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variety with higher AsA contents. Collectively, results indi-
cated a differential regulation of AsA concentration in peel 
and pulp of citrus fruits that may change during the differ-
ent stages of fruit development. The l-galactose pathway 
appears to be predominant in both tissues, but AsA concen-
tration is regulated by complex mechanisms in which deg-
radation and recycling also play important roles.
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Abbreviations
AsA	�A scorbic acid
AO	�A scorbate oxidase
APX	�A scorbate peroxidase
CP	�C rossing point
DHAR	� Dehydroascorbate reductase
GalLDH	� l-Galactono-1,4-lactone dehydrogenase
GalDH	� l-Galactose dehydrogenase
GalUR	� d-Galacturonic acid reductase
GGP	�G DP-l-Galactose phosphorylase
GLOase	� l-Gulono-1,4-lactone oxidase
GME	�G DP-Mannose-3′,5′-epimerase
GMP	�G DP-Mannose pyrophosphorylase
GPP	� l-Galactose-1-phosphate phosphatase
MDHAR	� Monodehydroascorbate reductase
MIOX	� Myo-inositol oxygenase

Introduction

Ascorbic acid (AsA, l-ascorbate, vitamin C) is synthesized 
by many vertebrates, however, the biosynthetic capacity 
has been lost in a number of species, such as birds, guinea 
pigs, and some primates including humans, for whom AsA 

Abstract C itrus fruits are an important source of ascor-
bic acid (AsA) for human nutrition, but the main pathways 
involved in its biosynthesis and their regulation are still 
not fully characterized. To study the transcriptional regu-
lation of AsA accumulation, expression levels of 13 genes 
involved in AsA biosynthesis, 5 in recycling and 5 in degra-
dation were analyzed in peel and pulp of fruit of two varie-
ties with different AsA concentration: Navel orange (Cit-
rus sinensis) and Satsuma mandarin (Citrus unshiu). AsA 
accumulation in peel and pulp correlated with the transcrip-
tional profiling of the l-galactose pathway genes, and the 
myo-inositol pathway appeared to be also relevant in the 
peel of immature-green orange. Differences in AsA content 
between varieties were associated with differential gene 
expression of GDP-mannose pyrophosphorylase (GMP), 
GDP-l-galactose phosphorylase (GGP) and l-galactose-
1-phosphate phosphatase (GPP), myo-inositol oxygenase 
in peel, and GGP and GPP in pulp. Relative expressions of 
monodehydroascorbate reductase 3 (MDHAR3) and dehy-
droascorbate reductase1 (DHAR1) correlated with AsA 
accumulation during development and ripening in peel and 
pulp, respectively, and were more highly expressed in the 
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has become a vitamin (Linster and Van Schaftingen 2007). 
Since humans cannot synthesize AsA by themselves, they 
must obtain it through the diet; therefore, the consumption 
of vitamin C-rich foods, such as fruits and vegetables, is 
highly recommended (Block 1991).

AsA is the most abundant antioxidant present in plant 
cells and plays important roles in a number of processes, 
including defense mechanisms, photosynthesis, cell divi-
sion, growth regulation and senescence. In addition, AsA is 
a cofactor for the activity of many enzymes, and affects the 
expression of genes involved in defense and hormone sign-
aling pathways in plants (reviewed in Smirnoff 2011).

Despite the relevance of AsA in plants, its biosynthesis 
has remained elusive until recently. The first significant 

milestone on the knowledge of AsA biosynthesis in plants 
was the discovery of the l-galactose pathway (Wheeler 
et  al. 1998). Since then, many studies have addressed the 
molecular mechanisms involved in AsA biosynthesis in 
plants and there is a general consensus that four AsA bio-
synthetic pathways are operative in plants. According to 
the molecules that act as precursors, the pathways have 
been named as: l-galactose, l-gulose, the myo-inositol 
and d-galacturonic acid pathways. The l-galactose path-
way, which is considered the major AsA biosynthetic 
route in several plant species, consists of a series of reac-
tions starting from d-mannose-1-P (Fig.  1; Wheeler et  al. 
1998). The observation that GDP-d-mannose-3′, 5′-epime-
rase (GME) can produce GDP-l-gulose, in addition to 

Fig. 1   Schematic representa-
tion of the biosynthetic, degrad-
ing and recycling pathways of 
AsA in plants. The enzymes 
catalyzing the reactions are: 
GMP GDP-mannose pyroph-
osphorylase, GME GDP-
mannose-3′-5′-epimerase, GGP 
GDP-l-galactose phosphory-
lase, GPP l-galactose-1-phos-
phate phosphatase, GalDH 
l-galactose dehydrogenase, 
GalLDH l-galactono-1,4-lac-
tone dehydrogenase, GalUR 
d-galacturonic acid reductase, 
MIOX myo-inositol oxygenase, 
GLOase l-gulono-1,4-lactone 
oxidase, MDHAR monodehy-
droascorbate reductase, DHAR 
dehydroascorbate reductase, AO 
ascorbate oxidase, APX ascor-
bate peroxidase. Adapted from 
Smirnoff (2011)
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formation of GDP-l-galactose, led to the proposal for an 
alternative route (l-gulose pathway) in which l-gulose 
and l-gulono-1, 4-lactone are key intermediates (Fig.  1; 
Wolucka and Van Montagu 2003, 2007). On the other hand, 
overexpression of an Arabidopsis gene encoding myo-ino-
sitol oxygenase, which catalyzes the oxidation of myo-ino-
sitol into d-glucuronate, increased AsA levels, suggesting 
an alternative biogenesis for l-gulono-1, 4-lactone (myo-
inositol pathway). Moreover, a fourth pathway in which 
d-galacturonic acid is the main intermediate has also been 
reported in plants [Fig. 1; Loewus et al. 1958; Agius et al. 
2003; reviewed in Lorence and Nessler (2007)].

In plants, the involvement of the l-gulose and myo-
inositol pathways in the biosynthesis of AsA is still not 
fully supported by experimental evidence. The last step 
of the l-gulose pathway that is the oxidation of l-gulono-
1,4-lactone (Fig. 1) by GLOase activity, is not confirmed 
as much as GalLDH. In fact, the GalLDH purified or 
recombinant proteins from sweet potato, cauliflower and 
tobacco exhibited only trace amounts of GLOase activity 
(Oba et al. 1995; Ostergaard et al. 1997; Imai et al. 1998; 
Yabuta et al. 2000). On the other hand, experimental evi-
dence argued against the contribution of the MIOX path-
way to AsA content. In this sense, Endres and Tenhaken 
(2009) did not found increases in AsA content in leaf 
tissue of Arabidopsis plants overexpressing the MIOX4 
gene. Moreover, they reported that feeding with myo-
inositol did not enhance AsA concentration in leaves of 
transgenic plants. These results suggest that the expres-
sion of MIOX gene control the level of myo-inositol, but 
does not contribute to regulate AsA contents, at least in 
Arabidopsis plants.

Most of the experiments on AsA biosynthesis were 
initially carried out on the model plant Arabidopsis thali-
ana, and subsequently, studies on agronomical important 
crops with fleshy fruits have been also addressed. Thus, in 
tomato, kiwifruit and immature peach fruits the l-galactose 
pathway predominates (Bulley et al. 2009; Imai et al. 2009; 
Ioannidi et al. 2009; Mellidou et al. 2012b). In contrast, the 
d-galacturonic acid and the myo-inositol pathways seem to 
prevail in strawberry fruits, since expression of GalUR and 
MIOX positively correlates with AsA contents (Agius et al. 
2003; Cruz-Rus et al. 2011). In grape berries, GalUR gene 
expression and protein levels were up-regulated during fruit 
ripening and also upon high light exposure in parallel to the 
increment in AsA content (Cruz-Rus et al. 2010).

In tomato, Ioannidi et al. (2009) found that most of the 
genes involved in the l-galactose pathway followed a tem-
poral pattern of expression opposite to that of AsA accu-
mulation. Interestingly, GPP closely correlated with AsA 
levels, suggesting a regulatory role of this gene in AsA bio-
synthesis. Other studies indicated that processes, such as 
AsA translocation from source leaves and the biosynthesis 

via the l-galactose pathway in immature fruits, and the 
transition to the d-galacturonic acid pathway in ripening 
fruits also contribute to AsA accumulation in tomato fruit 
(Badejo et al. 2012). Moreover, experiments carried out on 
recombinant inbred lines (RILs) from a cross of Solanum 
lycopersicum and its wild relative Solanum pimpinefollium 
revealed that AsA contents in red ripe fruits did not corre-
late with the expression of genes involved in its biosynthe-
sis (Lima-Silva et al. 2012).

On the other hand, feeding experiments with AsA pre-
cursors demonstrated that the peel of apple fruits was capa-
ble of the de novo biosynthesis of AsA via the l-galactose 
and the d-galacturonic acid pathways while the flesh and 
seed were only able to synthesize AsA via the l-galactose 
pathway (Li et  al. 2008). In addition, the AsA contents 
decreased exponentially from the peel/exocarp to the fruit 
core (Davey et al. 2004). Quantitative trait loci analysis of 
a F1 progeny derived from a cross between the apple cul-
tivars ‘Telamon’ and ‘Braeburn’ revealed that allelic vari-
ation in paralogs of MdGGP is consistently linked to fruit 
AsA concentrations, clearly indicating a major role for 
these genes (Mellidou et al. 2012a). Taken together, these 
studies revealed that AsA content in fruits is highly regu-
lated by a complex metabolic network in which the four 
AsA biosynthetic pathways act in concert in a species- and 
tissue-specific manner that may also vary depending on the 
stage of fruit development.

In addition to the de novo AsA biosynthesis, other 
mechanisms such as degradation and recycling can signifi-
cantly contribute to the regulation of AsA concentrations in 
plant tissues (Fig. 1). Hence, AsA can be transformed into 
monodehydroascorbate (MDHA) by the enzymes ascorbate 
oxidase (AO) and ascorbate peroxidase (APX). Then, the 
short-lived MDHA radical can either be recycled into AsA 
by monodehydroascorbate reductase (MDHAR) or undergo 
disproportionation into dehydroascorbate (DHA) and 
AsA. Moreover, DHA can be recycled into AsA by dehy-
droascorbate reductase (DHAR) before being irreversibly 
hydrolyzed [Fig. 1; reviewed in Gallie (2013)].

Experiments with transgenic plants have demonstrated 
that overexpression of genes encoding AsA biosynthetic 
(Bulley et  al. 2012) and recycling enzymes (Chen et  al. 
2003; Haroldsen et al. 2011) or the suppression of degrad-
ing enzymes (Zhang et al. 2011) can lead to the enhance-
ment of AsA concentrations. Nevertheless, there are excep-
tions to the general observations, since SlGalLDH silencing 
by RNAi was accompanied by significant changes in mito-
chondrial function and altered AsA redox state despite the 
fact that total AsA content remained unchanged (Alhagdow 
et  al. 2007). These results highlight the relevance of the 
balance between the biosynthesis and degrading/recycling 
AsA pathways and the complexity of the regulation of the 
AsA concentration.
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Citrus fruits are widely known by the high consumption 
of both fresh fruits and juice. In addition, citrus constitute 
a major source of AsA for humans’ diet as they are among 
the top ten AsA-accumulating commercial fruits (Cruz-Rus 
et al. 2012). The concentration of AsA in the different tissues 
of the citrus fruit is uneven, varies during fruit development, 
and differs among species and varieties. Analysis of the AsA 
contents conducted over the years in fruit tissues of differ-
ent species and varieties demonstrated that AsA contents 
are generally higher in the peel than in the pulp. Thus, AsA 
content in the flavedo, the colored layer of the peel, ranges 
between 130 and 374 mg/100 g fresh weight (FW), whereas 
in the albedo, the white layer of the peel, is between 50 and 
190  mg/100  g FW, and the content in the pulp is around 
20–70 mg/100 g FW [reviewed in Martí et al. (2009)]. Cit-
rus fruit juices provide an important source of vitamin C for 
human nutrition, even though only about one-fourth of the 
total vitamin C content of a fruit is found in the juice. Early 
studies already established that the distribution of vitamin C 
in the components of a fruit was: 34 % flavedo, 19 % albedo, 
21 % pulp vesicles and 26 % juice (Atkins et al. 1945). Thus, 
the edible pulp of the fruit has higher vitamin C content than 
its corresponding juice, in accordance with the observation 
that higher vitamin C contents are usually found in commer-
cial citrus juice prepared from fruits with richest concentra-
tion in the pulp (Abeysinghe et al. 2007).

Quantitative differences in AsA concentration in fruit 
tissues appear to be related to the genotypes and/or to the 
stage of development. In general, oranges contain the high-
est AsA levels among the citrus genus, followed by lem-
ons, grapefruits and mandarins (reviewed in Martí et  al. 
2009). Vitamin C content in orange juices ranges between 
29 and 82 mg/100 mL, being Navel and Pineapple richer 
than Valencia Late oranges (Nagy 1980). In fruits of differ-
ent lemon varieties, vitamin C contents fluctuate from 30 to 
50 mg/100 mL, a range slightly higher than that of grape-
fruits. High variability in vitamin C has been observed 
among the mandarin genotypes, with the concentrations 
in Satsuma varieties being lower than those of Clementine 
(Martí et al. 2009).

Although AsA levels in citrus fruits have been exten-
sively studied, there is very little information about the 
molecular regulation of AsA metabolism in these fruits. A 
recent study in the pulp of two varieties of oranges (Egan 
No.2 and Newhall) suggested that differences in AsA con-
centration were associated with differences in the expres-
sion of genes of the l-galactose pathway as well as in the 
activity of enzymes involved in AsA degradation (Yang 
et  al. 2011). Moreover, the comparison of transcript lev-
els of genes involved in AsA metabolism in leaves, cal-
lus, flowers and fruits of sweet orange, suggested that the 
d-galacturonic acid pathway could be important in fruits 
since some members of the GalUR gene family were 

significantly up-regulated in fruits as compared to other 
tissues (Xu et  al. 2013). However, a global view of the 
changes in the expression of the multiple genes and iso-
forms involved in the main metabolic pathways controlling 
AsA concentration (biosynthesis, degradation and recy-
cling), during the development and ripening of citrus fruit, 
is still lacking, and constituted the objective of the present 
work. To that end, we have analyzed the expression levels 
of 13 genes involved in the AsA biosynthetic pathways and 
ten genes encoding for enzymes participating in the recy-
cling and degradation mechanisms. To establish a potential 
relationship between AsA concentrations and transcript 
levels, AsA content and gene expression were assessed in 
both peel and pulp, since these tissues accumulate disparate 
amounts of AsA, and in fruits of two citrus genotypes dis-
playing significant differences in AsA content.

Materials and methods

Plant material and growth conditions

A preliminary screening of fruits from varieties accumulat-
ing different concentrations of AsA was performed in fruits 
of the following genotypes: two sweet oranges (C. sinen-
sis L. Osbeck) cv. Washington Navel and Valencia late; two 
mandarins, Satsuma (C. unshiu Marc) cv. Owari and Clem-
entine (C. clementine Hort. ex Tan) cv. Clemenules and two 
grapefruits (C. paradisi Macf.) cv. Marsh and Star Ruby. 
Fruits were harvested at monthly intervals, from immature-
green fruit to full maturity stages, from June until Decem-
ber, from adult trees grafted on Citrange carrizo rootstocks 
grown at the Citrus Germplasm Bank of the Instituto Valen-
ciano de Investigaciones Agrarias (+39° 35′ 22″, −0° 23′ 
40″, Moncada, Valencia, Spain).

Immediately after harvest, fruits were delivered to the 
laboratory and selected for uniformity and the absence 
of any lesion or injury. Then, the fruit equatorial diameter 
was measured in 20 fruits from each variety. Peel color of 
the same fruits was measured using a Minolta CR-330 col-
orimeter on three locations around the equatorial plane of 
the fruit. Color index was expressed as the a/b Hunter ratio 
(Stewart and Wheaton 1971; Rodrigo et  al. 2004) which 
is negative for green fruit, around zero for yellow fruit at 
color break and is positive for orange colored fruit. Flavedo 
(the outer colored part of the fruit peel) and pulp were sepa-
rated with a scalpel, immediately frozen in liquid nitrogen, 
ground to a fine powder and stored at −80 °C until analysis.

Maturity index

Juice from fruits was extracted with a household electric 
hand reamer, filtered through a metal sieve with a pore size 



1117Planta (2014) 239:1113–1128	

1 3

of 0.8 mm and analyzed immediately. The acidity (TA) of 
the juice was determined by titration with 0.1 N NaOH and 
is expressed as mg of citric acid per 100 mL and the total 
soluble solid content (TSS, °Brix) by refractometry, using 
an Atago model PR32. The maturity index (MI), expressed 
as the ratio between TSS and TA of the juice, was meas-
ured in fruits harvested after September because before that 
time they were too small and the pulp was too dry to extract 
the juice content.

Ascorbic acid extraction and analysis by HPLC

Ascorbic acid was extracted and determined essentially as 
described in Alós et al. (2013). Briefly, flavedo and pulp tis-
sue (0.5 g) were homogenized for 1 min using a Polytron 
homogenizer with 0.1  % metaphosphoric acid (4  mL). 
The homogenate was centrifuged for 10 min at 4,000g at 
4 °C. The supernatant was filtered through a C18 cartridge 
(SepPak, Waters, Spain), previously activated with 4  mL 
of methanol, 4 mL of water and 4 mL of 2 % metaphos-
phoric acid. The extract was subsequently filtered through 
a 0.45 μm nylon filter (25 mm diameter, Análisis Vínicos, 
Spain). The filtrate was injected in the HPLC for AsA 
determination.

Dehydroascorbic acid (DHA) content was calculated 
from the difference between total vitamin C and the AsA 
contents. To determine total vitamin C we adapted the pro-
tocol described by Davey et  al. (2003). Thus, a 200 μL 
aliquot of the above-mentioned filtrate was incubated for 
15 min at room temperature with 100 μL 200 mM DTT in 
400 mM Tris-base which generated a final pH of 6 to 6.8. 
Then, the reaction was stopped by acidification with 100 
μL of 8.5 % ortho-phosphoric acid.

Sample analysis by HPLC was carried out using a 
Dionex HPLC system with a photodiode array detector and 
Chromeleon software (Dionex), an Ultrabase C18 column 
(100 × 4.6 mm, 2.5 μm) and a mobile phase of methanol: 
water pH 2.5 (adjusted with metaphosphoric acid, 15:85, 
v/v), 0.2  mL/min flux and injection volume 10 μL. The 
temperature of the column was set at 35  °C. The method 
was calibrated with a curve of an ascorbic acid standard 
solution in 2 % metaphosphoric acid, with concentrations 
between 1 and 100 μg/mL.

RNA extraction and cDNA synthesis

Total RNA was isolated from the fruit tissues using RNe-
asy Plant Mini Kit (Qiagen) and subsequently treated 
with DNase I (DNA free, DNase treatment and removal, 
Ambion). The amount of RNA was measured by spectro-
photometric analysis (Nanodrop) and its quality was veri-
fied by agarose gel electrophoresis and ethidium bromide 
staining. The absence of DNA contamination was checked 

by performing a no-reverse transcription assay which con-
sisted of a PCR with each RNA sample using the ACTIN 
primers (Supplementary Table S1). No amplified prod-
ucts were detected which confirmed the purity of the RNA 
extracts. The transcripts present in 5 μg of total RNA were 
reverse-transcribed using the superscript III reverse tran-
scriptase (invitrogen) in a total volume of 20 μL. One μL 
of a tenfold diluted first-strand cDNA was used for each 
amplification reaction.

Gene expression analysis by real‑time PCR

Gene expression studies were performed following the 
MIQE guidelines (Bustin et  al. 2009). Quantitative real-
time PCR was carried out on a LightCycler 480 instrument 
(Roche), using the LightCycler 480 SYBRGreen I Mas-
ter kit (Roche). Reaction mix and conditions followed the 
manufacturer’s instructions with some modifications. The 
PCR mix contained 1 μL of diluted cDNA, 5 μL of SYBR 
Green I Master Mix, 1 μL of 3 μM primer F and 1 μL of 
3 μM primer R, being the final volume of 10 μL. The prim-
ers (PSF purified, Isogen) used for the amplification of each 
gene are listed in Supplementary Table S1. The cycling 
protocol, for all genes, consisted of 10 min at 95 °C for pre-
incubation, then 40 cycles of 10 s at 95 °C for denaturation, 
10 s at 59 °C for annealing and 10 s at 72 °C for extension. 
Fluorescent intensity data were acquired during the exten-
sion time with the LightCycler 480 Software release 1.5.0, 
version 1.5.0.39 (Roche) and were transformed into mRNA 
levels using specific standard curves for all analyzed genes. 
Amplification efficiency (E) and correlation coefficient (R2) 
of each primer were calculated using the standard curve 
method and the formula E = 10(−1/slope) (Bustin et al. 2009).

The specificity of the PCR reaction was assessed by 
the presence of a single peak in the dissociation curve 
performed after the amplification steps followed by the 
sequencing of the amplicon. Three potential housekeep-
ing genes were tested in this experiment based on previ-
ously published primer sequences of citrus genes: ACTIN, 
ELONGATION FACTOR 1 (EF1), β-TUBULIN (β-TUB) 
(Romero et al. 2012; Rodrigo et al. 2013) To test the stabil-
ity of these genes, the BestKeeper software was used (Pfaffl 
et  al. 2004). In this analysis, the most stably expressed 
genes are the ones having the lowest of SD [± C rossing 
Point (CP)], and any studied gene with the SD higher than 
1 can be considered inconsistent. The SD [± C P] were: 
0.38, 0.52 and 0.62 for ACTIN, β-TUB and EF1, respec-
tively. Therefore, the ACTIN gene which had the lowest SD 
[± CP] value was the best housekeeping gene for our anal-
ysis and this is the reason for the normalization against it 
(Supplementary Table S1; Pfaffl et al. 2004; Romero et al. 
2012; Rodrigo et  al. 2013). The expression levels relative 
to values of a reference sample were calculated using the 
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Relative Expression Software Tool (REST Multiple Condi-
tion Solver REST-MCS v2, http://rest.gene-quantification.
info; Pfaffl et  al. 2002). The reference sample was the 
expression value obtained for each gene on the flavedo of 
immature-green Satsuma Owari fruits (collected on the 
15th of June), which was arbitrarily given the expression 
value of 1. Results were the mean of at least three inde-
pendent replicates. The Relative Expression Software Tool 
REST 2009 software (http://www.gene-quantification.de/
rest-2009.html) was used to determine statistical signifi-
cance between varieties (P < 0.05). In addition, to compare 
absolute gene expression values the protocol described by 
Romero et al. (2012) was followed.

Results

Changes in AsA concentration during citrus fruit 
development and ripening

To select citrus fruits with contrasting AsA concentration 
in both peel and pulp, a screening of six varieties, repre-
senting the four major cultivated species: mandarin (cv. 
Satsuma Owari), clementine (cv. Clemenules), orange 
(cvs. Washington Navel and Valencia late) and grapefruit 
(cvs. Marsh and Star Ruby) was carried out. AsA concen-
trations were quantified in flavedo and pulp during at least 
six stages of fruit development and ripening. In fruit of all 
varieties, AsA content was always higher in the peel than 
in the pulp, and in the pulp decreased during fruit develop-
ment. In pulp of full colored fruits, the highest AsA con-
centrations were registered in oranges (50 mg/100 g FW) 
followed by clementine (43  mg/100  g FW), both grape-
fruits (around 35  mg/100  g FW), and Satsuma mandarin 
(20 mg/100 g FW).

AsA contents in the flavedo followed a different pat-
tern of accumulation than that of the pulp and also dis-
played differences among genotypes. Thus, in oranges 
AsA concentrations were rather stable for the first stages 
of development and increased after color break, to reach 
200 and 240 mg/100 g FW in full colored fruits of Wash-
ington Navel and Valencia late, respectively. In grape-
fruits, mandarin and clementine cultivars AsA concentra-
tions increased gradually during the whole studied period. 
In both varieties of grapefruits AsA levels increased from 
130 to 150 mg/100 g FW to 200 mg/100 g FW, from June 
to December, with minor differences between varieties. 
Mandarin and clementine fruits followed a similar pat-
tern of AsA accumulation, but the concentrations were 
significantly lower than in oranges and grapefruits. Dehy-
droascorbic acid (DHA) was less abundant than AsA in all 
the varieties studied and in general higher in the peel than 
in pulp. Moreover, DHA content was higher in the peel and 

pulp of fruits at immature-green stages (June–July) and 
declined later in development. In summary, flavedo and 
pulp of Washington Navel oranges contained the highest 
AsA contents while tissues of Satsuma mandarin were the 
lowest among the six genotypes and, therefore, these two 
varieties were selected to perform further studies on the 
molecular regulation of AsA metabolism.

Analysis of fruit diameter, external fruit color and 
internal maturity index in fruits of Satsuma mandarin and 
Washington Navel orange revealed that fruit maturation 
proceeded in a similar fashion in both genotypes and, there-
fore, allowed a reliable and timely comparison of the AsA 
content (Supplementary Fig. S1). It is remarkable that the 
AsA contents in the peel of immature-green fruits of man-
darin were extremely low (5 mg/100 g FW) in comparison 
with the corresponding tissue of Washington Navel oranges 
(Fig. 2). In oranges, AsA remained fairly constant until the 
mature green stage (early October) and then it experienced 
an increase to reach maximum levels (240 mg/100 g FW). 
In the peel of Satsuma mandarin, the AsA concentration 
increased progressively throughout development and mat-
uration, being between 20 and 40  % lower than in Navel 
oranges. In the pulp, the AsA contents declined during fruit 
development in both genotypes, being in oranges about 
twofold higher than in mandarins (Fig. 2). The highest lev-
els of DHA were detected in the flavedo and pulp of imma-
ture fruits of Washington Navel while at the same stage it 
was not detectable or a very low level in the tissues of Sat-
suma mandarin. In later stages of fruit development, DHA 
remained at low levels and without substantial differences 
between the two varieties (Fig. 1e, f).

Selection of genes involved in AsA metabolism 
for analysis by qRT‑PCR

To understand the transcriptional regulation of the main 
pathways involved in AsA biosynthesis, degradation and 
recycling in the flavedo and the pulp of citrus fruits, an 
important number of genes corresponding to key meta-
bolic steps were selected to get a wide perspective of AsA 
metabolism during fruit development and ripening (Fig. 1, 
Supplementary Table S1). Gene sequences were obtained 
from the draft genome of the double haploid sweet orange 
(C. sinensis) genome project from the Huazhong Agricul-
tural University (http://citrus.hzau.edu.cn/orange; Xu et al. 
2013). A total of 23 genes were selected for further expres-
sion analysis corresponding to 13 genes from biosynthetic 
steps: GDP-mannose pyrophosphorylase (GMP), GDP-
mannose-3′-5′-epimerase (GME), GDP-l-galactose phos-
phorylase (GGP), l-galactose-1-phosphate phosphatase 
(GPP), l-galactose dehydrogenase (GalDH), l-galac-
tono-1,4-lactone dehydrogenase (GalLDH), myo-inositol 
oxygenase (MIOX) and six isoforms of galacturonic acid 

http://rest.gene-quantification.info
http://rest.gene-quantification.info
http://www.gene-quantification.de/rest-2009.html
http://www.gene-quantification.de/rest-2009.html
http://citrus.hzau.edu.cn/orange
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reductase (GalUR); five genes of degradation steps includ-
ing ascorbate oxidase (AO) and four isoforms of ascorbate 
peroxidase (APX); and five genes form recycling steps: 
two isoforms of dehydroascorbate reductase (DHAR) 
and three isoforms of monodehydroascorbate reductase 
(MDHAR).

In some cases, the alignment of the nucleotidic sequences 
of the putative genes contained in the draft double haploid 
sweet orange genome project (DHSO) (Xu et al. 2013) with 
the corresponding sweet orange genome project (SOGP) 
database (2010) (Phytozome; http://www.phytozome.

net/citrus.php) and known genes of the AsA metabolism 
from other plants species revealed that further curation is 
needed in the annotation of these sequences. The existence 
of three genes of GME (Cs8g02600.1, Cs8g02610.1 and 
Cs3g10840.1) has been described in the DHSO (Xu et  al. 
2013), however, the alignment of these sequences with 
other known GME proteins from plants showed that only 
Cs3g10840.1 was encoding for the full-length protein. Thus, 
Cs3g10840.1 was the gene considered for primer design 
and subsequent expression analysis. Similarly, two putative 
isoforms of GalLDH were identified in the DHSO project, 
but only the one that coincided with the unique GalLDH 
gene described in the SOGP database, orange1.1t00763.1, 
encoded for the full-length protein and, consequently, this 
was the gene selected for analysis. Furthermore, it has also 
been proposed that there are two isoforms of GGP in cit-
rus (Xu et  al. 2013), however, the expression analysis of 
both genes in fruit tissues of Washington Navel orange and 
Satsuma mandarin revealed that the isoform encoded by 
Cs6g17580.1 was not expressed. Therefore, expression lev-
els of the GGP gene presented in this work correspond to 
the Cs4g09870.1 isoform (Supplementary Table S1).

Expression of genes involved in AsA biosynthesis 
in flavedo during development and maturation 
of Washington Navel orange and Satsuma mandarin

The expression levels of 13 genes involved in AsA bio-
synthesis were analyzed in flavedo of Washington Navel 
orange and Satsuma mandarin at six developmental stages. 
The mRNA abundance of each gene was normalized to the 
values registered in the flavedo of immature-green man-
darin (June), to obtain a reliable comparison of the differ-
ences in gene expression between the two tissues and the 
two genotypes (Figs. 3, 4).

In the flavedo, expression of the genes involved in the 
L-galactose pathway followed different patterns. GME, 
GPP, GalDH and GalLDH expression profiles displayed 
only minor differences between the two varieties. GME, 
GalDH and GalLDH transcript abundance was rather 
stable with slight fluctuations during the whole period 
(Fig.  3). By contrast, accumulation of GPP mRNA in 
both varieties experienced an important increment at lat-
ter stages of fruit maturation when transcript abundance 
was lower in mandarin than in orange. Other genes of 
this pathway, such as GMP and GGP, displayed differ-
ent profiling in the peel of each variety. GMP transcript 
levels were almost constant until September and then 
experienced a twofold induction in oranges but not in 
mandarins, to decline later on. GGP transcript abundance 
increased gradually in the peel of both varieties until 
October, declined later on in mandarin but was further 
induced in oranges. Abundance of GGP transcripts in full 
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Fig. 2   External and internal appearance of Satsuma Owari mandarin 
(a) and Washington Navel orange fruits (b). Evolution of AsA con-
centration in flavedo (c) and pulp (d) of Satsuma Owari mandarin 
(white circles) and Washington Navel orange (black circles) during 
fruit development and ripening. Evolution of DHA concentration in 
flavedo (e) and pulp (f) of Satsuma Owari mandarin (white circles) 
and Washington Navel orange (black circles) during fruit develop-
ment and ripening. Data are mean ± SD of three replicates. JN June, 
JL July, A August, S September, O October, N November, D Decem-
ber, respectively

http://www.phytozome.net/citrus.php
http://www.phytozome.net/citrus.php


1120	 Planta (2014) 239:1113–1128

1 3

mature fruit was about fivefold higher in oranges than in 
mandarin peel (Fig. 3).

Analysis of the expression of six GalUR isoforms from 
the D-galacturonic pathway in flavedo of Washington Navel 
orange and Satsuma mandarin revealed different expres-
sion patterns and, interestingly, none of them appeared to 
be positively correlated with AsA concentration (Figs.  2, 
3). GalUR5 and GalUR8 were expressed at higher lev-
els in Satsuma mandarin than in Washington Navel from 
July until October or December, respectively. In contrast, 
GalUR10, GalUR12 and GalUR17 mRNA levels were 
more abundant in Washington Navel orange, especially 
GalUR12 that was up to 17-fold higher than in Satsuma 
mandarin. GalUR10 and GalUR17 displayed a maxi-
mum in July and thereafter decreased (Fig.  3). GalUR14 
was expressed at constant levels during the whole ripen-
ing process without significant differences between varie-
ties (Fig. 3). It is worth to mention that the highest levels 
of absolute gene expression were recorded for GalUR12, 

followed by GalUR8 and GalUR14 (Supplementary Table 
S2).

MIOX levels were strikingly higher (45-35-fold) in the 
flavedo of immature Washington Navel orange fruits (June 
and July) than in Satsuma mandarin, declining thereafter to 
very low and similar levels in both genotypes (Fig. 3).

Expression of genes involved in AsA biosynthesis in the 
pulp during development and maturation of Washington 
Navel orange and Satsuma mandarin

In general, mRNA levels of genes involved in AsA biosyn-
thesis were lower in the pulp than in the flavedo (up to ten-
fold), in agreement with AsA concentrations (Figs. 2, 3, 4). 
It is worth to note that the pattern of expression of most 
of these genes was distinct in peel and pulp, suggesting a 
differential regulation in these tissues. Expression of GMP, 
GME, GalDH and GalLDH genes followed a similar pat-
tern in both varieties. With the exception of GME which 

Fig. 3   Relative expression of 
genes involved in AsA bio-
synthetic pathways in flavedo 
of Satsuma Owari mandarin 
(white circles) and Washington 
Navel orange (black circles) 
during fruit development and 
ripening. The genes measured 
were: GMP, GME, GGP, GPP, 
GalDH, GalLDH, GalUR5, 
GalUR8, GalUR10, GalUR12, 
GalUR14, GalUR17 and MIOX. 
An expression value of 1 was 
arbitrarily assigned to the values 
obtained in the flavedo of Sat-
suma Owari fruits harvested in 
June. The data are mean ± S.E 
of at least three replicates. The 
asterisk indicates statistical 
significance (p < 0.05) between 
the expression of Washington 
Navel orange and Satsuma 
mandarin. JN June, JL July, A 
August, S September, O Octo-
ber, N November, D December, 
respectively
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reached a peak in November, the other genes declined or 
did not experience important differences. GGP and GPP 
transcript abundance was substantially higher in the pulp of 
Washington Navel orange than in mandarin (up to fivefold 
in September) throughout the whole period (Fig. 4).

Expression of the genes involved in the alternative 
pathways (D-galacturonic and myo-inositol) in the pulp 
of both genotypes is also shown in Fig. 4. Changes in the 
mRNA abundance of most of these genes did not corre-
late with the pattern of accumulation of AsA in the pulp, 
except for GalUR10 which declined gradually during 
development and maturation. GalUR5 and GalUR17 were 
the only mRNAs whose levels were higher in the pulp of 
oranges than in mandarins at late maturation stages. The 
relative abundance of transcripts corresponding to GalUR8, 
GalUR12, GalUR14 and MIOX was very similar between 
the two genotypes, although the MIOX mRNAs were very 
scarce or undetectable (Fig.  4). In the pulp, GalUR12, 
GalUR8 and GalUR14 were the most abundant isoforms in 
terms of absolute abundance (Supplementary Table S2).

Expression of genes involved in AsA recycling 
and degradation in flavedo during development 
and maturation of Washington Navel orange and Satsuma 
mandarin

AsA recycling and degradation mechanisms significantly 
contribute to determine AsA levels in plants (reviewed in 
Gallie 2013; Fig. 1). Therefore, to understand the transcrip-
tional regulation of these processes the expression levels of 
genes involved in the recycling pathways (three MDHAR 
and two DHAR isoforms) and also in the degradation path-
ways (AO, and four APX isoforms; Supplementary Tables 
S1, S3, S4; Figs. 5, 6) were analyzed.

As stated before for genes involved in AsA biosynthe-
sis, genes related to the recycling and degradation path-
ways were more highly expressed in the flavedo than in the 
pulp, with the exception of APX2 (Figs. 5, 6; Supplemen-
tary Tables S3, S4). MDHAR1, MDHAR2 and MDHAR3 
displayed parallel expression patterns in both genotypes. 
In some stages of fruit development, mRNA levels of 

Fig. 4   Relative expression 
of genes involved in AsA 
biosynthetic pathways in pulp 
of Satsuma Owari mandarin 
(white circles) and Washington 
Navel orange (black circles) 
during fruit development and 
ripening. The genes measured 
were: GMP, GME, GGP, GPP, 
GalDH, GalLDH, GalUR5, 
GalUR8, GalUR10, GalUR12, 
GalUR14, GalUR17 and MIOX. 
An expression value of 1 was 
arbitrarily assigned to the values 
obtained in the flavedo of Sat-
suma Owari fruits harvested in 
June. The data are mean ± S.E 
of at least three replicates. The 
asterisk indicates statistical 
significance (p < 0.05) between 
the expression of Washington 
Navel orange and Satsuma 
mandarin. JN June, JL July, A 
August, S September, O Octo-
ber, N November, D December, 
respectively
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MDHAR1 and MDHAR2 were higher in Satsuma manda-
rin than in Washington Navel orange, whereas abundance 
of MDHAR3 was always higher in orange. It is interesting 
to note that MDHAR2 and MDHAR3, which were the most 
abundant isoforms (Supplementary Table S3), had expres-
sion patterns that resembled the evolution of AsA concen-
tration (Figs. 2, 5). On the other hand, DHAR1 transcripts 
decreased gradually during fruit development and ripening 
in both varieties, while DHAR2 mRNA levels remained 
nearly constant in oranges or experienced fluctuations in 
the flavedo of Satsuma mandarin (Fig. 5).

Genes involved in the degradation pathways followed 
different expression profiles in the flavedo during develop-
ment and maturation. AO mRNA levels sharply declined 
after the immature-green stage to remain at very low lev-
els from September onwards. Other genes like APX1, 
which was the most highly expressed isoform, and APX3 
showed a rather flat profile, whereas APX2 mRNA lev-
els increased from June until September, then transiently 
decreased and in December experienced a slight increase 

(Fig.  5 and Supplementary Table S4). APX3 and APX2 
were significantly more expressed in Satsuma mandarin 
than in Washington. In Satsuma mandarin, APX4 displayed 
a remarkable induction between June and October, while 
in Washington Navel its expression levels were quite con-
stant and showed a more striking increase in November and 
December (Fig. 5).

Expression of genes involved in AsA recycling 
and degradation in the pulp during development 
and maturation of Navel orange and Satsuma mandarin

With the exception of DHAR1, the genes related to AsA 
recycling did not parallel the evolution of AsA concentration 
in the pulp over the whole period of fruit development and 
ripening. Profiling of the three MDHAR isoforms was similar 
and experienced an increase with fruit maturation that was 
slightly higher in oranges than in mandarin. Accumulation 
of DHAR1 mRNA was higher in Washington Navel oranges 
than in Satsuma mandarins and declined in parallel with the 

Fig. 5   Relative expression of 
genes involved in AsA recycling 
and degradation pathways in fla-
vedo of Satsuma Owari manda-
rin (white circles) and Washing-
ton Navel orange (black circles) 
during fruit development and 
ripening. The genes measured 
were: MDHAR1, MDHAR2, 
MDHAR3, DHAR1, DHAR2, 
AO, APX1, APX2, APX3 and 
APX4. An expression value 
of 1 was arbitrarily assigned 
to the values obtained in the 
flavedo of Satsuma Owari fruits 
harvested in June. The data are 
mean ± S.E of at least three 
replicates. The asterisk indicates 
statistical significance (p < 0.05) 
between the expression of 
Washington Navel orange and 
Satsuma mandarin. JN June, JL 
July, A August, S September, 
O October, N November, D 
December, respectively
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reduction of AsA concentration and interestingly DHAR1 
was the most abundant DHAR isoform (Supplementary 
Table S3). In contrast, DHAR2 mRNAs were more abundant 
in Satsuma mandarin than in Washington Navel orange at the 
early stages of fruit development (Fig. 6).

AO transcript profiling in the pulp was similar to that 
of flavedo displaying a drastic reduction at the first stages 
of development to remain at extremely low levels for the 
rest of the ripening process. Two patterns of expression 
could be distinguished for the four APX genes, hence APX1 
mRNA abundance was rather constant during the whole 
ripening process while APX2, APX3 and APX4 increased 
(Fig. 6). Considering the absolute transcript quantification, 
APX2 and APX4 were more abundant than the APX1 and 
APX3 isoforms (Supplementary Table S4).

Discussion

Citrus fruits have been classically recognized as one of the 
main sources of vitamin C for human nutrition and health. 

Concentrations of AsA in pulp and juice of fruits of the dif-
ferent citrus species and varieties have been long studied 
and changes in AsA levels related to temperature treat-
ments, processing methods, and storage conditions have 
been also extensively analyzed (Nagy 1980; Martí et  al. 
2009). Although environmental and cultural conditions 
may substantially affect AsA content in citrus fruits, vari-
ability appears to be mainly genetically determined (Dhu-
ique-Mayer et al. 2005; Bermejo et al. 2011). Thus, higher 
AsA contents are usually found in oranges and lemons 
followed by grapefruit and mandarins (Martí et  al. 2009), 
and similarly to other bioactive compounds, the variability 
observed is more interspecific than intraspecific (Dhuique-
Mayer et al. 2005). In the present work, the genetic diver-
sity of the citrus genus has been exploited to select varie-
ties with contrasting concentration of AsA to identify the 
predominant metabolic pathways and potential rate limiting 
steps of AsA metabolism in peel and pulp of citrus fruits. 
The analysis of AsA concentrations in peel and pulp of 
fruits of six citrus varieties including two sweet oranges, 
two grapefruits, a mandarin and a clementine revealed 

Fig. 6   Relative expression of 
genes involved in AsA recycling 
and degradation pathways in 
pulp of Satsuma Owari manda-
rin (white circles) and Washing-
ton Navel orange (black circles) 
during fruit development and 
ripening. The genes measured 
were: monodehydroascor-
bate reductase1 (MDHAR1), 
MDHAR2, MDHAR3, DHAR1, 
DHAR2, AO, APX1, APX2, 
APX3 and APX4. An expres-
sion value of 1 was arbitrarily 
assigned to the values obtained 
in the flavedo of Satsuma Owari 
fruits harvested in June. The 
data are mean ± S.E of at least 
three replicates. The asterisk 
indicates statistical signifi-
cance (p < 0.05) between the 
expression of Washington Navel 
orange and Satsuma mandarin. 
JN June, JL July, A August, 
S September, O October, N 
November, D December, 
respectively
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that Washington Navel oranges and Satsuma mandarin 
fruits contain the highest and lowest AsA concentrations, 
respectively (Fig.  2). These results are in agreement with 
previously reported AsA contents in fruits of other citrus 
varieties and reinforce the observation that Japanese-type 
mandarins like Satsuma, contain lower AsA concentrations 
than the Mediterranean-type mandarins, like Clementine 
(Dhuique-Mayer et al. 2005; Bermejo et al. 2011).

It is noticeable that AsA concentration in fruits of all the 
varieties analyzed was always higher in peel than in pulp 
(Fig. 2). Similar results have been also found in other cit-
rus fruits and, in general, AsA content in the pulp is usually 
one-third to one-fourth that of the peel (Martí et al. 2009; 
Bermejo et al. 2011). Differences in AsA contents among 
fruit tissues have also been detected in other fruits, such as 
apple (Li et al. 2009). The reasons for these differences are 
not fully known, but it has been speculated that the peel is 
the first barrier of the fruit and the interphase with the envi-
ronment, directly exposed to radiation, wounding, wind, 
etc., and probably requires a higher and more efficient 
antioxidant system to cope with these biotic and abiotic 
stresses (Tausz et al. 2004). Moreover, light has also been 
shown to stimulate AsA content and the expression of AsA 
biosynthetic and recycling genes in the peel of apple fruits 
(Li et al. 2009) and in vegetative tissues of rice and Arabi-
dopsis (Yabuta et  al. 2007; Fukunaga et  al. 2010), where 
AsA plays a role in photosynthesis and in photoprotection 
(Smirnoff 2011). Thus, it is likely that the differences in 
AsA content between peel and pulp of citrus fruits may be 
at least partially mediated by the direct exposure to light.

The concentration of AsA in peel and pulp of citrus was 
not only quantitatively different, but also followed a differ-
ent pattern of accumulation (Fig. 2). In the peel, the AsA 
concentration increased progressively during development 
and maturation, and although the profiling was different 
between oranges and mandarins, AsA content was higher 
in mature fruits of both varieties. By contrast, AsA concen-
tration declined progressively in the pulp, and differences 
between genotypes were maintained throughout the whole 
development and maturation (Fig.  2). These discrepan-
cies in AsA accumulation envisage that different mecha-
nisms of AsA biosynthesis, recycling and degradation may 
operate or be preponderant in each tissue and also that the 
regulation of the pathways could be distinct between tis-
sues. Moreover, our data indicated that changes in AsA 
content during maturation did not correlate with changes 
in peel color or internal maturation (Supplementary Fig. 
S1). These results are consistent with other observations, 
in which other maturation-related processes, such as carot-
enoid content and composition, flavonoids or essential oils, 
did not parallel the evolution of AsA content (Dhuique-
Mayer et al. 2005; Bermejo et al. 2011). Yang et al. (2013) 
also observed that the increase in total sugars in the peel 

of Satsuma mandarin induced by branch girdling was not 
related to the increase of AsA concentrations. Together, 
changes in AsA content in both peel and pulp of citrus 
fruits appeared not to be linked to other modifications of 
primary metabolism occurring during maturation and 
should not be considered as a maturation-related process. 
In fruit of other species, changes in AsA contents during 
fruit development follow different patterns, for example 
AsA contents increase during tomato fruit ripening after 
the turning stage (Ioannidi et al. 2009) or decrease steadily 
during the development of peach fruit (Imai et al. 2009).

A relevant conclusion from the present work arises from 
the comparison of AsA levels during development and rip-
ening with the expression of AsA biosynthetic genes in 
peel and pulp of orange and mandarin fruits. Results indi-
cated that AsA content appears to be differentially regu-
lated between peel and pulp tissues, and that the relative 
contribution of the different biosynthetic pathways to the 
AsA pool changes in each tissue during the different stages 
of fruit development and maturation. In the flavedo of 
Washington Navel oranges at the first stages of fruit devel-
opment, high levels of MIOX transcripts were associated 
with high AsA concentrations. Interestingly, at the same 
stage of development, AsA content in the peel of Satsuma 
mandarin was substantially lower (about 50-fold) and the 
relative expression of MIOX was also 45-fold lower, sug-
gesting that this step may be a limiting factor for the dif-
ferences in AsA content in the peel between both varieties 
at early stages of fruit development (Figs. 2, 3). In tomato 
fruit it has also been described that MIOX transcripts are 
highly expressed at the early stages of fruit development 
and not detectable during maturation (Ioannidi et al. 2009). 
Subsequently in development (September), MIOX mRNA 
abundance decayed coinciding with the stimulation of 
genes of the L-galactose pathway and an important incre-
ment of AsA in the peel (Figs. 2, 3). Then, expression of 
GMP experienced a transient increment only in the peel of 
oranges whereas GGP gene was stimulated in orange fruit, 
but declined in mandarin. By contrast, evolution of the 
expression of GPP gene was similar in the flavedo of both 
mandarin and orange (Fig.  3). These results suggest that 
during fruit maturation, the L-galactose pathway may pre-
dominate in the biosynthesis of AsA in the flavedo and that 
the selective stimulation of GMP and mainly GGP would 
contribute to a higher flow of metabolic precursors in the 
peel of oranges than in mandarins. The stimulation of the 
expression of GPP could be important for the general acti-
vation of this branch, but it appears not to be a limiting fac-
tor for the differences observed in AsA contents between 
genotypes. Together, these results suggest a transition in 
the biosynthetic pathways of AsA in the flavedo of citrus 
fruits that may partly explain the differences between the 
peel of Washington Navel oranges and Satsuma mandarin. 
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In the peel of immature orange at early stages of develop-
ment it is possible that AsA would be derived from both 
the myo-inositol and the L-galactose pathways, while in the 
peel of mandarin fruit, the myo-inositol pathway would not 
be operative or only at very reduced levels. At latter stages 
of fruit development and maturation, the L-galactose path-
way would be stimulated and become predominant for the 
synthesis of AsA, being likely that GMP and GGP genes 
could act as limiting factors that may account for the dif-
ferences in AsA content in the peel of orange and mandarin 
fruits (Figs. 2, 3). The transition from one AsA biosynthetic 
pathway to another at different stages of fruit development 
has been also described in fruit of other species. For exam-
ple, in tomato and grape the L-galactose pathway seemed 
to be the main source of AsA in immature fruits, while the 
D-galacturonic acid pathway predominated in ripe fruits 
(Melino et  al. 2009; Cruz-Rus et  al. 2010; Badejo et  al. 
2012). High expression level of the MIOX gene in imma-
ture orange flavedo may suggest a crucial role for this gene 
in AsA accumulation in that tissue. Thus, further investiga-
tion on GLOase activity would be interesting to support the 
role of the myo-inositol pathway (Fig. 1).

The involvement of the D-galacturonic acid biosynthetic 
pathway was also examined by analysis of the expression 
of six isoforms of GalUR, since previous studies described 
a differential expression of the isoforms of this gene family 
in different citrus tissues, but not a clear correlation with 
AsA content has been demonstrated yet (Xu et  al. 2013). 
Results suggest a complex role of this pathway in the regu-
lation of AsA concentration in the flavedo of Navel oranges 
and Satsuma mandarin. Transcriptional activation of most 
of the genes of this pathway did not show a correlation 
with AsA content. Interestingly, GalUR12 was the most 
highly expressed gene encoding GalUR isoforms (Supple-
mentary Table S2) and its levels were substantially higher 
(about 20-fold) in oranges than in mandarins from early 
stages of development (Figs.  2, 3). Comparative RNAseq 
experiments in different organs of citrus plants revealed 
that GalUR12 is an abundant isoform in fruits, although 
its expression during ripening was not analyzed (Xu et al. 
2013). It is then reasonable to assume that the D-galactu-
ronic acid pathway, especially GalUR12, may also contrib-
ute and play a role in the regulation of AsA concentration 
in the flavedo of citrus fruits.

AsA levels in plant cells are tightly regulated not only 
by its synthesis but also by recycling and degradation 
processes [reviewed in Lorence and Nessler (2007) and 
Smirnoff (2011)]. In fact, silencing or overexpression of 
genes involved in AsA degradation or recycling, respec-
tively, increased AsA concentrations in tomato and potato 
(Zhang et al. 2011; Haroldsen et al. 2011; Qin et al. 2011). 
Thus, the pattern of expression of five genes involved in 
AsA recycling (three MDHAR and two DHAR isoforms) 

and five genes of the degradation pathways was studied in 
flavedo and pulp to get a global perspective of the meta-
bolic regulation of AsA in these tissues (Figs. 5, 6). Inter-
estingly, MDHAR3 mRNA levels seemed to contribute to 
the differences in AsA content between genotypes since 
this gene was more highly expressed in the peel of Wash-
ington Navel orange than in Satsuma mandarin. This could 
enhance the AsA turnover and contribute to maintain higher 
AsA concentrations in the former genotype. Expression of 
genes involved in degradation of AsA displayed various 
profiles. It is worth to mention that the expression levels of 
APX1, and to a lesser extent APX4, which were the most 
abundantly expressed isoforms (Supplementary Table S4) 
were higher in oranges flavedo than in mandarins, indi-
cating a higher ability of oranges to degrade AsA (Fig. 5). 
Moreover, the differences in gene expression levels of AO 
and, APX1 and APX4 together with the higher DHA lev-
els observed in flavedo of immature Washington Navel 
oranges, suggest an important contribution of AsA degra-
dation in AsA metabolism in the flavedo of these fruits. In 
tomato fruits, as in citrus, AO transcripts were high during 
early fruit development, which could be related with the 
involvement of this enzyme in cell division and expansion 
since AO has been proposed to participate in cell growth 
(Sanmartin et al. 2007). Hence, recycling and degradation 
steps, in particular, MDHAR3, APX1 and APX4, appear to 
be important factors for the regulation of AsA contents in 
the flavedo of citrus fruits.

Evolution of AsA content in the pulp during develop-
ment and ripening of oranges and mandarins was different 
to that of flavedo, suggesting independent metabolic regu-
lation, as has been demonstrated for other physiological 
and metabolic processes (Tadeo et  al. 2008). The dispar-
ity in AsA contents between pulp of oranges and manda-
rins was associated with minor differences in GalDH and 
GalLDH transcript abundance, located downstream in the 
L-galactose pathway, and major changes in the expres-
sion of two genes located further upstream in the pathway: 
GGP and GPP (Figs. 1, 2, 4). These results suggest that the 
availability of precursors, coming from the steps catalyzed 
by GGP and GPP, could restrict the capacity to synthesize 
AsA in the pulp of citrus fruits. Therefore, this biosynthetic 
route and, particularly, these two genes could be crucial 
for the regulation of AsA contents in the pulp of develop-
ing fruits. Yang et al. (2011) studying AsA biosynthesis in 
other citrus varieties also indicated that changes in GGP, 
GalDH and GalLDH gene expression are associated with 
AsA levels, which are in partial agreement with our results. 
Likewise, the L-galactose pathway seemed to be pivotal for 
AsA biosynthesis in fruits of other species, as kiwifruit, 
acerola, peach and apple (Badejo et al. 2009; Bulley et al. 
2009; Imai et al. 2009). The contribution of other biosyn-
thetic pathways to AsA concentration in the pulp was not 
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clearly supported by the analysis of the expression of six 
GalUR isoforms, and the MIOX gene (Fig. 4). GalUR iso-
forms have been suggested to be involved in AsA biosyn-
thesis in citrus fruits, based on the abundance of transcripts 
of some members of this gene family in these tissues (Xu 
et al. 2013). However, expression levels of different GalUR 
isoforms did not correlate with the pattern of AsA accu-
mulation in the pulp and with differences between varie-
ties, with the exception of GalUR10 in Satsuma mandarins 
(Fig.  4). Thus, the d-galacturonic acid pathway appeared 
not to be rate limiting for AsA biosynthesis in the pulp of 
citrus fruits.

In addition to biosynthesis, recycling and degradation 
pathways may also contribute to the regulation of AsA con-
centration in the pulp of citrus fruits, although in a different 
fashion than in flavedo. It is expected that stimulation of 
the recycling gene expression and the corresponding enzy-
matic activity would contribute to maintain or enhance AsA 
concentration in the tissue. With the exception of DHAR1 
gene whose expression declined in parallel with the evolu-
tion of AsA content, the expression levels of three isoforms 
of MDHAR increased, suggesting an enhancement of the 
turnover of AsA in the pulp of oranges and mandarins dur-
ing fruit ripening. Moreover, at early stages of fruit devel-
opment, expression of MDHAR3 was higher in oranges 
than in mandarins whereas MDHAR1 and MDHAR2 were 
higher during fruit maturation (Fig.  6). Thus, it may be 
assumed that coordinated expression of the different mem-
bers of the MDHAR family may contribute to maintain a 
higher recycling ability in the pulp of the variety accumu-
lating the largest AsA concentration. Analysis of the tran-
scriptional changes of AsA degradation genes indicated 
that the degradation via APX could play a prominent role 
in the general regulation of AsA concentration in the pulp 
during development and maturation, but not accounting for 
the differences between oranges and mandarins (Figs.  2, 
6). Moreover, the extremely high induction observed in the 
expression of the APX2 isoform during the whole develop-
ment and ripening might indicate that this enzyme could be 
crucial in the degradation of AsA in the pulp (Fig. 6; Sup-
plementary Table S3). Differences in APX enzymatic activ-
ity have been observed in the pulp of two citrus species 
with contrasting AsA content (Yang et al. 2011), reinforc-
ing our assumption that AsA degradation by APX is key 
in the regulation of the AsA content in the pulp of citrus 
fruits.

In summary, the L-galactose pathway appears to be 
crucial in the biosynthesis of AsA in flavedo and pulp of 
citrus fruits. Also, the myo-inositol pathway seems to play 
an important role in the regulation of the AsA contents in 
flavedo of immature fruits of Washington Navel orange. 
The differences in AsA levels observed in the flavedo of 
Satsuma mandarin and Washington Navel oranges seemed 

to be due to differences in the transcriptional regulation of 
MIOX, GMP, GGP and GPP genes. In the pulp, the decline 
in AsA observed in these two genotypes was mainly asso-
ciated with a differential transcript abundance of genes of 
the L-galactose pathway, especially GalDH and GalLDH, 
while the differences between genotypes appeared to be 
related to GGP and GPP levels. The existence of several 
isoforms of GalUR whose expression profiles did not cor-
relate with the pattern of AsA accumulation in both flavedo 
and pulp precluded to assign a significant participation of 
the D-galacturonic acid pathway in the biosynthesis of AsA 
in citrus fruits. The involvement of the recycling pathways 
in the regulation of AsA was also evidenced, but differen-
tial and complex transcriptional regulation operates in each 
tissue. Taken together, the results emphasize and reinforce 
the idea that complex and imbricated mechanisms operate 
in the regulation of AsA content in citrus fruit, as have been 
postulated in other fruits (Ioannidi et al. 2009; Bulley et al. 
2009; Cruz-Rus et  al. 2011). It seems that peel and pulp 
tissues of the fruit have developed specific and differential 
mechanisms that change during development and matura-
tion, including not only transcriptional regulation of genes 
expression but also post-transcriptional and post-transla-
tional modifications and substrate availability.

The results presented in this paper contribute to the 
identification of potential candidates for future biotechno-
logical approaches and plant breeding programs to increase 
AsA levels in the fruits. Further biochemical and molecular 
approaches such as enzymatic activities, precursor feeding 
and gene promoter analysis might lead to the identification 
of key regulators of AsA metabolic pathways in citrus fruits.
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