 2), 311 

which is in concordance with lower ability of the albedo to provide energy sources (Matas 312 

et al., 2010). 313 

The results also agree with previous findings indicating that sugar starvation can be 314 

reversed and respiratory rate restored by sugar replenishment until starvation becomes 315 

irreversible (Brouquisse et al., 1992; Graham et al., 1994). This result suggest that 316 

exogenous Suc serves as an additional fuel for respiration and reduces the use of alternative 317 

energy sources like the breakdown of lipids and proteins that ends in membrane 318 

deterioration and peel damage in citrus fruit (Cajuste et al., 2011; Establés-Ortiz et al., 319 

2016). This is in concordance with findings showing that extenal energy souces like 320 

glycerol or ATP reduce lipid and protein degradation, and NCPP in citrus fruit (Romero et 321 

al., 2020). The effect of Suc on maintaining respiration was lower in the albedo than in the 322 

flavedo, which might be related to poor Suc penetration in the inner part of the peel. 323 

However, this exogenous energy source had a marked effect on changes in ATP and on the 324 

expression of PLD and PLA2- encoding genes in the less energetic peel tissue (albedo) (Fig 325 

3B, 6 and 7). It was surprising to find the early sharp and transient increase in ATP peaking 326 

at 1 d in the albedo of control fruit (Fig. 3B) since previous findings in citrus fruit (Romero 327 

et al., 2020) and in plant cells (Rawyler et al., 1999, 2002), indicate that cellular perception 328 

of energy shortage, manifested as a decrease in ATP, precedes to damage development 329 
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associated with loss of cell membrane integrity. However, we should bear in mind that this 330 

early peak, occurring immediately after harvesting the fruit, was avoided by treating the 331 

fruit with Suc and was followed by a sharp decline in ATP at the second starvation phase 332 

(Fig. 3), which preceded NCPP development (Fig. 1). As mention above, in this phase, 333 

lipid utilization starts to cope with carbon-starvation. The situation is not simple, but an 334 

interesting idea from these results and others indicating that exogenous ATP reduces energy 335 

shortage by over-representing energy-related processes and orchestrates plant defense 336 

responses in citrus fruit aiming to content cell damage propagation (Romero et al., 2020), is 337 

that ATP is a sensitive signal of carbon starvation in the albedo both in the first and second 338 

starvation stages. The first rise would be associated with cell perception of the stress at 339 

detachment aiming to activate plant defense responses; and the subsequent decline, would 340 

work as the signal for lipid utilization because of a more advanced starvation stage. In line 341 

with this, Suc avoided the first increase in ATP and reduced the ATP decline by about 342 

twice at the beginning of the second phase.  343 

The results showing the early (1 d) transient increase in gene expression in the 344 

albedo also suggest that these genes may be good indicators of carbon starvation in the 345 

inner part of citrus fruit peel, which agrees with results in suspension cells showing the 346 

activation of PLD at the early stage of starvation (Lee et al., 1998). At this first starvation 347 

stage (1 d), Suc avoided the up-regulation of all PLD-encoding genes (Fig 6) and of 348 

CsPLA2β (Fig 7B). Therefore, these early transient increases, which mainly occurred in the 349 

albedo, agree with the role of phospholipids as rich sources for signaling messengers in 350 

plant defense (Wang, 2001; Meijer and Munnik, 2003). In this regard, it is noticing the 351 

higher expression of all genes at harvest in the outer peel part (Fig. 4), since this is the first 352 

barrier against biotic and abiotic stresses in fruit. 353 
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At the second starvation phase, among the PLD-encoding genes, it is remarkable the 354 

effect of Suc increasing the expression of CsPLDβ (Fig. 6); and that of CsPLDζ (Fig. 5). 355 

This gene has been related to Pi starvation and participates in its production (Cruz-Ramírez 356 

et al., 2006); and in citrus fruit it has been shown that treating citrus fruit with an external 357 

source of carbon (glycerol) favors alternative modes of energy leading to the increase in Pi, 358 

necessary for ATP production, and reduced NCPP caused by energy shortage after fruit 359 

detachment (Romero et al., 2020). Such Suc-induced increases were transitory and occurred 360 

after 3 d in the flavedo (CsPLDζ) and 7 d in the albedo (CsPLDβ), when NCPP was 361 

detectable. Therefore, these genes may also mediate Suc phospholipid-derived signaling at 362 

the second starvation phase in citrus fruit. Their expression increased in control fruit at 363 

long-term storage (Fig 5 and 6) and, therefore, we cannot rule out their participation in 364 

damage development after long-term starvation because of need of lipid utilization to 365 

sustain respiration in fruit that were non-treated with Suc. This appears to be also the case 366 

of the other PLD-encoding genes, whose expression increased both in the flavedo and the 367 

albedo at long-term storage, especially that of CsPLDδ which showed major increases, 368 

overall in the albedo. Interestingly, the expression of PLDδ can be activated by reactive 369 

oxygen species (ROS) (Wang, 2005), while the CsPLDδ increases were transitory and ROS 370 

is an important component in starvation-induced NCPP (Cajuste et al., 2007; Establés-Ortiz 371 

et al., 2016; Romero et al., 2020). Moreover, the rises in CsPLDδ expression (Fig. 5 and 6) 372 

were attenuated, as ROS, by treating citrus fruit with energy sources (Romero et al., 2020). 373 

Therefore, we cannot rule out the participation of ROS in the pattern of changes of this 374 

gene. Finally, it is remarkable the major increase in expression of CsPLDγ in the albedo 375 

and flavedo at long-term starvation, which was avoided by adding Suc (Fig. 5 and 6). 376 
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Therefore, this gene might be a good marker of starvation-induced peel damage in citrus 377 

fruit.  378 

Changes in expression of CsPLA2β in the flavedo and albedo (Fig 7) at the early 379 

starvation stage and in the Suc-treated fruit showed a similar trend to that of CsPLDζ and 380 

CsPLDβ. Therefore, this gene might be also a good indicator of energy shortage at short-381 

term starvation and contribute to flavedo damage at long-term (Fig 7A). In addition, 382 

comparative transcriptomic analysis of control and Suc-treated fruit indicates that Suc, 383 

besides contributing to NCPP reduction by providing additional energy sources, might 384 

favour phospholipid-derived signalling mediated by CsPLA2β aiming to content lesion 385 

propagation. Suc also favored a transient accumulation of CsPAT1 in the albedo peaking at 386 

day 7, which suggests that this PLA-encoding gene also contribute to the protective effect 387 

of Suc in the albedo. A similar transient increase was observed in the flavedo of Suc-treated 388 

fruit, which preceded to that found in the albedo, but this was similar in control fruit. This 389 

result points out that CsPAT1 gene expression is differentially regulated by Suc in citrus 390 

depending on the tissue. However, it could be also related to the higher content of this sugar 391 

in the flavedo, which should be high enough to favor up-regulation of CsPAT1. Previous 392 

investigations indicated that CsPLA2α is related to the development of NCPP induced in 393 

citrus fruit by severe water stress that causes very severe peel damage (Romero el al., 394 

2013a) but its expression remained almost unchanged during mild dehydration (Romero et 395 

al., 2014). Under our experimental conditions, the expression of this gene sharply decreases 396 

in the flavedo and albedo after fruit detachment, slightly increase only in the flavedo by the 397 

end of the experiment, and was barely affected by exogenous Suc, which brings to question 398 

the participation of this PLA2 isoform on starvation-induced NCPP. Therefore, data from 399 

this and from previous studies indicate that changes in the expression of this gene 400 
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differently correlates with the incidence of NCPP depending on the environmental factor 401 

causing the development of this physiological disorder, which envisages a potential use for 402 

this gene as molecular marker for agronomic purposes. Likewise, while CsPLA2β and 403 

CsPAT1 isoforms appear to be more likely related to NCPP alleviation in fruit stored under 404 

non-stressful environmental conditions than to contribute to its development, CsPLA2β was 405 

highly induced and CsPAT1 down-regulated under mild dehydration process (Romero et 406 

al., 2014).  407 

In addition to its essential role as substrate in carbon and energy metabolism, Suc 408 

has important hormone-like functions as primary messenger in signal transduction (Rolland 409 

et al., 2002). Taken together, results indicate that treating citrus fruit with Suc may reduce 410 

damage by increasing carbon sources for respiration but also by stimulating CsPLA2β and 411 

CsPAT1 isoforms in the albedo and CsPLA2β in the flavedo. Moreover, Suc stimulated 412 

CsPLDβ in the albedo and CsPLDζ in the flavedo. Therefore, our results point out a 413 

crosstalk between this sugar and PLD and PLA2 signaling in the peel of citrus fruit. 414 

Likewise, a crosstalk has been proposed between PLD and PLA-encoding genes (Zhao et 415 

al., 2013), and we have found a parallelism between expression profiles of CsPLA2β and 416 

CsPAT1 isoforms in the albedo of Suc-treated fruit. This indicates a putative link existing 417 

between both isoforms and Suc signaling in citrus fruit.    418 

 419 

5. CONCLUSIONS 420 

The albedo is more susceptible than the flavedo to carbon starvation caused by fruit 421 

detachment. ATP as well as all CsPLD genes and CsPLA2β are good indicators of the early 422 

stage of carbon starvation in the albedo and CsPLDβ in the flavedo. At long-term, all 423 

CsPLD isoforms may participate in lipid degradation ending in peel damage, and at a major 424 
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extent the isoforms CsPLDγ and CsPLDζ, whose expression highly increased in the inner 425 

and outer peel parts. The putative participation of CsPLA isoforms on damage was lower. 426 

Results also indicate a link existing between CsPLA2β and CsPAT1 isoforms and Suc 427 

signaling in citrus fruit. This sugar, used as an external energy source to delay starvation, 428 

reduced perception of carbon starvation stress at early stages of the process (1 d); and at 429 

later stages played a dual role on reducing NCPP damage. Thus, reduction of NCPP by Suc 430 

may be due in part to its ability to provide additional energy sources to sustain respiration 431 

after fruit detachment; and, on the other hand by favouring at long-term phospholipid-432 

derived signaling messengers mediated by CsPLDβ and CsPAT1 in the albedo, CsPLDζ in 433 

the flavedo, and CsPLA2β in both tissues. Results also indicate that differences in gene 434 

expression between both tissues appear to be related to their different susceptibility to 435 

starvation but also to tissue specificity.   436 

 437 

APPENDIX A: SUPPLEMENTARY DATA 438 

 439 

The Supplementary Material related to this article can be found in the online 440 

version.     441 
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Figure Legends 579 

Figure 1. Changes in NCPP incidence in Navelate sweet orange, treated () or not () 580 

with Suc, during fruit storage at 20 ºC and 90-95 % RH. The error interval indicates the 581 

standard error of the estimated mean value. Different letters mean significant differences (p 582 

≤ 0.05) between the control and the Suc-treated fruit for the same storage period.  583 

 584 

Figure 2. Changes in respiration rate in the flavedo (A) and albedo (B) of Navelate sweet 585 

orange, treated () or not () with Suc, during fruit storage at 20 ºC and 90-95 % RH. The 586 

error interval indicates the standard error of the estimated mean value. Different letters 587 

mean significant differences (p ≤ 0.05) between the control and the Suc-treated fruit for the 588 

same storage period.  589 

 590 

Figure 3. Changes in ATP content in the flavedo (A) and albedo (B) of Navelate sweet 591 

orange, treated () or not () with Suc, during fruit storage at 20 ºC and 90-95 % RH. 592 

Inset panel in Fig. 3B shows ATP values in the albedo in a wider scale to better illustrate 593 

the differences between the ATP content of fruit treated or not with Suc. The legends of X 594 

and Y axis on graph of the inset panel are the same to those of the outset panel. The error 595 

interval indicates the standard error of the estimated mean value. Different letters mean 596 

significant differences (p ≤ 0.05) between the control and the Suc-treated fruit for the same 597 

storage period.  598 

 599 

Figure 4. Relative expression levels of CsPLD- and CsPLA- encoding genes in the flavedo 600 

respect to the albedo. The error interval indicates the standard error of the estimated mean 601 

value.  602 
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 603 

Figure 5. Changes in the expression of genes encoding PLD in the flavedo of Navelate 604 

sweet orange, treated () or not () with Suc, during fruit storage at 20 ºC and 90-95 % 605 

RH. Values are expressed as relative gene expression, which was calculated respect to the 606 

flavedo of freshly harvested fruit. The error interval indicates the standard error of the 607 

estimated mean value. Different letters mean significant differences (p ≤ 0.05) between the 608 

control and the Suc-treated fruit for the same storage period.  609 

 610 

Figure 6. Changes in the expression of genes encoding PLD in the albedo of Navelate 611 

sweet orange, treated () or not () with Suc, during fruit storage at 20 ºC and 90-95 % 612 

RH. Values are expressed as relative gene expression, which was calculated respect to the 613 

albedo of freshly harvested fruit. The error interval indicates the standard error of the 614 

estimated mean value. Different letters mean significant differences (p ≤ 0.05) between the 615 

control and the Suc-treated fruit for the same storage period.  616 

 617 

Figure 7. Changes in the expression of genes encoding PLA in the flavedo (A) and the 618 

albedo (B) of Navelate sweet orange, treated () or not () with Suc, during fruit storage 619 

at 20 ºC and 90-95 % RH. Values are expressed as relative gene expression, which was 620 

calculated respect to the flavedo (A) or the albedo (B) of freshly harvested fruit. The error 621 

interval indicates the standard error of the estimated mean value. Different letters mean 622 

significant differences (p ≤ 0.05) between the control and the Suc-treated fruit for the same 623 

storage period.  624 

 625 
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Supplementary Fig 1. (A) Changes in weight loss in Navelate sweet orange, treated 

() or not () with Suc, during fruit storage at 20 ºC and 90-95 % RH. The error 

interval indicates the standard error of the estimated mean value. Different letters mean 

significant differences (p ≤ 0.05) between the control and the Suc-treated fruit for the 

same storage period. (B) NCPP symptom in Navelate orange. 
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