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Abstract 17 

Citrus is one of the main fruit crops in the world and widely recognized by their 18 

organoleptic, nutritional and health-related properties of both fresh fruit and juice. The 19 

genetic diversity among the genus and the autonomous and independent changes in peel 20 

and pulp, make the definition of standard maturity indexes of fruit quality difficult. 21 

Commercial maturity indexes in the citrus industry are usually based on peel coloration, 22 

percentage of juice, soluble solids/acidity ratio but their relevance may differ among 23 

varieties and the specific requirements of the markets. There is also a marked influence 24 

of environmental and agronomic conditions such as light and temperature, rootstock 25 

selection and plant nutrition, among others. Besides commercial requirements, a more 26 

comprehensive definition of fruit quality should also consider organoleptic and 27 

nutritional properties that are determined by a complex interaction among a number of 28 

bioactive components. Citrus fruit are an excellent source of many phytochemical, 29 

including ascorbic acid, carotenoids (antioxidant and pro-vitamin A), polyphenols, 30 

flavonoids, limonoids, terpenoids, etc., which greatly contribute to the health-related 31 

benefits of these fruits. Criteria and definition of the main maturity indexes for citrus 32 

fruit worldwide are described, as well as changes during fruit maturation in key 33 

components affecting organoleptic and nutritional properties. Moreover, the 34 

involvement of hormonal and nutritional signals and their interaction in the regulation 35 

of external and internal maturation of citrus fruit, as well as the influence of 36 

environmental and agronomic factors are also critically revised and discussed.  37 
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1. Introduction 90 

Citrus is one of the main fruit crops in the world with an estimated production of 91 

more than 170 million tm (FAOSTAT, 2015). The attractiveness and high consumption 92 

of citrus fruits worldwide are mainly due to the health-related and sensorial attributes of 93 

both fresh fruits and juice, and to the consumer perception of the benefits of their 94 

composition in primary and secondary metabolites (Lado et al., 2016; Liu et al., 2012; 95 

Sidana et al., 2013). The Citrus genus is characterized by a great diversity of species 96 

and varieties, including mandarins, oranges, lemons, grapefruits, pummelos, citrons, 97 

limes, kumquats and different hybrids. This genetic diversity makes it especially 98 

complex to define standards for citrus fruit quality since external and internal quality as 99 

well as nutritional and nutraceutical properties may vary largely. Moreover, evidence 100 

indicates that maturation of the peel and pulp are not fully coordinated and that the 101 

natural ripening of both tissues are autonomous and independent processes (Tadeo et 102 

al., 2008), making to their understanding more complex. This independent physiological 103 

behavior of the peel and pulp has been related, among other, to the lack of vascular 104 

connections (Monselise, 1977). Differences in the complex metabolic network operating 105 

between peel and pulp are well illustrated by the large variations in carotenoid content 106 

and composition, and ascorbic acid, two key metabolites in citrus fruit, that are usually 107 

higher in peel than in the pulp (Rodrigo et al., 2013a; Alós et al., 2014). 108 

Furthermore, accumulation of many nutrients and phytochemicals in the fruit are 109 

influenced by different factors (genetic, environmental, agronomic and cultural 110 

practices) and highly dependent on the fruit maturation program. In this sense, the 111 

particular composition of each variety is strongly determined by the stage of maturation 112 

at harvest. Commercial maturity indexes in citrus fruit differ depending on the citrus 113 

species and varietie, growing regions and the requirements of the destination markets. 114 
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In general, peel coloration, soluble solids, acidity and juice content are key parameters 115 

for harvesting; however, the relative importance of these parameters depends on the 116 

citrus variety and the distance to the market destination (Lado et al., 2014). Other 117 

potential uses of citrus fruit such as essential oil extraction from lemon peel can 118 

influence the harvest time with the objective of increasing the content and composition 119 

of these components. Therefore, in order to maximize the quality of citrus fruits at 120 

harvest for fulfilling the commercial and nutritional requirements of the markets, it is 121 

critical to understand the evolution of the main phytochemical components during fruit 122 

development and maturation in each particular species and variety and also the 123 

influence of environmental and cultural factors.  124 

 125 

2. Citrus quality at harvest: maturity indexes and key metabolites 126 

Fruit growth and development in Citrus is divided in three stages: first, a cell division 127 

phase of slow growth; a second stage of cell enlargement of major increase in size and 128 

weight by growth of juice sacs from the pulp, and a third phase during which fruit 129 

growth is reduced and take place most of the transformations characteristic of fruit 130 

maturation, such as color changes, sugar accumulation, acid degradation, etc. (Bain, 131 

1958). Citrus fruit are recognized as non-climacteric; displaying a progressive reduction 132 

in the rate of respiration and low ethylene production during the whole maturation 133 

process (Aharoni, 1968; Eaks, 1970; Goldschmidt et al., 1993). Despite this behavior, 134 

physiological and molecular evidences indicate the involvement of the hormone in the 135 

control of some ripening-associated processes (Porat et al., 1999; Yu et al., 2012; Alos 136 

et al., 2013; Ding et al., 2015). Therefore, the changes taking place during maturation 137 

that are essential to define maturity indexes are regulated by a complex interplay of 138 

endogenous hormonal and nutritional signal, and highly influenced by both 139 
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environmental factors and agronomic practices (Manera et al., 2013, 2012; Porras et al., 140 

2014; Rodrigo et al., 2013).  141 

The maturity indexes integrate relevant components to define the standards of citrus 142 

fruit quality worldwide but are not sufficient by themselves to fulfill the quality 143 

requirements. To stablish these requirements other attributes such as fruit shape and 144 

size, coloration, incidence of peel disorders (shriveling and dehydration, chilling injury 145 

or sun burn), pest damages, wind or hail scars and peel roughness should also be 146 

considered in addition to the potential health-related benefits and sensory acceptance, 147 

that are mainly influenced by the phytochemical composition (Lado et al., 2014). Thus, 148 

the decision of the harvest time is critical, being a compromise between the prevailing 149 

climatic and agricultural conditions and the postharvest practices of the producing 150 

countries, and the standards established by the demanding countries and costumers. 151 

Defining the criteria to accurately and consistently determine citrus fruit maturation 152 

is not an easy task since it involves physiological changes occurring in two different and 153 

independent tissues: color transformation taking place in the fruit peel and 154 

compositional changes occurring in the flesh. Ordinary citrus fruit as sweet oranges, 155 

mandarins, lemons and grapefruits are considered to be mature for fresh consumption 156 

when their external coloration, juice content and soluble solids: acidity ratio and other 157 

internal constituents reached to a minimum standard of visual acceptance or palatability. 158 

In European Union markets, the maturity indexes used to define fruit quality consider 159 

juice content (%), total soluble solids (TSS, ºBrix), TSS:acidity ratio and the proportion 160 

of the fruit surface with a minimum coloration (Lado et al., 2014). Agricultural Quality 161 

Standards of the United Nations Economic Commission for Europe (UNECE) 162 

stablished a minimum sugar/acid ratio of 6.5 in Satsuma and oranges, 7.0 in Clementine 163 

and 7.5 in other mandarins or hybrids (UNENCE STANDARD FFV-14, 2010). All 164 
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these parameters are determined by the accumulation of primary and secondary 165 

metabolites during the ripening process on the tree.  166 

Accumulation of soluble sugars and the decline in acid content (mostly citric and 167 

malic acids, depending on the different citrus species) are typical changes taking place 168 

in the pulp during maturation of citrus fruit. These changes are concomitant with 169 

modifications in relevant bioactive components, i.e. carotenoids, flavonoids, 170 

polyphenols, limonoids, furocoumarins and volatile terpenoids, which combined 171 

determine the final sensory and health-related properties of mature fruits. Following is a 172 

summary of the main changes occurring in key components widely used to establish 173 

maturity indexes and quality in citrus fruits.   174 

 175 

2.1. Key primary metabolites: sugars, acids and vitamins 176 

2.1.1 Sugars and acids 177 

Sugars and organic acids are important components of citrus fruit flesh and their 178 

levels are commercially used as a harvest maturity indicator. The taste and the 179 

characteristic palatability of citrus fruit is mainly determined by the ratio between sugar 180 

and acid levels in the juice sacs and remarkable differences in both parameters may 181 

exist among citrus species and varieties (Goldenberg et al., 2014). Carbohydrates are the 182 

main soluble components in the pulp of citrus fruit (75-80 %) and hold the key to 183 

sweetness of the juice. The major compounds are sucrose, glucose, and fructose, with a 184 

general ratio of 2:1:1. In general, sugar levels in mandarin range from 1-2 % glucose, 1-185 

3 % fructose and 2-6 % sucrose but can differ among citrus species (Table 1). During 186 

maturation of mandarin fruit, the content of sucrose increases as it becomes the primary 187 

non-reducing sugar and the major transported carbohydrate (Ladaniya, 2008). A rise in 188 

total sugars during fruit ripening was also described in the pulp of Delta and Lane Late 189 
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oranges (Emmanouilidou and Kyriacou, 2017), increasing from 65 to 74 g/L and from 190 

54 to 73 g/L, respectively. Glucose (12-16 g/L), fructose (13-19 g/L) and sucrose (28-41 191 

g/L) were the predominant sugars in both orange varieties. TSS content in the pulp of 192 

mature fruit varies notably among the different species ranging from less than 1 % in 193 

limes, 8-9 % in lemons, 8-11 % in Satsuma, 8-13 % in some orange varieties such as 194 

Navel, Valencia, Lane Late and Delta (Emmanouilidou and Kyriacou, 2017; Goulas and 195 

Manganaris, 2012) and in different mandarins or up to 16-18 % in new Uruguayan and 196 

Spanish hybrids (Goldenberg et al., 2014; Qin et al., 2015; Rivas et al., 2013; Sdiri et 197 

al., 2012a; Xu et al., 2008a). In general higher content occurs in late-ripening varieties. 198 

TSS in the pulp of grapefruit also varies between 9 and 13 %, depending on the variety, 199 

and is usually higher in red-fleshed varieties (Goulas and Manganaris, 2012; Zheng et 200 

al., 2016). 201 

Key genes influencing sugar accumulation and acid degradation during maturation 202 

have been studied in citrus fruit. Sucrose synthase (Sus) (EC 2.4.1.13) is a key enzyme 203 

for sugar accumulation that catalyzes the reversible reaction of sucrose and UDP into 204 

UDP-glucose and fructose, whereas invertase hydrolyzes sucrose into glucose and 205 

fructose (Koch, 2004). During fruit development, there is an increase in CitSus5 206 

transcript levels, being CitSus1, 2, 5 and 6 predominantly expressed in fruit juice sacs 207 

during ripening (Islam et al., 2014).  Gene expression studies indicated that sucrose is 208 

synthetized in the juice sacs and that the balance between sucrose synthase/invertase 209 

play a key role in the regulation of sucrose content (Katz et al., 2011). 210 

Citrus acidity not only stimulates the sourness perception to consumers, but it is also 211 

a key determinant for the commercial acceptability since its balance with appropriate 212 

sugar levels provides the delightful and typical citrus taste (Liu et al., 2012). Organic 213 

acids composition varies widely in the pulp of the different citrus species or varieties 214 
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(citric acid being the predominant in the pulp, representing 70-90 % of total acids) 215 

followed by malic acid in oranges and mandarins (Table 1). In orange varieties, citric 216 

acid accounted for 8-11 g/L whereas malic and succinic range from 1.3 to 2.0 g/L, in 217 

mature fruit showing slight changes during fruit ripening (Emmanouilidou and 218 

Kyriacou, 2017). In grapefruit, quininic acid was the second most abundant acid with 219 

15.7–33.4 % of the total organic acids. Tartaric acid and malic acid were the third-most 220 

abundant organic acid, accounting between 9.1–13.7 % and 5.3–14.4 % of total organic 221 

acids, respectively (Zheng et al., 2016). Other minor acids present in citrus juice are 222 

acetic, pyruvic, glutamic, formic and succinic.  223 

Acidity levels at commercial harvest maturity differ notably among mandarin 224 

varieties, from as low as 0.3-0.5 % in common mandarins to 0.6-1.0 % in Satsuma 225 

Owari and Clementines, or 1-2 % in hybrids of mandarins, oranges or grapefruit or up 226 

to 4.5 % in lemons (Chaudhary et al., 2014; Goldenberg et al., 2014; Goulas and 227 

Manganaris, 2012; Liu et al., 2012; Qin et al., 2015; Sdiri et al., 2012a; Xu et al., 228 

2008a).  229 

It is well known that accumulation of acids in citrus fruit is initiated during the first 230 

phase of stage II to reach a maximum when the fruit has reached 50% of the final size. 231 

Accumulation of citric acid in the vacuole of juice sacs induced its acidification and is 232 

mediated by a tonoplastic H+-ATPase (Shimada et al., 2006). Citrate content declined 233 

progressively over the last phase of stage II and continues during fruit maturation. 234 

Differences in citrate accumulation between acid and acidless varieties did not correlate 235 

with citrate synthase gene expression and activity, indicating that other steps are 236 

involved (Sadka et al., 2000; Albertini et al., 2006). Citrate is metabolized to glutamate 237 

and then processed through the gamma-aminobutyrate (GABA) shunt (Cercos et al., 238 

2006). The involvement of specific members of the aconitase gene family in the 239 
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degradation of acids in the pulp of citrus has been also demonstrated (Sadka et al., 2000; 240 

Terol et al., 2010). 241 

 242 

2.1.2 Vitamins 243 

The flesh of citrus fruits is an important source of vitamins, with vitamin C (ascorbic 244 

+dehydroascorbic acid) being the most important for their contribution to the 245 

antioxidant properties and nutritional benefits (Barros et al., 2012; Goldenberg et al., 246 

2014; Zou et al., 2015). Other vitamins present in citrus are folate (mainly as reduced 5-247 

methyl tetrahydrofolate and polyglutamate derivatives), pro-vitamin A compounds (by 248 

the presence of the precursors β-carotene and β-cryptoxanthin) and vitamin E (Codoñer-249 

Franch and Valls-Bellés, 2010; Zou et al., 2015).  250 

Ascorbic acid (AsA) is usually higher in oranges than in grapefruits and mandarins, 251 

with few exceptions (Alós et al., 2014; Dhuique-Mayer et al., 2005; Martí et al., 2009).  252 

In general, AsA is higher in the peel than in the pulp and increased during fruit 253 

maturation but declines in the pulp (Alós et al., 2014). The average of AsA in the pulp 254 

of oranges is around 0.40-0.50 mg/g FW, while nearly 0.20 mg/g FW was reported in 255 

Satsuma Owari mandarin (Alós et al., 2014; Aschoff et al., 2015; Martí et al., 2009). It 256 

has been reported that Clemenrubí and Clemenules have 0.60 and 0.39 mg/mL AsA, 257 

respectively (Sdiri et al., 2012b). Meyer lemon is one of the citrus varieties with the 258 

highest AsA content in the pulp, ranging between 1.9-3.0 mg/g, whereas other lemon 259 

varieties contained around 0.30-0.60 mg/g F.W. (Uckoo et al., 2015) (Table 1). 260 

Differences in the AsA content in the pulp among red grapefruit varieties may be also 261 

noticeable, ranging from 0.30-0.35 mg/g FW in Rio Red (Vanamala et al., 2005) to 1.25 262 

mg/g FW in Star Ruby (Lado et al., 2015b).  263 
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Mandarin varieties can be generally ranked with respect to their vitamin C content in 264 

the juice (± 0.40 mg/g FW) in the following order: tangor hybrids (C. reticulata x C. 265 

sinensis) > other hybrids (Ortanique, Nova and Ellendale)>common mandarins (C. 266 

reticulata)> Satsuma mandarin (C. unshiu; Dhuique-Mayer et al., 2005; Beltran et al., 267 

2008; Sdiri et al., 2012a).  268 

Different mechanisms and biosynthetic pathways have been proposed to regulate 269 

AsA biosynthesis in peel and pulp of oranges and mandarins (Alos et al., 2014). The L-270 

Galactose pathway may predominate in the peel and the selective stimulation of GDP-271 

mannose pyrophosphorylase (GMP) and mainly GDP-L-galactose phosphorylase (GGP) 272 

would contribute to a higher flow of metabolic precursors in the peel of oranges than in 273 

mandarins during fruit ripening (Alos et al., 2014; Yang et al., 2011). However, it was 274 

also proposed that the D-galacturonic acid pathway, especially GalUR12 gene, may also 275 

contribute to the regulation of AsA concentration in the flavedo of citrus fruits (Lado et 276 

al., 2015d) 277 

 278 

2.2. Changes in secondary metabolites during fruit maturation 279 

The content of the secondary metabolites, carotenoids and polyphenols as well as 280 

vitamin C, are the main determinants of the total antioxidant capacity of citrus fruit 281 

(Goldenberg et al., 2014; Goulas and Manganaris, 2012; Gurak et al., 2014; Yoo and 282 

Moon, 2016; Zou et al., 2015), and their relative content in the pulp has a direct 283 

influence on the nutritional quality of the Citrus species and cultivar.  284 

 285 

2.2.1. Carotenoids 286 

Fruit color is an important quality attribute in citrus and directly influences consumer 287 

perception and acceptance. Carotenoid content and composition (more than 100 288 
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different compounds have been reported in citrus fruit) are responsible for the wide 289 

range of color singularities of the different species; from the yellow of lemon and white 290 

grapefruits to the red of red grapefruits, and including a wide range of orange tones 291 

from oranges, mandarins and hybrids. Some carotenoids also display a high singlet 292 

oxygen quenching capacity, as well as pro-vitamin A capacity, being part of the 293 

antioxidant and chronical-disease prevention benefits of citrus species (Di Mascio et al., 294 

1992; Liu et al., 2012; Zou et al., 2015). Similar to other bioactive compounds, 295 

carotenoid content is much higher in the peel (up to 70% of the total carotenoid content) 296 

than in the pulp, with the exception of red-fleshed grapefruits (Alquezar et al., 2008a; 297 

Kato, 2012). 298 

Analysis of carotenoid content and composition in different species and varieties 299 

suggest that citrus fruits can be categorized into three groups: a) abundant in β-300 

cryptoxanthin, represented by Satsuma (Citrus unshiu), Clementines (Citrus clementine) 301 

and common mandarin (C. reticulata Blanco) and as well as a great number of hybrids; 302 

b) abundant in violaxanthin, being oranges the main component; and c) carotenoid-poor, 303 

including limes, lemons, grapefruits and pummelos (Ikoma tal., 2016).  304 

Total carotenoids in mandarins vary from 25 to more than 300 µg/g FW in the peel, 305 

and from 10 to 40 µg/g FW in the pulp tissue. As mentioned, β-β-xanthophylls usually 306 

represent between 68-90 % of total carotenoid in the peel (Kato, 2012; Rodrigo et al., 307 

2013), being β-cryptoxanthin (60-80 %) the predominant in the edible pulp (Alquezar et 308 

al., 2008a; Matsumoto et al., 2009; Yano et al., 2005). Orange fruit usually account for 309 

4-38 μg/g FW in the pulp and 40-120 μg/g FW in the peel tissues, represented by nearly 310 

80 % 9-cis-violaxanthin (Alquezar et al., 2008a; Rodrigo et al., 2004). By contrast, 311 

white grapefruits only contained minute amounts of carotenoids, mainly phytoene and 312 

violaxanthin, whereas red grapefruits are able to accumulate high amounts of the linear 313 
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colorless carotenes phytoene and phytofluene, but also the red lycopene in both peel and 314 

pulp tissues (10-30 μg/g FW) (Alquezar et al., 2008a; 2013; Lado et al., 2015b). Certain 315 

orange and grapefruit varieties are able to accumulate lycopene in the pulp (i.e. Cara 316 

Cara, Hong Anliu oranges or Star Ruby and Rio Red grapefruit) accounting for 15-60 317 

μg/g FW (Alquezar et al., 2009, 2008; Lado et al., 2015a; Lee, 2001; Liu et al., 2007).  318 

Mechanisms regulating lycopene accumulation in citrus fruit remain still elusive, 319 

although the existence of a partial blockage at the lycopene cyclization due to the 320 

presence of defective β-lycopene cyclase allele has been suggested in red grapefruit 321 

(Alquezar et al., 2013, 2009). In addition, a higher expression of key genes from the 322 

carotenoid MEP-derived precursors pathway was proposed in red orange Cara Cara 323 

(Alquezar et al., 2008). Lycopene presence is especially attractive in citrus fruit since it 324 

is not only an unusual feature but also provides additional health benefits and 325 

antioxidant activity (Di Mascio et al., 1989; Palozza et al., 2012; Rao et al., 2006), 326 

having a direct impact on citrus fruit quality and commercial value.  327 

A direct correlation between the external coloration and the presence of carotenoid-328 

derived apocarotenoid C30 (β-citraurin and 8-β-apocarotenal) has been established in 329 

orange and mandarin fruit.  It has been demonstrated that these apocarotenoids are 330 

exclusive to the Citrus genus and their content is regulated by a carotenoid-cleavage 331 

activity which specifically directs accumulation in the peel and imparting the intense 332 

orange-reddish coloration of some varieties of orange, mandarin and hybrids thereof 333 

(Ma et al., 2013; Rodrigo et al., 2013b).  334 

 335 

2.2.2. Polyphenols (phenolic acids and flavonoids) 336 

Polyphenols have at least one aromatic ring with one or more hydroxyl groups 337 

attached and are classified as flavonoids and non-flavonoids (phenolic acids). There is a 338 
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growing acceptance that polyphenols in fruits and vegetables exert beneficial effects in 339 

the prevention of degenerative diseases (Del Rio et al., 2013; Zou et al., 2015).  340 

Flavonoids are important secondary metabolites present at relatively high 341 

concentrations in citrus fruit, mainly as conjugated molecules (Khan et al., 2014). 342 

Flavonoids content increases during early stages of fruit development to decline at the 343 

cell enlargement phase (Ladaniya, 2008). Their concentration in fruits of different citrus 344 

species is variable (Table 1), depending on genetic, environmental and agronomic 345 

factors. Mandarins are especially rich in flavonoid in the pulp, ranging in five common 346 

varieties (Dancy, Beauty, Fairchild, Fizu and Suhugan) from 0.27 to 0.60 mg quercetin 347 

equivalents/g FW (Ramful et al., 2011). In other mandarin varieties, the levels of 348 

flavonoids vary from 0.11 mg/g FW in Ponkan and Murcott (Wang et al., 2007), 0.19-349 

0.20 mg/g FW in Clementine (De Ancos et al., 2017), and 0.40 mg/g FW in Satsuma 350 

Owari mandarin (Ramfull et al., 2011), as well as in juice (10 mg/L in Afourer to up 42 351 

mg/L in Nova mandarin) (Goldenberg et al., 2014). The flavonoid content in the pulp of 352 

oranges is slightly higher, accumulating around 0.65-0.75 mg/g FW (De Ancos et al., 353 

2017), whereas levels as high as 2.0-2.4 mg/g FW have been described in the juice of 354 

Valencia and Navel sweet oranges (Nagota et al., 2006).  355 

The most common flavonoid in the juice of oranges and mandarin fruit is the 356 

flavanone hesperidin, accounting 40-50 % of total content in oranges and 53-75 % in 357 

mandarins (Nogata et al., 2006; Sdiri et al., 2012a). Hesperidin can be found in the 358 

segment membrane of fresh fruits in the form of white spots crystals in freeze-damaged 359 

mandarins (Ladaniya, 2008). The pulp of white grapefruits contains high content of 360 

flavonoids (about 840 mg/100g FW), all which 70% is naringenin, followed by poncirin 361 

(14 %) and narirutin (11 %) (Nogata et al., 2006). Similarly, total flavonoids are also 362 

high in red-fleshed grapefruit (11.5 mg/g FW), mainly as naringenin (80 %) (Chaudhary 363 
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et al., 2014). The content in lemons and limes are lower, around 1.5 and 1.3 mg/g FW, 364 

respectively, predominating hesperidin and eriocitrin (Nogata et al., 2006). It is also 365 

noticeable that certain flavonoids are characteristic or particularly abundant in certain 366 

citrus species and this property has been used for taxonomical classification of varieties 367 

and as molecular markers for verification of fruit juice quality (Abad-García et al., 368 

2014). 369 

Regarding phenolic acids, a total content of 17-22 mg/g DW was described in the 370 

pulp of 14 different Chinese mandarin varieties,  being chlorogenic and ferulic acid the 371 

main components (Xi et al., 2014; Xu et al., 2008a, b). However, total phenolics vary 372 

notably among mandarin species and varieties, and concentrations from 380 to 650 mg 373 

GA Eq/L (Gallic Acid Equivalents) have been reported (Al-juhaimi and Ghafoor, 2013; 374 

Goldenberg et al., 2014; Xu et al., 2008b). In lemon pulp, around 10-18 mg GAE/g DW 375 

have been detected, whereas Star Ruby grapefruit accumulated around 8-15 mg 376 

catechinE/g DW (Brito et al., 2014; Chaudhary et al., 2012). In Lane Late and Delta 377 

oranges, total phenols reached a maximum of 363 and 413 mg/L in December, 378 

respectively, slightly decreasing in mature fruit (January) to 330 and 360 mg/L, 379 

respectively (Emmanouilidou and Kyriacou, 2017). Total phenolic content (esterified, 380 

glycosides or ester-bound) is higher in the peel than in the pulp, and sharply decreased 381 

during fruit maturation but increase during postharvest cold storage (Xu et al., 2008b; 382 

Quian et al., 2014). In general, phenolic composition is very dependent on the fruit type 383 

and also on the growing environmental conditions. 384 

 385 

2.2.3. Limonoids and furocoumarins 386 

Limonoids, usually found as limonoid aglycones or limonoid glycosides, are 387 

triterpenoids present in members of the Rutaceae family, and limonin and nomilin being 388 
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the most common bitter-tasting components of citrus fruit (Sidana et al., 2013). Nomilin 389 

is the common precursor of all known limonoids in citrus. Several limonoids are 390 

extremely bitter at relatively low concentration which may result in consumer rejection. 391 

The physical disruption of juice sacs causes the transformation of a tasteless limonoid 392 

aglycone (limonate A-ring lactone) into the bitter limonin, a step that is catalyzed by the 393 

enzyme limonin D-ring lactone hydrolase at pH 6.5 or lower (Manners, 2007). Total 394 

limonoids increase until fruit maturation and decrease thereafter, but a high 395 

concentration is always maintained within seeds. The enzyme limonoid 396 

glucosyltransferase is responsible for the conversion of limonoid aglycones to 397 

glycosides during maturation, consequently reducing the bitterness in juice. Evidences 398 

indicate that citrus limonoids are biologically active displaying anticarcinogenic and 399 

hypocholoesterolemic activity, insecticidal and anti-feedant activity against insects. 400 

However, the antioxidant capacity of these compounds is usually very low (Manners, 401 

2007). 402 

Citrus produce other defense compounds such as coumarins and furocoumarins as 403 

protection against herbivorous insects and pathogens infection. These compounds are 404 

more abundant in grapefruit, in both white and red varieties, being associated with 405 

typical bitterness and possible interferences with different pharmaceutical products 406 

(Girennavar et al., 2007), a problem known as the ‘grapefruit juice effect’ (Dugrand-407 

Judek et al., 2015). The peel of citrus fruit contains higher and more diverse 408 

concentration of coumarins than the pulp and are more common in pummelo, citron and 409 

grapefruit, but can be also detected in sour orange, lemon and lime, whereas mandarins 410 

are almost devoid of them (Dugrand-Judek et al., 2015). Bergamottin and 6,7-411 

dihydroxybergamottin may have reached levels as high as 25-90 μg/g DW in the pulp of 412 
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grapefruit at harvest (Chaudhary et al., 2014) but declined to 1.2-2.0 μg/mL in juice 413 

(Girennavar et al., 2008).  414 

2.2.4. Volatiles terpenoids and norisoprenoids 415 

Limonoids, furocoumarins and volatiles compounds have a direct impact on the 416 

sensory quality of citrus fruit, determining the acceptability by consumers (Goldenberg 417 

et al., 2014). Fruit and flavor sensations derive from the combination of taste and aroma. 418 

Taste is mainly determined by the juice balance between sugars and acids whereas fruit 419 

aroma is strongly influenced by the content and composition of aroma volatiles (Tietel 420 

et al., 2012). 421 

Citrus oils are complex mixtures of volatile components, mainly terpenic 422 

hydrocarbons and oxygenates aldehyde, alcohol, ketone and ester derivatives. The 423 

enrichment of genes involved in the biosynthesis of volatile terpenoids and nonvolatile 424 

phenylpropanoids in epidermal cells indicates a metabolic specialization in this cell type 425 

for the synthesis of essential oils. Moreover, the expression pattern of most biosynthetic 426 

genes is consistent with the accumulation of the major essential oils (monoterpenes, 427 

prenylated coumarins, and polymethoxylated flavonoids) in the oil glands of the peel 428 

(Voo et al., 2012). 429 

The citrus aroma is complex, comprising a heterogeneous mix of different volatiles, 430 

most of them belonging to the terpene family. In citrus fruit this group is composed of 431 

monoterpenes (C10) and sesquiterpenes (C15) and their derivatives (i.e. alcohols, esters, 432 

aldehydes and ketones) (Moshonas and Shaw, 1997; Miyazaki et al., 2011). During fruit 433 

maturation, important qualitative and quantitative changes are observed in the aromatic 434 

profile, being more abundant and diverse during early stages of fruit development and 435 

color change (Ladaniya, 2008). Limonene is the most abundant volatile compound in 436 

citrus fruit, reaching up to 90 % of total volatile content; other relevant compounds are 437 



20 

linalool, -terpinene, β-myrcene, α-pinene, valencene and octanal (Qiao et al. 2007). 438 

During maturation, the relative content of limonene increased from 20 to 87 %, while 439 

linalool decreased from 62 to 4.2 % as well as thymol, α- and β-pinene, α- and -440 

terpinene and geraniol (Bourgou et al., 2012). A total of 38 volatile compounds were 441 

identified in the peel of various mandarin varieties, with most being monoterpenes (95% 442 

limonene), followed by β-myrcene, α-pinene, decanal, trans-ocimene and linalool 443 

(Simón-Grao et al., 2014). The sesquiterpene nootkatone is a typical compound found in 444 

grapefruit varieties and pummelo (Ortuño et al., 1995) and responsible for the typical 445 

flavor of these fruits. The volatile fraction has important uses in the flavor, fragrance, 446 

aromatherapy, and agro-chemical industries.  447 

 448 

3. Endogenous factors affecting citrus quality  449 

Many aspects of fruit quality are the result of complex interaction between 450 

hormonal and nutritional signals taking place at different stages of fruit development  451 

that are directly or indirectly under hormonal control. Understanding the physiological, 452 

biochemical and molecular basis regulating citrus fruit maturation and  quality, and how 453 

endogenous and exogenous signals interact  in the coordination of  these processes is 454 

still unknown (Cercós et al., 2006; Zhang et al., 2012; Wu et al., 2014). The role and 455 

plant hormones, nutrients, and their interaction, as well as other environmental factors 456 

on external an internal fruit quality are summarized in the following sections. 457 

 458 

3.1. Hormonal changes during fruit growth and their effect on fruit quality 459 

3.1.1. Auxins 460 

 461 
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Due to their role on cell enlargement during stage II of fruit growth, auxins are 462 

closely associated with pulp quality. Pioneering work established high auxin-like 463 

activity in citrus ovaries and fruitlets during anthesis and fruit set, declining rapidly 464 

thereafter (Igoshi et al., 1971; Goren and Goldschmidt, 1970; Talon et al., 1990). 465 

However, a marked increase in Indol-3-Acetic Acid (IAA) concentration during stage II 466 

of fruit growth, closely associated with cell enlargement. In oranges, there was a 467 

transient increase in IAA in the central axis, suggesting a role of auxin in carbohydrate 468 

storage in the pulp (Kojima et al., 1994). Increases in the expression of indole-3-acetyl-469 

alanine hydrolase gene in the pulp during this stage, suggested the release of auxin from 470 

conjugated forms as a mechanism of hormone availability during fruit flesh 471 

development (Cercós, 2006). Auxins have been proposed to induce acid invertase 472 

activity and then, sucrose hydrolysis to hexoses. This osmotic imbalance could promote 473 

passive water influx to result in cell expansion (Evans 1985). Carbohydrate 474 

accumulation induced by application of 3,5,6-trichloro-2-pyridyl-oxyacetic acid (3,5,6-475 

TPA) in Satsuma mandarin, suggests that stimulation of fruit growth might operate via 476 

sink strength (Agustí et al., 2002).  477 

The IAA-induced cell wall degradation is a prerequisite to promote cell enlargement 478 

and also up-regulate the expression of expansin genes during fruit growth (Catalá et al., 479 

2000). In citrus fruit, increasing gene expression of an expansin homologue from the 480 

beginning of stage II has also been reported (Goudeau et al., 2008). Differences in the 481 

expansin gene expression patterns between albedo and flavedo have been related to the 482 

specific morphology of citrus rind (Kita et al., 2000). Considering this information, it is 483 

likely that auxins and expansins could operate in citrus fruit with a mechanism similar 484 

to that suggested for tomato. 485 

 486 
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3.1.2. Gibberellins 487 

Gibberellin acid (GA) levels have been directly related to fruit-set and ovary growth, 488 

indeed, the seeded Pineapple orange, with higher GA concentrations, presented 489 

increased fruit set than the seedless Washington navel orange (Bermejo et al., 2016). 490 

Similarly, parthenocarpic ability has been positively associated with synthesis of GAs in 491 

the ovary (Talón et al. 1990; 1992; Bermejo et al., 2015; Mesejo et al., 2013; 2016). 492 

During the transition from fruit enlargement to maturation, an increase in GA1 and GA4 493 

concentration was found in the flavedo of orange, prior to color break, decreasing as 494 

peel coloration progressed. Moreover, in peduncle-girdled fruits, which remained green, 495 

GA1 and GA4 levels remain high, suggesting that the presence of GA in the peel 496 

prevents the onset of fruit color change (Gambetta et al., 2012). In this sense, 497 

application of GAs is long recognized to delay chlorophyll degradation and carotenoid 498 

biosynthesis in citrus fruit (Lewis and Coggins, 1964; Agustí et al., 1981; García Luis et 499 

al., 1986; Alós et al., 2006; Gambetta et al., 2014). Moreover, foliar spray of 500 

prohexadione-Ca, a GA biosynthesis inhibitor, before color break, enhanced coloration 501 

in Navel orange and increased total carotenoid accumulation in the peel (Barry and van 502 

Wyk, 2004). Beside the effect of GAs delaying color changes in the peel, exogenous 503 

hormonal treatment has been also reported to reduce fruit drop and delay fruit softening 504 

and puffing, and these effects may be related to the anti-senescent effect of GA (Kawase 505 

et al.,1981; Ladaniya 2008). Moreover, different observations indicate that GAs may 506 

also affect internal fruit quality, delaying acidity lost, increase in SSC, juice content, 507 

and also reduced postharvest losses (Ladaniya, 2008; Rokaya et al., 2016). Whether 508 

these effects on internal quality may be indirect throughout the GA action on fruit 509 

senescence or are a direct GA influence remains to be determined. 510 
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The mode of GA’s action in regulating peel coloration is not well understood. It was 511 

shown that GA3 up-regulated the transcription of an Mg-chelatase gene, increasing 512 

chlorophyll synthesis (Fujii et al., 2008), whereas it down regulated a pheophorbide A 513 

oxygenase (PaO), reducing chlorophyll depletion (Alós et al., 2006). These results 514 

support the hypothesis proposed by Jacob-Wilk et al. (1999), that chlorophyll levels 515 

were determined by a balance between its synthesis and breakdown. In addition, most of 516 

the carotenoid biosynthetic genes are down-regulated by GA3, reducing the flux through 517 

the β,β-branch,  and thus slowing down the accumulation of downstream β,β-518 

xanthophylls (Alós et al., 2006; Rodrigo and Zacarías, 2007; Fujii et al., 2008). 519 

However, the effects of GA3 on internal quality are not conclusive. GA3 does not affect 520 

juice percentage, TSS and acidity during fruit maturation, suggesting that action of GAs 521 

appears to be restricted to the peel (Coggins, 1969; Davies et al., 1999; Fidelibus et al., 522 

2002). 523 

 524 

3.1.3. Abscisic acid 525 

ABA content in the peel of citrus fruit increased during maturation (Goldschmidt et 526 

al., 1973; Rodrigo et al., 2003), in accordance with the expression of genes involved in 527 

its biosynthesis by 9-cis-epoxycarotenoid dioxygenase (NCED) (Rodrigo et al., 2006; 528 

Agustí et al., 2007). Since this hormone is an end product of the carotenoid pathway, its 529 

involvement in the regulation of citrus peel coloration remains elusive (Rodrigo et al., 530 

2013). Peduncle-girdled oranges remained greener compared to control fruit, but GA 531 

and ABA remained at high concentrations (Gambetta et al., 2012). Additionally, 532 

exogenous ABA did not promote color development (Iglesias et al., 2007), and 533 

norflurazon application, an inhibitor of PDS activity, did not affect chlorophyll 534 

degradation, although it partially blocked carotenoid biosynthesis, and thus transiently 535 
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reduced color intensity and ABA concentration in the flavedo (Gambetta et al., 2014). 536 

Moreover, it has been determined that in juice sacs cultured in vitro, ABA induced its 537 

own biosynthesis at the transcriptional level, and this feedback regulation of ABA led to 538 

a decrease in carotenoid content (Zhang et al., 2012). Pinalate is a mutant of Navelate 539 

orange with a particle blockage in the desaturation of ζ-carotene, and with reduced 540 

levels of ABA in both peel and pulp. The rate of fruit degreening was much lower in 541 

Pinalate than in the parental oranges, indicating that ABA may be involved in the 542 

regulation of fruit coloration (Rodrigo et al. 2003).  Thus, the role of ABA in color 543 

break is still unknown, but it has been suggested that it would enhance tissue sensitivity 544 

to ethylene, as it has been demonstrated in climacteric fruit (Mou et al., 2016). 545 

Moreover, ethylene has been demonstrated to stimulate ABA accumulation and 546 

expression of the corresponding biosynthesis genes (Rodrigo et al., 2003; Fujii et al., 547 

2007) and GA3 is well knwon to counteract ABA content and action (Kuroaka et al., 548 

1977; Fujii et al., 2008), indicating a complex hormonal interaction in the regulation of 549 

ABA content during fruit maturation. 550 

 551 

3.1.4. Ethylene 552 

Citrus are longtime recognized as non-climacteric fruit, as respiration rate declines 553 

progressively during fruit ontogeny and mature fruit produce very low and constant 554 

amount of ethylene (Aharoni, 1968; Eaks, 1970). However, by particular and transient 555 

response of most citrus fruits to exogenous ethylene have been also referred to as 556 

pseudoclimacteric. Ethylene biosynthesis is also regulated in citrus fruits in a usual 557 

manner, since at early stages of fruit development, ethylene stimulates its own 558 

production in an autocatalytic-like system, whereas mature fruits responded as an auto-559 

inhibitory system (Katz at el., 2009; Alos et al., 2013). These results confirm that 560 
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ethylene is able to stimulate a myriad of molecular responses in the peel of citrus fruits, 561 

but as a non-climacteric fruit, it requires the continuous presence of the hormone to 562 

sustain these physiological and molecular responses. Interestingly, molecular evidences 563 

indicate that the expression of ethylene receptor genes are coordinated with the 564 

sensitivity to the ethylene-induced peel degreening (John-Karuppiah and Burns, 2010; 565 

Alos et al., 2014).  566 

The primary effect of ethylene on citrus fruits is the promotion of peel coloration by 567 

a concomitant dual action: degradation of chlorophylls (Purvis and Barmore, 198; Fujii 568 

et al., 2007) and stimulation of carotenoids pigments (Eilati et al., 1975; Rodrigo and 569 

Zacarias, 2007). Thus, application of ethylene is a common practice in many citrus 570 

producing-countries specially to stimulate rind coloration and to advance the marketing 571 

period in early harvested oranges and mandarin varieties (Porat et al., 2008). Exogenous 572 

ethylene increases chlorophyllase activity and gene expression (Trebitsh et al. 1993, 573 

Jacob-Wilk et al. 1999) as well as other genes involved in chlorophyll breakdown (Fujii 574 

et al., 2007; Alos et al., 2008; 2014). Ethylene also down-regulate chlorophyll 575 

biosynthesis, by repressing the gene expression of Mg-chelatase and most genes 576 

involved in photosynthesis and chloroplast biogenesis (Fujii et al., 2007). Moreover, 577 

ethylene stimulated the transcription of most carotenoid biosynthetic genes in the peel 578 

of citrus fruits, which is paralleled to the transformation from chloroplast to 579 

chromoplast and to the accumulation of xanthophylls and apocarotenoids in the peel of 580 

orange and mandarin fruit (Fujii et al., 2007; Rodrigo and Zacarías, 2007; Zhou et al., 581 

2010; Rodrigo et al., 2013). Thus, ethylene accelerates molecular changes related to 582 

carotenoid biosynthesis, which naturally occur during citrus fruit maturation, suggesting 583 

that changes in the hormone sensitivity may be related to its action in natural fruit 584 

degreening (Carmona et al., 2012; Rodrigo et al., 2013). 585 
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Experimental evidences accumulated over the years in fruits of different varieties 586 

indicate that ethylene action, however, is not directly involved in the regulation the 587 

different physiological processes of internal maturation. Ethylene-degreening did not 588 

have a significant impact on juice, TSS and acidity in different varieties of mandarin 589 

and grapefruits, and had only minor effects on the contents and composition of juice 590 

aroma volatiles. This later effect is likely related to long or high-dose ethylene treatment 591 

that may be detrimental and overstimulate off-flavors (Mayuoni et al., 2011a). 592 

Moreover, degreening with ethylene did not affect the levels of other bioactive 593 

compounds (phenolics, carotenoids, flavonoids, ascorbic acid, coumarins), total 594 

antioxidant activity and aroma volatiles. Overall, these results indicate that ethylene 595 

doesn’t affect internal quality, flavor and nutritional properties of citrus flesh, and 596 

appears not to be involved in the regulation of internal maturation (Mayuoni et al., 597 

2011a; Chaudhary et al., 2012; Sdiri et al., 2012c). However, ethylene has been shown 598 

to modify transcriptomic changes in the pulp of mandarins fruits, activating several 599 

metabolic pathways, including secondary metabolism, gibberellins and auxin 600 

degradation, and also transcription factors and responses to biotic and abiotic stresses 601 

(Mayuoni et al., 2011b). 602 

3.2. Effect of carbohydrates and nitrogen on citrus fruit quality 603 

Carbohydrates are essential for fruit growth: during stage I they are the primary 604 

energy source to support cell division and thereafter they are stored in the fruit 605 

(Mehouachi et al., 1995). Exported products from leaves are primarily deposited in the 606 

pulp, even in periods of fast peel growth, while flavedo photosynthesis generates 607 

assimilates that remain almost entirely in this tissue (Yen and Koch, 1990). Molecular 608 

data suggest that in the middle and later stages of development, carbohydrate synthesis 609 

and catabolism is mostly down-regulated in the pulp, while sugar transport appears to 610 
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be rather operative (Cercós et al., 2006). Sink strength in citrus fruits has been 611 

associated to sucrose metabolizing enzymes; alkaline invertase and sucrose-phosphate 612 

synthase activities are mainly detected in the sink cells, while sucrose synthase activity 613 

appears to be associated with vascular bundles (Lowell et al., 1989; Tomlinson et al., 614 

1991), indicating a role of these enzymes in the phloem loading and unloading 615 

processes (Nolte and Koch, 1993). Moreover, it has been suggested that thereafter, 616 

sucrose phosphate synthase activity may re-synthesize sucrose for further transport to 617 

vacuoles (Komatsu et al., 2002). A mechanism allowing direct incorporation of sucrose 618 

into the vacuole bypassing membrane transport by H+-sucrose symporters has been 619 

proposed (Etxeberria et al., 2005).  620 

The physiological roles of organic acids accumulation in the pulp during the first half 621 

of stage II are not clear. However, it has been suggested that low pH could result in 622 

enhanced sink strength, increasing sugar accumulation (Hockema and Etxeberria, 2001). 623 

Branch girdling and defoliation to reduce leaf: fruit ratio after fruit set delayed 624 

maturation, reducing TSS in the pulp and increasing organic acids and carotenoid 625 

accumulation. Then, carbohydrates availability does not directly determine carotenoid 626 

synthesis, but carbohydrate starvation could promote carotenoid accumulation (Poiroux-627 

Gonord et al., 2012). However, carbohydrate availability is one of the main factors 628 

controlling citrus peel color development. Soluble sugar concentration increased in 629 

flavedo since stage II of fruit growth (Huff, 1984; Fidelibus et al., 2008; Gambetta et 630 

al., 2012), and chlorophyll has been negatively correlated to sugar content in this tissue 631 

(Huff, 1984). Moreover, exogenous sucrose supplementation promotes peel degreening, 632 

through the increase in flavedo sucrose content and the reduction in nitrogen level 633 

(Huff, 1983; Iglesias et al., 2001). In maturing mandarin, sucrose translocation (rather 634 

than sucrose synthesis) has been proposed as the main mechanism responsible for the 635 
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maintenance of flavedo sucrose level (Holland et al., 1999). Indeed, while ethylene 636 

treatment down-regulates transcription of most genes involved in photosynthesis, 637 

chloroplast biogenesis and sugar metabolism, it also up-regulates a sucrose transporter 638 

and acidic invertase genes (Fujii et al., 2007) and opposite effects have been reported 639 

for GA3 treatment (Fujii et al., 2008). Exogenous GA3 reduces flavedo sugar 640 

concentration without modifying sucrose:hexoses ratio, suggesting that color delay is 641 

partially mediated by fructose and glucose levels (Fidelibus et al., 2008). Thus 642 

carbohydrate-induced color break could be also mediated by the action of ethylene and 643 

GAs. 644 

Nitrogen involvement in peel color development has been studied for decades:  late 645 

or high doses of N delay color break (Jones and Embleton, 1959; Quiñones et al., 2004) 646 

and increase the percentage of green fruits at harvest (Koo and Reese, 1977). On-tree 647 

fruit regreening due to excessive N application was also reported. Moreover, N was the 648 

only mineral necessary to regreen citrus epicarp discs in vitro and high N concentration 649 

in the medium reduced sugar-induced chlorophyll degradation (Huff, 1983, 1984). In 650 

addition, continuous nitrate applications to fruits previous to color break, delay flavedo 651 

chlorophyll loss and slow down the reduction in lutein, neoxanthin and all violaxanthin, 652 

maintaining a typical green tissue carotenoid profile (Alós et al., 2006). However, 653 

information about N evolution in the flavedo during citrus fruit maturation is 654 

conflicting, since no changes (Huff, 1984; Win et al., 2006) or reduction in total N 655 

concentration in the same tissue (Iglesias et al., 2001; Gambetta et al., 2012) have been 656 

reported. 657 

A model integrating the complex interplay between hormonal and nutritional 658 

changes has been proposed to explain the transformation during citrus fruit maturation 659 

(Rodrigo et al., 2013).  The model establishes that N reduction is an essential 660 
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requirement to initiate color break than would be followed by a sugar increment. The 661 

nutrient unbalance, with respect to previous developmental stages, would induce a 662 

concomitant reduction in GAs content together with an ABA increase. This alteration in 663 

GAs/ABA ratio may enhance flavedo sensitivity of ethylene action, allowing fruit to 664 

stimulate a series of molecular and physiological alterations in which chlorophyll 665 

breakdown and accumulation of carotenoid, and peel pigmentation are the most 666 

noticeable. It is worth noting that probably the environmental conditions, mainly 667 

temperature and light, display a direct impact and may be the triggers to modify the 668 

endogenous status that initiates the characteristic transformations of Citrus fruit quality. 669 

 670 

4. Environmental and agronomic factors affecting citrus fruit quality  671 

Fruit quality in Citrus is highly influenced by many environmental factors and 672 

production practices and, moreover, complex interrelationships may exist among many 673 

of them to determine the final quality of the fruit. Specific cultural practices may not 674 

always be successful in improving fruit quality deepening on the climatic conditions, 675 

nutritional status of the tree, water availability, among other factors. Special care should 676 

be taken under variable environmental conditions. Moreover, the control of these factors 677 

is difficult and probably constitutes the main limitation for the commercial management 678 

of citrus fruit quality. 679 

 680 

4.1 Environmental factors 681 

Climatic conditions are the most significant external factors affecting fruit quality.  682 

Optimum temperature regimes, relative humidity, rainfall, sunshine are essential not 683 

only for high productions but also for excellent fruit quality. Citrus species are thought 684 

to have originated from tropical climates but due to dispersion and agronomic 685 
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domestication most commercial citrus species have been progressively adapted to 686 

subtropical and Mediterranean-like climates (Wu et al., 2014). Under tropical conditions 687 

with steady temperatures and small variation in day/night temperatures, tree growth and 688 

development is fast but fruit quality is poor. Under these conditions, the rate of fruit 689 

respiration is high and carbohydrates accumulation is reduced, producing fruits with 690 

low sugar content. However, the decline in acid content is fast and the ratio TSS/TA 691 

increases rapidly and maturity is advanced, but fruits taste is insipid with very low acids 692 

and lacking of the typical citrus flavor. By contrast, Mediterranean climatic conditions 693 

are characterized by hot and dry summers, severe to mild winter, occasional frost, and 694 

wider differences between day/night temperatures. These environmental conditions 695 

reduce vegetative growth respect  to tropical regions, but the rate of fruit respiration is 696 

lower and the maturation process delayed, producing fruits of improved eating quality,  697 

flavor and sensory acceptance (Ladaniya, 2008). It is noteworthy that the climate-698 

induced effects on fruit quality cannot be totally compensated by the cultural practices 699 

and this may explain the differences in quality observed in fruits of the same species or 700 

variety growing under distinct climatic conditions (Reitz and Emlenton, 1986). 701 

Climatic conditions differently affect the diverse processes related to fruit quality. It 702 

is well established that peel degreening in citrus fruit is highly dependent on variations 703 

of day/night temperatures. The rate of fruit coloration depends on the reduction and the 704 

length of time below a threshold temperature. In general, the conversion of chloroplast 705 

to chromoplast during fruit coloration is stimulated at temperatures below 13 ºC and day 706 

temperatures above 20 ºC delay the rate of degreening (Alquezar et al., 2008a). Soil 707 

temperature also appears to play a pivotal role in the control of peel coloration, as a 708 

positive relation between rind color break and solid temperatures below 20 ºC has been 709 

observed. Moreover, an earlier reduction of soil temperature may also accelerate fruit 710 
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peel coloration changes and harvest time (Mesejo el at., 2012). As a rule, high diurnal 711 

temperatures with low day/night differences inhibit fruit degreening (both carotenoid 712 

accumulation and chlorophyll degradation), and produce greener fruit, a situation 713 

characteristic of tropical climatic conditions. Recently, it has been demonstrated that 714 

temperatures above 30 ºC inhibit the expression of several carotenoid biosynthetic 715 

genes and chlorophyll degradation (Lafuente et al., 2017). By contrast, under 716 

Mediterranean condition with low night temperatures and high day/night temperature 717 

differences, peel of oranges and mandarin degree and develop bright orange coloration. 718 

The response of red grapefruit varieties to heat is an exception to this general effect of 719 

temperature, as fruit developed more intense red pigmentation (and lycopene 720 

accumulation) at temperatures above 30 º C (Alquezar el al., 2008a). The expression of 721 

the gene coding for the cyclization of lycopene to β-carotene is inhibited at temperatures 722 

higher than 30 ºC and red grapefruit varieties (Star Ruby, Rio Red, among others) have 723 

the capability to accumulate lycopene in the peel and pulp (Rodrigo et al., 2013a). 724 

Light exposure has an important influence on citrus fruit quality. Fruit exposed to the 725 

sun (located outside the tree canopy) develop brighter orange coloration than fruit non-726 

exposed or partially shaded that are lighter (Cronje et al 2011, 2013); red grapefruit 727 

constitute an exception wherein shaded fruit registered higher carotenoid accumulation 728 

(Lado et al., 2015a). This general effect of the light appears to be directly related to 729 

changes in the expression of genes involved in carotenoid biosynthesis as well as with 730 

the process of chromoplast differentiation (Lado et al., 2015a). This effect appears to be 731 

dependent on the quantity and quality of the light, and under certain environmental 732 

conditions or geographical locations when fruit are exposed to excess of sunlight 733 

causing peel burning, partial covering of the tree may modulated to some extent 734 

incidence of the damage (Alquezar et al., 2008a). Beside the effect of sunlight on peel 735 
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color, fruit growing outside of the tree canopy had less acids, more TSS and advanced 736 

maturity, probably by a faster rate of fruit development than those non-exposed growing 737 

inside the canopy (Reitz and Emlenton, 1986). Glucose, fructose and sucrose contents 738 

were higher in the peel of sun exposed compared to shaded fruit inside the tree (Cronje 739 

et al., 2013). Similarly, the content of ascorbic acid in citrus fruits is also highly 740 

influenced by sunlight (Magwaza et al., 2017), as light avoidance has been reported to 741 

reduce ascorbic acid content in the peel (but not in the pulp) and suppress the expression 742 

of specific genes of the biosynthetic pathway (Lado et al., 2015d). 743 

 744 

4.2 Agronomic factors 745 

4.2.1. Irrigation effects 746 

Appropriate water regimes are essential for good vegetative growth and 747 

development, fruit setting and fruit production. Citrus can be grown under different 748 

irrigation patterns and are moderately resistant to water shortage. It is well known that 749 

under water stress, fruit set is severely compromised, excessive fruit June drop may 750 

occur and final fruit production and fruit size is reduced (Reitz and Emlenton, 1986). 751 

Experimental evidences accumulated over the years in many citrus species and varieties 752 

indicated that, in general, fruit from irrigated trees had higher juice content but reduced 753 

TSS and total acidity that those from unirrigated trees. It is likely that these effects may 754 

be due to a dilution factor associated with the increased percentage of extractable juice. 755 

The reduction of juice content in water-stressed fruit is also associated with increasing 756 

peel thickness and in some instances with advanced peel degreening (Koo and Reese, 757 

1977). The effect of water shortage on external coloration appears to be variable and 758 

dependent of the intensity and time of the stress, and in some instances not important 759 

differences in the rate of fruit degreening were observed (Grilo et al., 2017).  It has been 760 
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also observed that partial root zone drying improved juice quality in Valencia orange 761 

fruits, since in addition to the effect on TSS and acidity, total flavonoids concentration 762 

was also increased (Grilo et al., 2017). Deficit irrigation strategy (40 and 29% reduction 763 

in water supply) in Fortune mandarin increased total soluble solids and acidity as well 764 

as juice proline content and improved postharvest behavior associated with a thicker 765 

skin whereas no differences were observed in fruit firmness, juice content and fruit 766 

color (Conesa et al., 2014). An increase in TSS as a result of water deficit applied 767 

during stage III of fruit growth was also reported (Pérez-Pérez et al., 2009), while stress 768 

applied at earlier stages may induce the opposite effect (Ginestar and Castel, 1996). 769 

 770 

4.2.2. Grafting and rootstock-mediated effects 771 

The selection of optimum rootstock is one in the most important decisions of the 772 

growers establishing new citrus tree plantations. Rootstocks have a well characterized 773 

effect on tree vigor, precocity, production, disease resistance, and various parameters of 774 

citrus fruit quality (Emmanouilidou and Kyriacou, 2017). Excellent and comprehensive 775 

reviews on the effects of citrus rootstock on fruit quality have been published (Castle, 776 

1987, 1995; Wutscher, 1988). Rootstocks are usually categorized by the effects on 777 

vegetative development and disease resistance, but in general these parameters are 778 

positively related to fruit quality factors. The consensus concept of the effects on fruit 779 

quality established that fruits from varieties budded on vigorous rootstocks (rough 780 

lemon, Rangpur lime, Citrus macrophylla, Volkameriana, etc.) are larger, with a thicker 781 

peel, and with lower concentration of TSS and TA than fruits budded on less vigorous 782 

and slow-growing rootstock (as Citrange Carrizo or Cleopatra). A recent study 783 

comparing the effects of different rootstocks on the internal quality of Delta and Lane 784 

Late orange varieties, revealed lower titratable sugars, ascorbic acid and total phenols in 785 
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Lane Late orange grafted on Volkameriana than in Cleopatra. However, sour orange 786 

rootstock showed a higher total acidity (8.7 g/L) compared with Cleopatra (8.0 g/L), 787 

Volkameriana (7.6 g/L) and GouTou (7.5 g/L) rootstocks (Emmanouilidou and 788 

Kyriacou, 2017). The effect of the rootstock on external fruit color appears to be of 789 

minor magnitude but more vigorous rootstocks tend to re-green earlier than less 790 

vigorous (Wustcher, 1988). Similarly, a slight influence of the rootstock in fruit color 791 

have been also detected in Lane Late and Delta oranges (Emmanouilidou and Kyriacou, 792 

2017).  793 

It is interesting to note that in the juice market, high concentration of total soluble 794 

solids per tree or per hectare is required. To that end, rootstocks producing more fruits 795 

of lower quality may be more beneficial than less productive rootstocks. However, for 796 

the fresh fruit market the criterion for rootstock selection is different, and excellent 797 

quality fruits are required. How fruit quality is affected by the rootstock is not yet fully 798 

understood, but it is generally thought that water relations, mineral nutrition, hormonal 799 

contribution are key factors determining the influence of the rootstock on juice quality. 800 

A comparative study addressing the effect of different rootstocks on soluble solid 801 

content concluded that total production is a function of fruit yield and the distribution of 802 

fruit sizes is probably related to the ability of each rootstock for carbohydrate 803 

partitioning (Barry et al., 2004). The rootstock effect on the sensory quality of citrus 804 

fruits and on the emission of volatile compounds is a matter of recent interest. The 805 

interaction of the rootstock on the flavor perception is complex, and more aroma 806 

volatile, especially terpenes, were detected in fruits budded on more vigorous 807 

rootstocks. The emission of volatiles appears to be also influenced by the vigor of the 808 

rootstock and positively correlated with TSS and TA, but the flavor perception of the 809 

fruit is dependent on the specify rootstock/scion combinations (Benjamin et al., 2013). 810 
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 811 

4.2.3. Plant nutrition 812 

Fertilization has a large influence on fruit quality and is usually the preferred 813 

technology of the growers to improve fruit quality. Plant nutrition constitutes a 814 

sustainable approach for modulating secondary metabolism and improving functional 815 

quality since modification of the cationic (K, Ca, Mg) or anionic (N, P, S) composition 816 

of the soil solution could impact the fruit final quality (reviewed in Kyriacou and 817 

Rouphael, 2017). The response of citrus fruits to N and K is quite rapid and affects fruit 818 

quality to different extents. The involvement of nitrogen on external color development 819 

and its interaction with carbohydrates and hormones has been examined in section 2.2, 820 

and in this section other effects of nitrogen on fruit quality are discussed (Reitz and 821 

Embleton, 1986). Nitrogen has large influence on fruit quality and there are evidences 822 

indicating that elevated levels of N fertilization negatively impact fruit quality. 823 

However, suboptimum levels of N fertilization have an adverse impact on yield, leading 824 

to a trade-off between quality and yield ((Reitz and Embleton, 1986). Application of N 825 

above a certain threshold produces small fruits, with thick and course peel, reduced 826 

juice content and delayed external fruit coloration. However, high N levels produces 827 

adverse effects such as a delay in peel degreening and the increase the proportion of 828 

green fruits with a lower carotenoid concentration in the peel at harvest together, and 829 

also increase the content in soluble solids, acidity and rind thickness (Ladaniya 2008). 830 

Lower ascorbic acid concentration has been also reported in pulp of fruits exposed to 831 

high N or P rates, whereas a high K fertilization was associated with increased vitamin 832 

C content. A reduction in ascorbic acid content has been also observed in fruits exposed 833 

to a lower light intensity located inside the tree canopy (reviewed in Magwaza et al., 834 

2017). Micronutrients such as zinc or boron also influenced vitamin C content to 835 



36 

different extent depending species and variety (Magwaza et al., 2017). Modulation of N 836 

fertilization may also affect the fruit behavior during storage and, in general, fruit from 837 

high-nitrogen fertilized plants displayed a reduced storage potential (Ladaniya, 2008). 838 

Special care should be taken manipulating N fertilization on the field, since reduction of 839 

nitrogen levels in summer and fall may be beneficial for fruit quality at harvest. The 840 

timing and date of nitrogen application are important for fruit quality in most citrus 841 

species but only a limited effect has been observed in lemon trees (Reitz and Embleton, 842 

1986).  843 

An accurate K fertilization is consistent with the production of high quality citrus, 844 

since K effects on fruit quality are more important than its effects on yield. The 845 

application of higher amounts of K reduced the content ascorbic acid but increased the 846 

concentration of dehydroascorbic acid, therefore total concentration of vitamin C is not 847 

affected (Magwaza et al., 2017). However, other authors reported that fertilization with 848 

K and Zn in Kinnow mandarin during fruit growth determined a higher ascorbic acid 849 

content in the fruit whereas other quality factors (soluble solids, acidity, total phenols) 850 

were not affected at the applied doses (Nasir et al., 2016). Increasing K concentration 851 

has also important effects on fruit quality: increase in fruit size, peel thickness and juice 852 

content. Moreover, total acidity is also increased and consequently the ratio TSS/TA is 853 

reduced and fruit maturity is slightly delayed. It has been also observed K effect is 854 

dependent on fruit size (Koo and Reese, 1977). Although fertilization and different 855 

mineral elements may adversely affect citrus fruit quality, N and K are key minerals 856 

with a major influence in fruit quality development.   857 

 858 

 859 

 860 
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