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A Citrus sinensis spontaneous mutant, navel negra (nan), produces fruit with an abnormal brown-colored flavedo during
ripening. Analysis of pigment composition in the wild-type and nan flavedo suggested that typical ripening-related
chlorophyll (Chl) degradation, but not carotenoid biosynthesis, was impaired in the mutant, identifying nan as a type C
stay-green mutant. nan exhibited normal expression of Chl biosynthetic and catabolic genes and chlorophyllase activity but no
accumulation of dephytylated Chl compounds during ripening, suggesting that the mutation is not related to a lesion in any of
the principal enzymatic steps in Chl catabolism. Transcript profiling using a citrus microarray indicated that a citrus ortholog
of a number of SGR (for STAY-GREEN) genes was expressed at substantially lower levels in nan, both prior to and during
ripening. However, the pattern of catabolite accumulation and SGR sequence analysis suggested that the nan mutation is
distinct from those in previously described stay-green mutants and is associated with an upstream regulatory step, rather than
directly influencing a specific component of Chl catabolism. Transcriptomic and comparative proteomic profiling further
indicated that the nan mutation resulted in the suppressed expression of numerous photosynthesis-related genes and in the
induction of genes that are associated with oxidative stress. These data, along with metabolite analyses, suggest that nan fruit
employ a number of molecular mechanisms to compensate for the elevated Chl levels and associated photooxidative stress.

Chlorophyll (Chl) degradation is central to the
degreening process that is commonly observed in
senescing leaves and the ripening of many fruit, and
it has been estimated that approximately 1.2 billion

tons of Chl are degraded annually (Hendry et al.,
1987). However, despite its importance, the basic steps
of the Chl catabolic pathway have only recently been
elucidated and a few of the associated genes identified
(Hörtensteiner, 2006). The degradation of Chl to a
colorless fluorescent intermediate (primary fluores-
cent Chl catabolite [pFCC]) involves four basic steps,
which are apparently common to all plants (Fig. 1):
chlorophyllase (CLH) dephytylates Chl a, producing
chlorophyllide a; an unknown metal-chelating sub-
stance removes magnesium and produces pheophor-
bide a; and finally, pheophorbide a oxygenase (PaO)
and red Chl catabolite reductase (RCCR) convert
pheophorbide a to red Chl catabolite (RCC) and then
to pFCCs. The conversion of pheophorbide a to RCC
has been proposed as the key regulatory step of this
pathway, since there is evidence indicating that PaO is
the only enzyme of this pathway that is induced
during senescence (Thomas et al., 2002), in the form
of increased transcript abundance (for review, see
Hörtensteiner, 2006). The subsequent reactions are
species specific and involve multiple structural mod-
ifications of the pFCCs, before they are converted into
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nonfluorescent Chl catabolites and are finally stored
in the vacuole (Hörtensteiner, 2006). Despite excellent
progress in characterizing the primary catabolic events,
remarkably little is yet known about the factors that
regulate the overall rate and extent of Chl breakdown
(Hörtensteiner, 2006).

In this regard, important insights are likely to be
provided through the identification and characteriza-
tion of various ‘‘stay-green’’ mutants that exhibit un-
usual Chl retention during leaf senescence or fruit
ripening (Thomas and Howarth, 2000). Those identi-
fied to date span a broad taxonomic range, including
members of the Gramineae (durum wheat [Triticum
durum; Spano et al., 2003]; Festuca pratensis [Thomas,
1987]; rice [Oryza sativa; Cha et al., 2002; Jiang et al.,
2007; Kusaba et al., 2007; Park et al., 2007]), Arabidop-
sis (Arabidopsis thaliana; Woo et al., 2001; Oh et al., 2003,
2004; Ren et al., 2007), and the Leguminosae (soybean
[Glycine max; Guiamét and Giannibelli, 1994, 1996;
Luquez and Guiamét, 2002]; Phaseolus vulgaris
[Ronning et al., 1991; Bachmann et al., 1994]; pea
[Pisum sativum; Armstead et al., 2007; Sato et al., 2007]).
A stay-green mutant phenotype has also been reported
in tomato (Solanum lycopersicum) fruits (the green flesh
mutant; Cheung et al., 1993; Akhtar et al., 1999) and
pepper (Capsicum annuum; mutant chlorophyll retainer;
Efrati et al., 2005; Roca and Mı́nguez-Mosquera, 2006).
The molecular bases of the stay-green phenotype were
first characterized in a F. pratensis mutant line show-

ing accumulation of both Chl a and the dephytylated
Chl catabolites chlorophyllide a and pheophorbide a
(Thomas et al., 2002). After genetic and biochemical
analyses, it was concluded that the mutant was af-
fected in either the PaO gene or a specific regulator
of this gene. Although biochemical lesions in PaO
have been reported for several stay-green mutants
(Hörtensteiner, 2006), other types of mutations can
also result in stay-green phenotypes, such as Chl b
reductase in the rice nyc1 mutant (Kusaba et al., 2007)
and genes involved in light-harvesting complex pro-
tein II (LHCPII) proteolysis in the ore9 (Woo et al.,
2001) and ore10 (Oh et al., 2003, 2004) Arabidopsis
stay-green mutants. In addition, it has been shown that
RNA interference-mediated knockdown of a soybean
senescence-associated receptor-like kinase confers a
stay-green phenotype (Li et al., 2006).

A clearer understanding of the genetic basis of the
control of Chl degradation has only recently resulted
from cloning of STAY-GREEN (SGR) genes from a
Lolium/Festuca introgression (Armstead et al., 2006),
rice (Jiang et al., 2007; Park et al., 2007), pea (Sato et al.,
2007), and tomato and pepper (Barry et al., 2008).
Although the biochemical function of SGR proteins is
not known, they contain a predicted chloroplast transit
peptide, and at least one SGR has been shown to bind
LHCPII in vivo (Park et al., 2007). Transcript analyses
further indicate that SGR gene expression is closely
associated with leaf senescence (Armstead et al., 2006;
Hörtensteiner, 2006; Sato et al., 2007), and transgenic
Arabidopsis plants, in which both SGR1 and SGR2
genes are suppressed, show a stay-green phenotype,
as has been observed in rice (Park et al., 2007). Thus,
while SGR genes appear to play an important role in
one of the early steps of Chl catabolism, much remains
to be learned about their mechanism of action. In
addition, several transgenic plant lines have been
reported that show stay-green phenotypes, such as
those induced by altered hormone status, including
increased amounts of cytokinins (Smart et al., 1991;
Gan and Amasino, 1995) or decreased ethylene pro-
duction (John et al., 1995). Clearly, numerous factors
remain to be discovered that are directly or indirectly
important in regulating Chl breakdown, and it is likely
that some of these will be identified through charac-
terizing additional stay-green mutations.

This article describes a spontaneous stay-green mu-
tant, navel negra (nan), from Citrus sinensis ‘Washington
Navel’ whose fruit fail to degreen during ripening,
although the synthesis of carotenoids is not disrupted.
The color change in citrus fruit is particularly evident in
the flavedo, the outer colored exocarp of the citrus fruit
peel (Davies and Albrigo, 1994), and involves the
differentiation of chloroplasts to chromoplasts (Iglesias
et al., 2001; Rodrigo et al., 2004) and the biosynthesis of
carotenoids. While several studies have described as-
pects of the latter in citrus fruits (Kato et al., 2004;
Rodrigo et al., 2004; Alós et al., 2006), relatively little has
been reported about citrus Chl biochemistry, although it
has been shown that CHL, which is constitutively

Figure 1. Scheme of the Chl degradative pathway in higher plants.
MCS, Metal-chelating substance; NCCs, nonfluorescent chlorophyll
catabolites.
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expressed during natural fruit development (Jacob-
Wilk et al., 1999), is the rate-limiting step of Chl deg-
radation in citrus peel (Harpaz-Saad et al., 2007) and
that PaO and geranylgeranyl reductase (CHL P) gene
expression correlates with Chl degradation (Alós et al.,
2006). We present here an analysis of the Chl metabolite
profile and gene expression pattern in nan, which is
distinct from previously reported stay-green mutants,
that suggests that the mutation is likely associated with
an upstream regulatory event rather than with a lesion
in a specific step in Chl catabolism. We also describe the
use of a citrus microarray and two-dimensional differ-
ence gel electrophoresis (2D-DIGE) analysis to contrast
the transcriptome and proteome, respectively, of the nan
flavedo with that of wild-type orange at preripe and ripe
stages in order to gain insights into the consequences of
a stay-green mutation on tissue and cellular physiology.

RESULTS

Total Flavedo Pigment Content

A mutant was identified among a population of C.
sinensis trees whose fruit developed a dark brown
external color upon ripening, rather than the charac-
teristic orange of the wild type (Fig. 2A). This color-
ation was confined to the flavedo (Fig. 2B), and no
other unusual phenotypes were observed in either the
fruit, which were typically green at preripe stages, or
vegetative tissues. In order to determine the molecular
basis of the abnormal coloration, pigment levels in the
flavedo of the nan mutant were compared with those
from wild-type fruit at a range of developmental and
ripening stages, spanning 120 to 275 DPA. The wild-
type and nan fruit showed no differences in the levels
of total Chls or carotenoids at the immature and ma-
ture green stages (120–180 DPA; Fig. 2, C and D). The

apparent Chl depletion in nan and wild-type fruit
prior to ripening (120–180 DPA; Fig. 2C) reflects a
dilution effect due to cell expansion in the fruit peel
(Bain, 1958) rather than Chl degradation, since the
ratio of dry weight to fresh weight decreased from 0.30
to 0.14 in the wild type and from 0.32 to 0.16 in nan,
resulting in a slight increase in the total amount of
Chl (694 6 42 to 772 6 32 mg g21 dry weight in the wild
type and 733 6 122 to 752 6 68 mg g21 dry weight in
nan). However, while the abundance of Chl decreased
during ripening to barely detectable levels in wild-
type fruit, this did not occur in nan, and the levels re-
mained unchanged (Fig. 2C) after natural color break
(224 DPA). Furthermore, although both varieties
showed a characteristic increase in carotenoid levels
during ripening, consistent with the development of
orange color, they were substantially higher in nan
fruit and were approximately double those of the wild
type at the fully ripe stage (275 DPA; Fig. 2D).

Measurement of Chls, Derivatives, and CLH Activity

The levels of Chls and their derivatives in the
flavedo of both varieties were analyzed by HPLC at
three developmental stages: mature green (180 DPA),
breaker (224 DPA), and ripe (248 DPA; Table I). The
concentrations of Chl a (105–120 mg g21 fresh weight)
and Chl b (17–23 mg g21 fresh weight) showed a typical
dramatic decrease during ripening in the wild type
(#98%) but remained high in nan, with almost no Chl
degradation. Moreover, Chl dephytylated compounds
(chlorophyllides and pheophorbides), which typically
accumulate in PaO-affected stay-green mutants dur-
ing ripening, were not detected in either nan or wild-
type flavedo at any stage (Table I; Supplemental Fig.
S1). Both varieties had similarly low levels of OH-Chl
a, pheophytin a, and OH-Chl b (Table I), although the

Figure 2. External (A) and internal (B) appearance of
wild-type and nan fruits at a fully ripe stage (275 DPA),
and quantification of total Chls (C) and carotenoids
(D) in the flavedo of C. sinensis ‘Washington Navel’
(WT; wild type; white circles) and nan (black circles)
during fruit ripening. Data are means 6 SE (n 5 3).
Error bars smaller than the symbol size are not visible.
MG, Mature green stage (180 DPA); B, breaker stage
(224 DPA); R, ripe stage (248 DPA). FW, Fresh weight.

Alós et al.

1302 Plant Physiol. Vol. 147, 2008



oxidized Chls were always more abundant in nan fruit.
Despite the lack of Chl degradation in nan, no major
differences were detected in CLH activity between the
wild type and nan in mature green or breaker fruits;
indeed, CLH activity was significantly higher in ripe
nan fruit (Table I).

Expression of Genes Involved in Pigment Biosynthesis
and Degradation

The expression levels of a selection of genes associ-
ated with pigment biosynthesis and catabolism were
quantified by real-time reverse transcription (RT)-PCR
during fruit development and ripening in the flavedo
of wild-type and nan fruit (Fig. 3). These included
PHYTOENE SYNTHASE (PSY), the first committed
step in the carotenoid biosynthesis pathway (Fraser
et al., 2002); CHL P, a gene involved in the biosynthesis
of the phytyl chain of Chls (Tanaka et al., 1999); and
two Chl catabolic genes, PaO and RCCR. Expression of
PSY increased rapidly in both wild-type and nan
flavedo, although maximal expression in the wild
type was seen at the breaker stage, after which PSY
transcript abundance decreased, while expression con-
tinued to increase during ripening in nan, peaking at
the ripe stage, before decreasing during overripening.
The expression patterns of the genes involved in Chl
biosynthesis and degradation were similar in the wild
type and nan in terms of both relative abundance and
changes during fruit development (Fig. 3, B–D).

Effect of Ethylene on Pigment Composition and
Gene Expression

The plant hormone ethylene is known to promote
Chl degradation in the citrus flavedo (Garcı́a-Luis
et al., 1986; Jacob-Wilk et al., 1999), so this phenome-
non was examined in the nan mutant to determine
whether the mutant phenotype might be associated
with ethylene insensitivity. To this end, mature green
wild-type and nan fruits were treated with 10 mL L21

ethylene for 72 h, then total Chl and carotenoid levels

were assayed and PaO, CHL P, PSY, and CLH expres-
sion was analyzed in flavedo tissues (Fig. 4). As
expected, the ethylene treatment induced a substantial
decrease in total Chl concentration in the wild-type
flavedo (approximately 50 mg g21 fresh weight, which
represents almost half of the initial content), while no
significant change was detected in the nan flavedo
(Fig. 4A). However, the expression patterns of PaO,
CHL P, PSY, and CLH showed similar changes in both
varieties in response to the ethylene treatment (Fig.
3B), indicating that nan is ethylene responsive but that
this response is upstream of, or independent from, the
signaling pathway that induces Chl degradation. Fur-
thermore, the treatment did not alter total carotenoid
content (Fig. 4A), although PSY expression increased
to the same degree in both varieties (Fig. 4B).

Comparative Transcriptome Profiling

In order to gain insight into the potential basis and
consequences of the stay-green phenotype, a survey of
transcript expression in wild-type and nan flavedo was
made using a 7,000-element citrus cDNA microarray
(Forment et al., 2005). Pairwise analyses of RNA
extracts from wild-type and nan flavedo tissue at the
mature green, breaker, and ripe stages identified 11
distinct genes that were differentially expressed in all
three stages, of which five could be annotated based on
sequence homology tBLASTx searches against the Na-
tional Center for Biotechnology Information (NCBI)
nonredundant database (Table II). The only EST that
showed down-regulation in the nan flavedo at all three
developmental stages was a predicted SGR gene ho-
molog, with the highest degree of similarity to an SGR
gene from tomato (Table II). In the nan mutant, three
other genes, annotated as a miraculin-like protein 2 gene,
a secretory peroxidase gene, and a guanyl-nucleotide ex-
change factor gene, showed up-regulation at the green
stage and subsequent down-regulation (Table II). In
contrast, the expression level of a Cys protease gene
was lower during the green stage but higher at the
breaker and ripe stages (Table II). No significant se-

Table I. Chl, Chl derivative, and CLH activity in the flavedo of wild-type citrus and the nan stay-green mutant at mature green (180 DPA),
breaker (224 DPA), and ripe (248 DPA) stages

ND, Not detected. Data are means 6 SE (n 5 3).

Variable
Mature Green Stage Breaker Stage Ripe Stage

Wild Type nan Wild Type nan Wild Type nan

Pigments (mg g21 fresh weight)
Chl a 105.35 6 8.25 120.32 6 5.21 2.64 6 0.03 100.65 6 2.64 1.05 6 0.01 105.34 6 9.65
OH-Chl a 0.52 6 0.02 1.42 6 0.11 ND 0.99 6 0.02 ND 5.21 6 0.02
Pheophytin a 2.01 6 0.01 1.75 6 0.05 0.09 6 0.01 0.68 6 0.06 0.40 6 0.04 0.65 6 0.11
Chl b 23.51 6 1.57 16.57 6 0.08 0.83 6 0.01 21.36 6 1.12 ND 9.65 6 0.54
OH-Chl b ND ND ND ND ND 1.06 6 0.09
Total Chls 131.39 6 8.64 140.24 6 15.36 3.56 6 0.46 123.68 6 3.21 0.07 6 0.01 120.85 6 8.24
Chlorophyllide a ND ND ND ND ND ND
Pheophorbide a ND ND ND ND ND ND

CLH activity (mmol h21 g21

fresh weight)
4.5 6 0.3 4.4 6 0.3 2.4 6 0.1 2.1 6 0.1 1.8 6 0.2 2.4 6 0.2
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quence homology was apparent for the other six
ESTs (CX299753, CX306150, CX299918, CX299940,
CX287589, and CX289503), and, other than CX289503,
which was expressed at higher levels in nan at all three
stages, they exhibited similar relative expression pat-
terns, with elevated transcript levels in the mutant
flavedo at the mature green stage but reduced expres-
sion at the breaker and ripe stages (data not shown).

Since mutations in the SGR gene are responsible
for the phenotypes of several stay-green mutants
(Armstead et al., 2007; Jiang et al., 2007; Park et al.,
2007; Ren et al., 2007; Sato et al., 2007), a 1.2-kb
genomic region, including the promoter and coding
regions, of the citrus SGR gene was cloned from wild-
type and nan genomic DNA (GenBank accession no.
AM922109), but differences were not observed. Fur-
thermore, to determine whether a deletion in one or
more copies of the SGR gene could be responsible for
the nan phenotype, the relative gene dosage of SGR
was assessed in wild-type and nan fruit by real-time
PCR using genomic DNA, and again no difference was
observed (data not shown).

In addition to the 11 genes that showed differences
in transcript abundance at all three stages, a broader
group of genes showed significantly different expres-
sion levels at one or two stages (Supplemental Table
S1). The annotated functions of these genes, which are
divided into several classes in Tables III and IV, and
their collective expression patterns, suggest two key
trends. First, at the mature green stage, a range of
genes encoding components of the photosynthetic
machinery and ancillary proteins associated with pho-
tosynthesis (e.g. NADPH:protochlorophyllide oxido-
reductase, Chl a/b-binding protein [Cab], subunits of
PSI and PSII, and Rubisco subunit-binding protein)
were expressed at substantially lower levels in nan.
Second, many genes associated with abiotic stress, and
particularly responses to high light and oxidative
stress, were upregulated in nan at both the mature
green (Table III) and ripe (Table IV) stages. These
included genes involved in the synthesis of com-
pounds that ameliorate the effects of oxidative stress
and reactive oxygen species (ROS), such as phenyl-
propanoids, polyamines, and carotenoids, and with
the synthesis of jasmonic acid, salicylic acid, and
ethylene, which have well-established connections
with biotic and abiotic stress-mediated signaling. To
further verify that the nan phenotype is associated
with increased oxidative stress, the concentration of
ascorbic acid, an antioxidant compound that accumu-
lates in response to oxidative stress in many plant
species (Mitler et al., 2004), including citrus (Iglesias
et al., 2006), was measured in extracts from wild-type
and nan ripe flavedo. As predicted, ascorbic acid levels
in ripe fruit flavedo were significantly greater in nan
than in the wild type (0.43 6 0.04 and 0.29 6 0.02 mg
g21 fresh weight, respectively).

In addition to these defined functional categories, a
diverse set of genes with previously reported associ-
ations with oxidative stress showed differential ex-

Figure 3. Expression analysis by real-time RT-PCR of transcripts in the
flavedo of the wild type (white circles) and the nan mutant (black
circles) of PSY (A), CHL P (B), PaO (C), and RCCR (D) during fruit
growth and ripening. An expression value of 1 was arbitrarily assigned
to the 120-DPA wild-type sample. MG, Mature green stage (180 DPA);
B, breaker stage (224 DPA); R, ripe stage (248 DPA). Data are means 6

SE (n 5 3). Error bars smaller than the symbol size are not visible.
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pression between the varieties (Tables III and IV). For
all putative functional categories, where a link be-
tween the apparent Arabidopsis ortholog of the citrus
gene on the microarray and oxidative stress has been
described in the literature, the corresponding refer-
ence is cited in Tables III and IV.

To validate the microarray results, quantitative RT-
PCR analyses were performed on genes that represented
different general patterns of expression (Table II) at

the mature green, breaker, and ripe developmental
stages. Specifically, these comprised representatives
of genes that in the nan mutant either showed re-
duced expression at all three stages (SGR), higher
expression at the mature green stage and then re-
duced expression during ripening (secretory peroxi-
dase gene), or reduced expression in mature green
fruits and increased transcript levels in ripening fruit
(Cys protease gene). In all cases, the expression pat-
terns (Fig. 5) were essentially identical to those ob-
tained with the microarray.

2D-DIGE Analysis of Protein Expression

In a parallel analysis, and to complement the micro-
array study, a comparative proteomic survey was
performed on the wild-type and nan flavedo at the
same three stages using 2D-DIGE (Rose et al., 2004).
The gel comparisons revealed 13 protein spots that
were consistently differentially expressed between
nan and the wild type in all replicate analyses (arrows
in representative gels shown in Supplemental Fig. S2).
Differentially expressed spots were defined as those
with a volume ratio above or below the 2-fold SD

threshold, based on the normalized model curve of
the spot volume ratio data set. Subsequent analyses
by liquid chromatography-electrospray ionization-
tandem mass spectrometry, followed by an interroga-
tion of the NCBI nonredundant Green Plant database
with the mass spectra using the Mascot search engine,
identified a subset of 11 proteins (corresponding to
those labeled 1–11 in Supplemental Fig. S2) with high
confidence identification and annotation (Table V).
These comprised a manganese superoxide dismutase,
a copper zinc superoxide dismutase, the Rubisco large
subunit (two spots), two heat shock proteins (HSP19
and HSP21), a lectin-related protein, a Gly-rich RNA-
binding protein, a copper chaperone, an early light-
induced protein (ELIP), and a protein with unknown
function (gij8778393). At the mature green stage, the
only proteins that were detected with reduced ex-
pression in nan were HSP21 and the putative Gly-rich
protein. HSP21, a protein involved in the chloroplast-
to-chromoplast transition of tomato fruits (Neta-Sharir
et al., 2005), was consistently less abundant in all three

Figure 4. Effects of ethylene treatments on both total pigment compo-
sition (A) and changes in mRNA abundance (B) in the flavedo of wild-
type (white columns) and nan (black columns) fruits. Fruits were treated
with 10 mL L21 ethylene in controlled-atmosphere postharvest cham-
bers at 20�C for 72 h. Pigment content was expressed as the absolute
increment between control and treated samples. Transcript abundance
of PSY, CHL P, CHL, and PaO was determined by real-time RT-PCR.
The expression ratio between treated and untreated fruits was calcu-
lated and log2 transformed. All data are means 6 SE (n 5 3).

Table II. Genes showing significant expression changes in the flavedo of the wild type and the nan stay-green mutant at all three stages studied:
mature green (180 DPA), breaker (224 DPA), and ripe (248 DPA) stages

Differences in gene expression of at least 2-fold (P # 0.001) in each of three replicates were considered to be statistically significant.

Citrus EST

Accession No.
tBLASTx Best Hit Identitiesa Arabidopsis

Ortholog

Mature Green

Log2 Ratiob
Breaker Log2

Ratiob
Ripe Log2

Ratiob

CX308230 SGR protein (Solanum lycopersicum) 86% At4g22920 21.97 6 0.11 21.71 6 0.12 21.67 6 0.11
CX305230 Miraculin-like protein 2 (Citrus jambhiri) 96% At1g17860 1.08 6 0.17 21.72 6 0.18 21.30 6 0.17
CX308252 Secretory peroxidase (Nicotiana tabacum) 89% At4g21960 2.19 6 0.16 21.02 6 0.18 22.76 6 0.16
CX302192 Guanyl-nucleotide exchange factor

(Arabidopsis thaliana)
71% At1g01960 1.99 6 0.14 22.14 6 0.15 21.02 6 0.14

CX305503 Cys proteinase (Citrus sinensis) 100% At4g32940 21.05 6 0.20 1.42 6 0.21 1.52 6 0.20

aIdentities at the amino acid level. bInduction fold values are expressed as log-transformed mean ratios of nan to wild-type expression.

Characterization of the navel negra Stay-Green Citrus Mutant

Plant Physiol. Vol. 147, 2008 1305



stages (25.5, 23, and 22.7-fold at the mature green,
breaker, and ripe stages, respectively). Conversely, the
two superoxide dismutases and the copper chaperone
protein were upregulated in nan at the mature green
stage. The two spots of the Rubisco large subunit and
the lectin-related precursor were less abundant in nan
at the breaker and ripe stages, while ELIP and HSP19
were expressed at higher levels than in the wild type
during ripening (Table V). This was particularly no-
ticeable with ELIP, which was on average expressed at
14-fold higher levels in nan at the ripe stage.

The 2D-DIGE screens were further validated by
western-blot analysis of protein extracts from the
flavedo of wild-type and nan fruits at all three stages
with a Rubisco antiserum. The immunoblot analysis
indicated that the Rubisco large subunit and small
subunit were expressed at lower levels in nan, in
agreement with the 2D-DIGE analysis, and that pro-
tein abundance declined during ripening (Fig. 6; Table
V). It should be noted that cDNAs for the Rubisco

large subunit were not represented on the citrus
microarray, but those for the small subunit were
present and the array analysis indicated that expres-
sion was statistically lower in breaker fruit. However,
data generated by similar analyses with RNA from the
mature green and ripe stages did not reach the P value
threshold for a statistically significant comparison
(Supplemental Table S1).

The 2D-DIGE data were compared with the micro-
array study in an attempt to identify targets that were
common to both analyses. Most of the microarray
elements corresponding to the 10 proteins (other than
Rubisco) found in the 2D-DIGE study either did not
generate expression data with significant P value
thresholds in the microarray analyses or were not
represented on the array. Thus, only two differentially
expressed putative unigenes in the citrus chip matched
a high-confidence best hit from the proteomic analyses
(Table V; Supplemental Fig. S2): a lectin-related protein
and HSP19. For the lectin-related protein, statistically

Table III. Examples of genes showing different expression levels in the flavedo of wild-type or nan stay-green mutant fruits at mature green stage
(180 DPA), as determined with a citrus microarray, highlighting those associated with oxidative stress, chloroplast function, or senescence

References describing such an association for the Arabidopsis ortholog of the citrus gene are indicated. Differences in gene expression of at least
2-fold (P # 0.001) in each of three replicates were considered to be statistically significant.

Functional Class Best BLAST Hit
Higher Expression Citrus EST

Accession No.

Arabidopsis

Ortholog

Related

ReferencesWild Type nan

Primary metabolism Plastidic Glc-6-P dehydrogenase X CX293894 At5g13110 Debnam et al. (2004)
Chloroplastic Asp aminotransferase X CX294238 At2g22250 de la Torre et al. (2006)
Asp synthetase X CX306022 At3g47340 Lam et al. (1998)

Photosynthesis,
light signaling

RPT2 X CX300991 At2g30520 Inada et al. (2004)

NADH:protochlorophyllide
oxidoreductase

X CX289541 At5g54190 Rossel et al. (2002)

PSI subunit L X CX287010 At4g12800 Kimura et al. (2003)
PSI subunit E X CX300489 At2g20260
Putative PSI subunit X CX299745 At4g02770 Kimura et al. (2003)
Cab 3 X CX287196 At1g29910 Kimura et al. (2003)
PSII type I Cab X CX300355 At2g34430 Kimura et al. (2003)
Lhcb2 protein X CX300473 At3g27690 Kimura et al. (2003)
Lhcb6 protein X CX300344 At1g15820 Rossel et al. (2002)
Lhca2 X CX300483 At3g61470 Kimura et al. (2003)
Rubisco subunit-binding protein

(chaperonin)
X CX300392 At2g28000 Tosti et al. (2006)

ROS, redox Secretory peroxidase X CX308252 At4g21960
FAD-linked oxidoreductase X CX292465 At5g44380 Kim et al. (2005)
Metallothionein protein X CX303735 At3g15353 Guo et al. (2004)

Phenylpropanoids Phe-ammonia lyase X CX308098 At2g37040 Rossel et al. (2002)
Chalcone synthase X CX308007 At5g13930 Rossel et al. (2002)
Flavonol 3#-O-methyltransferase X CX308025 At5g54160 Kimura et al. (2003)
Coumarate 3-hydroxylase X CX290216 At2g40890

Polyamines SAM decarboxylase X CX308026 At3g02470 Guo et al. (2004)
Protein stability Chloroplastic heat shock protein X CX292078 At4g27670

HSP20 X CX309295 At2g29500 Kim et al. (2005)
Heat shock protein X CX294165 At3g52490

Defense Chitinase X CX292066 At3g54420
Miscellaneous b-Amylase X CX291892 At3g23920 Rossel et al. (2002)

UVI-1 homolog X CX301008 At1g19020 Gadjev et al. (2006)
Gly-rich RNA-binding protein X CX287915 At3g26740 Kimura et al. (2003)
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significant data in the two surveys indicated repression
in the nan mutant of both mRNA (Supplemental Table
S1) and protein (Table V) at the ripe stage. However, for
HSP19, transcript abundance was lower in nan at the
mature green stage (Supplemental Table S1), while
protein levels appeared to be higher (Table V) at the
ripe stage.

Gene Expression of ELIP

The transcript levels corresponding to ELIP, the
protein with the greatest difference in expression be-
tween wild-type and nan flavedo (Table V), were
quantified in the two varieties by real-time RT-PCR
(Fig. 7). Expression of ELIP in the wild type was
relatively low until the breaker stage (214 DPA), when
levels increased dramatically, before peaking at the
ripe stage and declining thereafter. In contrast, ELIP
mRNA levels increased earlier in nan, prior to the
breaker stage, and similarly declined somewhat earlier
than the wild type during ripening.

DISCUSSION

The most striking phenotype of the nan mutant,
which resulted in its initial identification, is the unusual
brown color of the flavedo in the ripe fruit (Fig. 2A). An
evaluation of the flavedo pigment composition indi-

cated that nan can be defined as a type C stay-green
variant (Thomas and Howarth, 2000), since Chl levels
remained elevated during ripening rather than show-
ing a typical decrease, while other ripening-related
processes, such as carotenoid synthesis, proceeded nor-
mally (Fig. 2A; Table I). The brown coloration of nan
fruit thus reflects the cumulative accumulation of Chl
and carotenoids. This is further evidenced by the ob-
servation that PaO, RCCR, and CHL P transcript levels
remained relatively constant, or showed only small
decreases, during this period (Fig. 3, B–D).

Descriptions of stay-green mutants with major re-
ductions in PaO activity from a range of plant species
consistently report the accumulation of dephytylated
intermediates in the Chl catabolic pathway during
senescence (Hörtensteiner, 2006), and specifically ele-
vated levels of pheophorbide a (Vicentini et al., 1995;
Thomas et al., 1996; Roca et al., 2004), while no such
accumulation has been detected in corresponding
wild-type plants. These stay-green mutants are there-
fore impaired in particular steps in Chl degradation,
rather than showing down-regulation of the entire
pathway. To compare nan with the previously charac-
terized stay-green mutants, and to determine whether
there are similarly distinct defects in specific steps in
Chl catabolism, we measured the levels of Chl, Chl
dephytylated compounds, and CLH activity in the
flavedo of nan and wild-type fruits (Table I). Neither
contained detectable levels of chlorophyllides or pheo-
phorbides, although oxidized Chl derivatives were

Table IV. Examples of genes showing different expression levels in the flavedo of wild-type or nan stay-green mutant fruits at the ripe stage
(248 DPA), as determined with a citrus microarray, highlighting those associated with oxidative stress, chloroplast function, or senescence

References describing such an association for the Arabidopsis ortholog of the citrus gene are indicated. Differences in gene expression of at least
2-fold (P # 0.001) in each of three replicates were considered to be statistically significant.

Functional Class Best BLAST Hit
Higher Expression Citrus EST

Accession No.

Arabidopsis

Ortholog

Related

ReferencesWild Type nan

Primary metabolism Trp synthase X CX291092 At5g54810 Zhao et al. (1998)
Photosynthesis,

light signaling
Lhcb2 protein X CX200280 At2g05100 Kimura et al. (2003)

ROS, redox Cytochrome bf6 complex subunit X CX37372 At2g26500 Kimura et al. (2003)
GST1 X CX301042 At2g30860 Rossel et al. (2002)
GST6 X CX288839 At2g47730 Rossel et al. (2002)
Peroxidase X CX308204 At4g21960 Wong et al. (2006)
Ascorbate oxidase X CX289525 At5g21100 Yamamoto et al. (2005)

Phenylpropanoids Isoflavone reductase-like X CX308502 At4g39230
Flavonol 3#-O-methyltransferase X CX289068 At5g54160 Kimura et al. (2003)

Polyamines SAM decarboxylase X CX289919 At3g25570 Guo et al. (2004)
Isoprenoids, carotenoids Geranylgeranyl diphosphate synthase X CX290062 At3g14510
Salicylic acid SAM-dependent methyltransferase X CX308455 At3g11480 Chen et al. (2003)
Jasmonic acid Lipoxygenase (LOX3) X CX288539 At1g17420 Mahalingam et al. (2005)
Ethylene ACC oxidase X CX292573 At1g05010 Gadjev et al. (2006)
Defense Chitinase X CX291879 At3g12500 Bray (2002)
Miscellaneous Miraculin X CX306063 At1g17860 Rizhsky et al. (2004)

Cys protease (SAG12) X CX287658 At5g45890 Guo et al. (2004)
Glycosyltransferase X CX288595 At3g11340 Gadjev et al. (2006)
Glu decarboxylase X CX288553 At5g17330
Vacuolar processing enzyme X CX287419 At4g32940 Gepstein et al. (2003)
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present in both varieties. Relatively low levels of OH-
Chl a were measured at the mature green stage in
wild-type and nan fruits, but they were only detected
in the mutant at the ripe stage and OH-Chl b was also
only observed in ripe nan flavedo. The accumulation of
such hydroxylated Chl derivatives has been noted
previously in several stay-green mutants and has been
attributed to nonspecific oxidation resulting from the
elevated Chl levels, although the exact mechanism
leading to their production is unknown (Roca and
Mı́nguez-Mosquera, 2006). The patterns of CLH activ-
ity (Table I) and PaO and RCCR gene expression (Fig.
2) were similar in both varieties, and the patterns of

expression of PSY, CHL P, and PaO were in close
agreement with similar studies of other citrus species
(Alós et al., 2006).

The response of the nan mutant to ethylene was also
evaluated, since this hormone regulates leaf senes-
cence (Kao and Yang, 1983; Choe and Whang, 1986)
and color change in many fruit species, including
citrus, through the activation of Chl degradation
(Garcı́a-Luis et al., 1986; Trebitsh et al., 1993; Jacob-
Wilk et al., 1999) and carotenoid biosynthesis (Young
and Jahn, 1972; Eilati et al., 1975). The results indicated
that rapid ethylene-induced Chl loss was impaired in
the nan mutant (Fig. 4), as has been reported previ-
ously in tomato and soybean stay-green mutants
(Guiamét and Giannibelli, 1994; Akhtar et al., 1999).
However, nan is ethylene responsive, because ethylene-
induced gene expression, including transcripts in-
volved in Chl synthesis and degradation or carotenoid
biosynthesis, was similar in both varieties. While PSY
expression was upregulated in nan and the wild type
(Fig. 4B), the time course of the analysis was not suf-
ficiently long to generate significant changes in carot-
enoid levels (Fig. 4A).

These data suggest that the nan mutation is not
directly related to a single disruption in any of the
principal established enzymatic steps (CLH, PaO, and
RCCR) of Chl catabolism and is thus distinct from
previously reported stay-green mutants. This hypoth-
esis was explored by profiling transcript expression in
the flavedo of wild-type and nan fruit at the mature
green, breaker, and ripe stages. It was reasoned that
genes whose expression was disrupted throughout
fruit ontogeny might be more directly related to the
function of the nan mutation, while those that showed
differential expression only at later ripening stages
might reflect secondary effects. Therefore, particular
attention was paid to identifying transcripts with
significantly different expression levels at all three
stages. Interestingly, of the 11 genes that matched this
criterion, the only one that was consistently down-
regulated was an SGR homolog that appears to be
orthologous to Arabidopsis SGR1 (Table II). Cloning
and sequencing of the citrus SGR gene revealed no
differences between the wild type and nan, and no
difference in gene dosage was detected in the two
varieties. Taken together, the lack of Chl catabolite
accumulation and the suppressed expression of the
citrus SGR gene suggest that the nan mutation is
associated with an early regulatory step that modu-
lates SGR expression, rather than directly exerting a
downstream effect on a specific aspect of catabolism.

In addition to characterizing the potential basis of
the nan mutation, comparative transcriptomic and pro-
teomic profiling were performed to assess the conse-
quences of a stay-green mutation on flavedo tissue
physiology and to provide insights into the metabolic
pathways that are affected. To date, the only reported
attempt at a larger scale study of differential gene
expression in a stay-green mutant focused on three
genes (Rubisco activase, soluble starch synthase, and

Figure 5. Relative gene expression in the flavedo of wild-type and nan
fruits of SGR (A), secretory peroxidase gene (B), and Cys protease gene (C)
transcripts determined by real-time RT-PCR. MG, Mature green stage
(180 DPA); B, breaker stage (224 DPA); R, ripe stage (248 DPA). Log2-
transformed mean ratios of nan to wild-type expression 6 SE are
presented (n 5 3). GenBank accession numbers of the ESTs are
indicated in parentheses.
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Gly decarboxylase genes), which were identified through
a differential display screen of a durum wheat stay-
green mutant (Rampino et al., 2006). These genes,
together with those for the Rubisco small subunit and
Cab, were expressed at higher levels or underwent a
slower decline in abundance during senescence in the
mutant. In addition, a study of the stay-green green
flesh tomato mutant suggested that the expression of
several photosynthesis-related transcripts, or their
cognate proteins, underwent a slower decrease
in abundance in senescing leaves of the mutant than
the wild type (Akhtar et al., 1999). Global transcript
expression was monitored in the flavedo of nan and
wild-type fruit at the mature green and ripe stages to
identify genes that were up- or down-regulated in
the mutant. Published Arabidopsis microarray data
were then analyzed manually, or using tools such as
Genevestigator (www.genevestigator.ethz.ch), to iden-
tify developmental processes or stimuli that similarly
influence transcript accumulation of the Arabidopsis
orthologs of the differentially expressed citrus clones.
A similar procedure was followed using differentially
expressed proteins (Table V).

One particularly clear trend that emerged from the
analysis was that a broad set of photosynthesis-related
genes and proteins were downregulated in nan at the
mature green stage (Tables III and IV), a phenomenon
that is closely associated with high light-induced stress
(Rossel et al., 2002; Kimura et al., 2003). Plants can

adjust the size of the light-harvesting antenna complex
under such conditions, and it is thought that this
occurs in order to reduce the production of ROS,
which are generated under excess light conditions
(Escoubas et al., 1995; Heddad and Adamska, 2000).
Oxidative stress-inducing treatments have also been
reported to trigger the down-regulation of photosyn-
thesis-associated genes (Tosti et al., 2006); thus, there
appears to be feedback between cellular redox status

Table V. Relative changes in the abundance of 11 protein spots in the flavedo of wild-type and nan mutant fruits at mature green (180 DPA),
breaker (224 DPA), and ripe (248 DPA) stages, as determined using 2D-DIGE

Differentially expressed spots were defined as those with a volume ratio above or below the 2 SD threshold based on the normalized model curve of
the spot volume ratio data set. Protein annotation was performed after a search in the NCBI nonredundant Green Plant database. The accession
numbers and corresponding protein scores are listed. Data are means 6 SE (n 5 4) of the normalized spot volume nan to wild-type ratio. Arrows (/)
indicate no significant changes in relative protein abundance.

Spot Accession No. Best Hit Protein Score
Fold Change

Mature Green Breaker Ripe

1 gij54292100 Manganese superoxide
dismutase (Camellia sinensis)

103 2 6 0.05 2 6 0.2 /

2 gij14158 Heat shock protein 21
(Petunia 3 hybrida)

101 25.5 6 2.1 23.0 6 0.6 22.7 6 0.6

3 gij30039180 Copper chaperone
(Solanum lycopersicum)

53 4.8 6 0.5 / /

4 gij2274917 Copper/zinc superoxide
dismutase (Citrus sinensis)

61 5 6 0.3 / 7.1 6 0.7

5 gij6911142 Gly-rich RNA-binding protein
1 (Catharanthus roseus)

42 27.4 6 0.1 / /

6 gij4206520 Ribulose-1,5-bisphosphate
carboxylase (Severinia buxifolia)

851 / 22.2 6 0.1 22.7 6 0.1

7 gij4206520 Ribulose-1,5-bisphosphate
carboxylase (Severinia buxifolia)

711 / 22.3 6 0.1 23.4 6 0.1

8 gij11596188 Lectin-related protein
precursor (Citrus 3 paradisi)

329 / 23.8 6 0.6 23.2 6 1.0

9 gij7447856 Early light-inducible protein
precursor (Glycine max)

56 / 6.6 6 0.7 14 6 3.7

10 gij8778393 F16A14.17 (Arabidopsis thaliana) 47 / 2.8 6 0.6 /
11 gij30575572 HSP19 class I (Citrus 3 paradisi) 168 / / 2.8 6 0.02

Figure 6. Immunoblot analysis of Rubisco expression in flavedo of
wild-type and nan fruits. Bands corresponding to the large subunit
(LSU) and the small subunit (SSU) are highlighted. MG, Mature green
stage (180 DPA); B, breaker stage (224 DPA); R, ripe stage (248 DPA).
Molecular mass markers are indicated.
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and oxidative stress that represses photosynthetic
function. In addition, the proteomic analysis identified
rbcL as one of the major proteins with lower abun-
dance in nan (Figs. 5 and 6; Table V), which differs
from the results seen with a rice sgr mutant (Sato et al.,
2007) and the retention of Rubisco in leaves of the
tomato green flesh mutant (Akhtar et al., 1999) but
agrees with the previously observed reduced Rubisco
protein levels in a P. vulgaris stay-green mutant
(Bachmann et al., 1994).

If photosynthetic capacity is insufficient under con-
ditions of excess absorbed light, free Chl can generate
ROS, which in turn can cause extensive oxidative dam-
age to the thylakoid membrane (Barber and Andersson,
1992; Niyogi, 1999). Accordingly, a second pattern that
emerged from the proteomic and transcriptomic pro-
filing was the association of genes that were among the
most substantially up- or down-regulated in nan with
abiotic stress, and specifically with high light or oxi-
dative stress (Tables III and IV; Supplemental Table
S1). While it is not practical to describe all the relevant
genes and biochemical or physiological processes
here, examples are shown in Tables III and IV, together
with associated reports in the literature linking the
specific Arabidopsis orthologs with stress responses
or senescence. The nan flavedo had elevated levels of
transcripts or proteins associated with enzymatic
mechanisms for scavenging ROS, such as superoxide
dismutase, and the biosynthesis of phenylpropanoids,
polyamines, and isoprenoids, which provide nonen-
zymatic antioxidative protection (Jordan, 2002; Apel
and Hirt, 2004; Kuehn and Phillips, 2005). Further-
more, the elevated carotenoid levels, higher ascorbic
acid content, and higher levels of OH-Chls in nan after
the breaker stage of ripening (Fig. 2) were likely a

response to ROS, as reported previously (Bouvier
et al., 1998; Mitler et al., 2004). Another set of pathways
that showed apparent upregulation in nan were those
leading to the synthesis of ethylene, jasmonic acid, and
salicylic acid (Table III). While these hormones have a
well-established role in regulating defense responses
following microbial challenge, there is increasing ev-
idence that they are involved in substantial cross talk
between biotic and abiotic stress pathways and ROS-
triggered molecular events (Fujita et al., 2006).

The comparative proteomic analyses also provided
insights into the diversity of processes that were
influenced by the nan mutation and, importantly,
revealed different gene targets from the microarray
analyses; therefore, the two approaches were comple-
mentary. The only identified protein that was ex-
pressed at lower levels in all three stages (Table V)
was HSP21, a heat shock protein with chaperone-like
activity (Lee et al., 1997). Although its biochemical
function in fruit has yet to be fully elucidated, this
chloroplastic protein has proposed roles in the protec-
tion of PSII from photooxidative stress and in the
conversion of chloroplasts to chromoplasts during
fruit ripening (Neta-Sharir et al., 2005). The reduced
expressed of HSP21 in nan, therefore, may be associ-
ated with the abnormal levels of Chl or altered plastid
ontogeny in the mutant, for example, if it participates
in the disassembly of thylakoid membrane proteins
and binding to partially folded or denatured proteins
(Sun et al., 2002).

In contrast, the protein that showed the most rela-
tively elevated expression in nan (Table V) was highly
homologous to ELIPs, which are thought to play a
photoprotective role. ELIPs are known to bind to Chl
(Adamska et al., 1999) and are expressed during pro-
cesses involving both thylakoid assembly (Adamska
et al., 1993) and disassembly (Adamska et al., 1992;
Bartels et al., 1992; Adamska and Kloppstech, 1994;
Bhalerao et al., 2003), including the chloroplast-to-
chromoplast transition (Bruno and Wetzel, 2004). Their
accumulation in the thylakoid also correlates closely
with the production of ROS and light stress (Adamska
et al., 1992, 1993; Adamska and Kloppstech, 1994;
Hutin et al., 2003), in parallel with the reduced expres-
sion of Cab genes/proteins (Montané and Kloppstech,
2000; Kimura et al., 2003), as was observed in nan
(Table III). In the nan mutant, a distinct time lag oc-
curred between elevated levels of ELIP transcripts,
which were seen at 190 DPA, long before color break or
an equivalent increase in the wild type (Fig. 7), and
increased levels of ELIP protein, which were not seen
until color break and ripening (Fig. 5; Table V). How-
ever, a lack of correlation between changes in steady-
state levels of ELIP transcripts and proteins was also
noted in studies in Arabidopsis (Heddad et al., 2006).
A recent report describing an ELIP gene knockout in
Arabidopsis suggested that it did not affect tolerance
to photoinhibition and photooxidative stress (Rossini
et al., 2006), although the authors acknowledged that
the many potential compensatory responses com-

Figure 7. Transcript levels of the ELIP gene during fruit growth and
ripening in the flavedo of wild-type (white circles) and nan (black
circles) fruits. Analyses were performed by real-time RT-PCR, and an
expression value of 1 was arbitrarily assigned to the 120-DPA wild-type
sample. MG, mature green stage (180 DPA); B, breaker stage (224
DPA); R, ripe stage (248 DPA). Data are means 6 SE (n 5 3). Error bars
smaller than the symbol size are not visible.

Alós et al.

1310 Plant Physiol. Vol. 147, 2008



plicates the interpretation of their data. Overall, a
large body of evidence, including the coordinated up-
regulation of ELIP mRNA and protein levels with
those of a range of adaptations to oxidative stress,
supports a role for ELIPs in protection against pho-
tooxidative damage.

In conclusion, the gene and protein expression pro-
filing analyses and metabolite analyses reveal that the
nan mutant shows numerous hallmarks of oxidative
stress. Some of these are readily apparent, in the form
of genes or proteins with a defined role in senescence
or in providing protection against ROS (Table III). In
other examples, no clear mechanistic relationship with
a response to oxidative stress is apparent, even though
there is precedence for an association based on previ-
ous microarray analyses, as is the case with b-amylase
(Rossel et al., 2002; Table III). It is notable that nan
shows substantial changes in gene and protein expres-
sion at the mature green stage, prior to the normal
onset of Chl degradation or any detectable difference
in Chl levels, compared with the wild type. This
observation, together with the metabolite data, sug-
gests that nan represents a new class of stay-green
mutant with a lesion in a regulatory pathway that is
upstream of SGR and that the mutant exhibits symp-
toms of oxidative stress prior to the onset of the normal
degreening process.

MATERIALS AND METHODS

Plant Material and Ethylene Treatments

Fruits of Citrus sinensis ‘Washington Navel’ (wild type) and the nan stay-

green mutant (‘Navel Negra’) were harvested from trees at the Instituto

Valenciano de Investigaciones Agrarias and a commercial orchard, respec-

tively. Sampling dates were July 26, 2004 (120 DPA), and then 180 (mature

green stage), 190, 214, 224 (breaker stage), 248 (ripe stage), 260, and 275 DPA.

For ethylene treatments, fruits were harvested at 180 DPA, when high levels of

Chl were present in the flavedo, and treated with 10 mL L21 ethylene at 20�C in

a sealed chamber, and samples were taken at 0 and 72 h. Flavedo tissue from

all samples was frozen in liquid nitrogen, powdered, and stored at 280�C

until pigment analysis or RNA extractions. Aliquots of the frozen ground

tissue were lyophilized prior to protein extraction.

Total Chl and Carotenoid Extraction and Quantification

Chls and carotenoids were extracted with methanol and chloroform as

described by Rodrigo et al. (2003). Chl a, Chl b, and total Chl contents were

calculated as described by Smith and Benı́tez (1955) after measuring the A644

and A662. The pigment ethereal solution was then dried and saponified using

6% (w/v) KOH:methanol. Carotenoids were subsequently reextracted with

diethyl ether until the hypophase was colorless. An aliquot of this extract was

used for total carotenoid content quantification by measuring the A450 and

using the extinction coefficient of b-carotene (e1% 5 2,500; Davies, 1976).

All steps were carried out on ice and under dim light to prevent photo-

degradation, isomerization, and structural changes in the carotenoids. At least

three independent extractions were performed for each sample.

Chl and Derivative Extraction and HPLC Analysis

Chls and derivatives were extracted as described by Mı́nguez-Mosquera

and Garrido-Fernández (1989), and Chls, Chl derivatives, and xanthophylls

were retained in the dimethyl formamide phase and analyzed by HPLC. Chl

a and b standards were purchased from Sigma. Chlorophyllide a was formed

by enzymatic deesterification of Chl a (Mı́nguez-Mosquera et al., 1994). The

C-13 epimer of Chl a was prepared by treatment with chloroform (Watanabe

et al., 1984), and 132-OH-Chl a and b were obtained as described by

Laitalainen et al. (1990). All standards were purified by normal-phase and

reverse-phase TLC (Mı́nguez-Mosquera et al., 1991, 1993). The separation

and quantification of Chl degradation products were carried out by HPLC

(HP1100 Hewlett-Packard liquid chromatograph fitted with a HP1100 auto-

matic injector) using a stainless-steel column (25 3 0.46 cm i.d.) packed with

a 5-mm C18 Superior ODS-2 (Teknokroma). Separation was performed using

an elution gradient (2 mL min21) with the mobile phases water:ion pair

reagent:methanol (1:1:8, v/v/v) and methanol:acetone (1:1, v/v), as de-

scribed by Mı́nguez-Mosquera et al. (1991). Sequential detection was per-

formed with a photodiode array detector at 650 nm for series b and 666 nm

for series a compounds. Data were collected and processed with an LC HP

ChemStation (Rev.A.05.04). Pigments were identified by cochromatography

with authentic samples and from their spectral characteristics. The on-line

UV-visible spectra were recorded from 350 to 800 nm with the photodiode

array detector. At least three independent extractions were performed for

each sample.

CLH Activity

The method was an adaptation of that used by Terpstra and Lambers

(1983). Flavedo tissue (5–10 g) was homogenized with 20 volumes of acetone

at 220�C. The supernatant was removed by filtration, and the residue was

treated again with 8 volumes of acetone. This operation was repeated until the

supernatant was colorless. Finally, the precipitate was collected by vacuum

filtration and left to dry at ambient temperature (20�C–25�C). From each 1 g of

fruit, approximately 0.15 g of acetone powder was obtained. Extraction of the

enzyme was carried out according to Johnson-Flanagan and Thiagarajah

(1990). The acetone powder (0.5 g) was extracted with 15 mL of 5 mM sodium

phosphate buffer (pH 7) containing 50 mM KCl and 0.24% (w/v) Triton X-100.

After centrifugation, the supernatant was used as a crude enzyme extract.

The substrate, Chl a, was isolated from fresh spinach leaves by pigment

extraction using acetone (Holden, 1976), followed by TLC separation as

described by Mı́nguez-Mosquera and Garrido-Fernández (1989). The stan-

dard reaction mixture (1.1 mL) contained approximately 0.1 mmol of Chl a in

acetone, 100 mM Tris buffer (pH 8.5) containing 0.24% (w/v) Triton-X-100, and

enzyme extract in a 1:5:5 ratio. Chlorophyllide a levels were quantified as

described by Mı́nguez-Mosquera et al. (1994), and the results are expressed as

mmol h21 g21 fresh weight. At least three independent extractions were

performed for each sample.

Ascorbic Acid Quantification

Discs of flavedo tissue were excised, frozen in liquid nitrogen, and

ground to a fine powder, and 500 mg of each sample was homogenized in

5 mL of 2% metaphosphoric acid. After centrifugation (5,000g, 4�C, 10 min)

and filtration, the ascorbic acid content of the supernatant was spectropho-

tometrically measured as described by Takahama and Oniki (1992) with a

Cary 50 Bio spectrophotometer (Varian). Concentration was determined by

monitoring the absorbance decrease at 265 nm due to the oxidation of

ascorbate to deydroascorbate catalyzed by ascorbate oxidase (EC 1.10.3.3;

from Cucurbita spp.). At least three independent determinations per sample

were performed.

RNA Extraction and Real-Time RT-PCR

Total RNA was isolated from frozen flavedo using the RNeasy Plant Mini

Kit (Qiagen) and treated with ribonuclease-free DNase (Qiagen) according

to the manufacturer’s instructions. UV light absorption spectrophotometry

and agarose gel electrophoresis were performed to test RNA quality as

described by Sambrook et al. (1989). Quantitative real-time RT-PCR was

performed with a LightCycler 2.0 Instrument (Roche) equipped with Light-

Cycler Software version 4.0 (Roche) as described by Alós et al. (2006).

Specificity of the amplification reactions was assessed by postamplification

dissociation curves and by sequencing the reaction products. To transform

fluorescence intensity measurements into relative mRNA levels, a 10-fold

dilution series of a RNA sample was used as a standard curve. Reproducible

data were obtained after normalization to total RNA amounts accurately

quantified with the RNA-specific fluorescent dye Ribogreen (Molecular

Probes; Bustin, 2002; Hashimoto et al., 2004). Each sample was analyzed

in triplicate and means 6 SE were calculated. Induction values of 1-fold
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were arbitrarily assigned to the 120-DPA sample for the natural ripening-

associated gene expression. In the ethylene treatment experiment, the ex-

pression ratio between the treated and untreated fruits was calculated and

log transformed. To validate the microarray data, real-time PCR of three

selected genes was performed in triplicate and expression levels were log

transformed. The sequences of the primers used for the real-time RT-PCR

and associated references that were used for primer design are shown in

Supplemental Table S2.

Genomic DNA Extraction and Real-Time PCR

Genomic DNA was isolated from frozen leaves using the DNeasy Plant

Mini Kit (Qiagen) according to the manufacturer’s instructions. UV light

absorption spectrophotometry and agarose gel electrophoresis were per-

formed to test DNA quality as described by Sambrook et al. (1989). DNA

concentration was accurately quantified with the DNA-specific fluorescent

dye Picogreen (Molecular Probes).

To determine the relative gene dosage of SGR in wild-type and nan fruits

by quantitative real-time PCR, two specific oligonucleotide primers, sgrZCF

(5#-AGTTTGGTTGCTGCTCTTGG-3#) and sgrZCR (5#-AGTGCGTTTTGCT

GCTCATA-3#), were designed corresponding to positions 93 to 112 and 160

to 141, respectively, in the 566-bp SGR cDNA insert (accession no. CX308230).

PCR was carried out with 1 ng of genomic DNA by adding 2 mL of LC

FastStart DNA MasterPLUS SYBR Green I (Roche) and 2.5 pmol of each

primer in a total volume of 10 mL. Incubations were carried out at 95�C for 10

min followed by 40 cycles at 95�C for 2 s, 55�C for 10 s, and 72�C for 15 s.

Fluorescence intensity data were acquired during the 72�C extension step.

Specificity of the amplification reactions was assessed by postamplification

dissociation curves and by sequencing the reaction products. To transform

fluorescence intensity measurements into relative DNA levels, a 10-fold

dilution series of a DNA sample was used as a standard curve. Each sample

was analyzed in triplicate and means 6 SE were calculated.

Cloning and Sequencing the SGR Genomic Region

The promoter region of the citrus SGR gene was cloned from wild-type

genomic DNA using the GenomeWalker Universal Kit (Clontech) following

the manufacturer’s instructions, except that six GenomeWalker libraries were

constructed using the restriction enzymes DraI, EcoRV, HincII, PvuII, ScaI, and

SmaI. Two gene-specific oligonucleotide primers, sgrA (5#-CTCTGACT-

GAGTGGGAGAG-3#) and sgrB (5#-GTTGAAACGACCTGAC-3#), were de-

signed corresponding to positions 66 to 48 and 31 to 16, respectively, in the 5#
end of the 566-bp SGR cDNA insert (accession no. CX308230). After two

nested PCRs, a single 800-bp product was amplified from the DraI library,

cloned into the pCR2.1 vector (Invitrogen), and fully sequenced from both

ends.

The genomic region containing the promoter and coding region of the

SGR gene was cloned by PCR using genomic DNA from both nan and wild-

type fruits using a forward primer specific for the 5# end of the promoter

region (sgrF, 5#-CTGACTCCCAGCGCAATTAC-3#) and a reverse primer

specific for the 3# end of the cDNA, adjacent to the poly(A) tail (sgrR,

5#-TCAAGATTCCATCTCAAAAGCTC-3#). The PCR mix consisted of 5 ng

of genomic DNA, 1 mL of 10 mM dNTP mix, 5 pmol of each oligonucleotide,

2.5 mL of 103 reaction buffer, and 0.5 mL of Advantage 2 polymerase mix

(Clontech). Touch-down PCR was carried out under the following condi-

tions: 5 min at 95�C; 10 cycles of 30 s at 95�C, 1 min at the annealing

temperature, decreasing by 1�C per cycle from 65�C to 55�C, and 3 min at

72�C; then 35 cycles of 30 s at 95�C, 1 min at 55�C, and 3 min at 72�C; and a

final extension step at 72�C for 5 min. A single band of 1.2 kb was amplified

from each of the genomic DNA samples. The products were cloned into the

pCR2.1 vector, and plasmid DNA from 12 independent clones of each

product was fully sequenced from both ends.

Microarray Hybridization and Analysis

Sample labeling, microarray hybridization and washing, and data acqui-

sition and analysis were performed as described by Cercós et al. (2006). RNA

was extracted from each sample with at least three biological replicates and

independently processed, labeled, and hybridized to different microarrays.

Differences in gene expression were considered to be significant when the

P value was ,0.001 and the induction or repression ratio was equal to or

higher than 2-fold. Only high-quality PCR spots (Forment et al., 2005) were

used for analyses.

2D-DIGE Analysis

Proteins were extracted from wild-type and nan flavedo tissue of mature

green (180 DPA), breaker (224 DPA), and ripe (248 DPA) fruits as described

by Saravanan and Rose (2004). Protein concentrations were quantified with

the Bio-Rad protein assay using BSA as a standard. Protein labeling (50 mg

per extract) was performed using Cy Dye DIGE fluors (Amersham Biosci-

ences) according to the manufacturer’s instructions. Immobilized pH gra-

dient strips (24 cm, linear pH 4–7; Bio-Rad ReadyStrip; Bio-Rad) were

rehydrated overnight with 450 mL of isoelectric focusing buffer containing

the Cy Dye-labeled protein mixture described above and focused using a

Protean IEF Cell (Bio-Rad) at 20�C. The following program was applied: a

linear increase from 0 to 500 V over 1 h, 500 V to 104 V over 5 h, and then held

at 104 V for a total of 100 kVh. After focusing, the proteins were reduced by

incubating the immobilized pH gradient strips with 2% (w/v) dithiothreitol

for 10 min and alkylated with 2% (w/v) iodoacetamide in 10 mL of equil-

ibration buffer (6 M urea, 20% [v/v] glycerol, 3% [w/v] SDS, and 375 mM

Tris-HCl, pH 8.8) for 10 min. The strips were then transferred to 12.5% SDS-

PAGE gels for second-dimension electrophoresis with the Ettan Dalt six gel

system (Amersham Biosciences) using SDS electrophoresis buffer (25 mM

Tris, 192 mM Gly, and 0.1% [w/v] SDS) at 2 W per gel for 16 h. Four inde-

pendent extracts were made from each sample, resulting in four replicate

gels for each developmental stage. In each comparison, wild-type samples

were labeled with the Cy3 dye in three gels and a dye swap was performed

in the fourth.

Cy3 and Cy5 images were collected using a Typhoon scanner (Amersham

Biosciences) in fluorescence mode at 100-mm resolution. Images were ana-

lyzed using ImageQuant version 5.2 (Amersham Biosciences) and Decyder

version 4.0 (Amersham Biosciences). Spot volumes were determined after

background subtraction and volume ratio values were normalized, so that the

modal peak of volume ratios was zero. Differentially expressed spots were

defined as those with a volume ratio above or below the 2 SD threshold. Final

spot ratio values are means 6 SE of four independent biological replicates for

each developmental stage.

Protein Identification

Gels were fixed in water:methanol:acetic acid (83:10:7, v/v/v) for 2 h and

subsequently stained with colloidal Coomassie Brilliant Blue G-250. Gel plugs

containing protein spots of interest were manually excised, washed with

50 mL of water for 5 min and with 50 mL of acetonitrile and 50 mM ammonium

bicarbonate (1:1, v/v) for 10 min, rehydrated in 15 mL of trypsin solution (10

ng mL21 in 25 mM ammonium bicarbonate), and covered with 10 mL of 50 mM

ammonium bicarbonate. After overnight incubation at 37�C, the supernatant

was collected and peptides were reextracted sequentially with 60 mL of

acetonitrile:formic acid (20:1, v/v) and 30 mL of acetonitrile:formic acid (180:1,

v/v). The supernatants were combined and dried in a Speed-Vac (Thermo-

Savant).

The samples were reconstituted in 10 mL of 0.1% formic acid and 2%

acetonitrile (v/v) for liquid chromatography-electrospray ionization-tandem

mass spectrometry analysis. The CapLC was carried out with an LC Packings

Ultimate integrated capillary HPLC system equipped with a Switchos valve

switching unit (Dionex). The gel-extracted peptides (6.4 mL) were injected

using a Famous autosampler (Dionex) onto a C18 m-precolumn cartridge

(5 mm, 300 mm 3 5 mm; Dionex) for on-line desalting and then separated on

a PepMap C-18 RP capillary column (3 mm, 300 mm i.d. 3 150 mm; Dionex).

Peptides were eluted in a 30-min gradient of 5% to 45% acetonitrile in 0.1%

formic acid at 4 mL min21. The CapLC was connected in-line to a hybrid triple-

quadrupole linear ion trap mass spectrometer (4000 Q Trap; ABI/MDS Sciex)

equipped with a Turbo V source. Data acquisition was performed using

Analyst 1.4 software (Applied Biosystems) in the positive ion mode for

information-dependent acquisition analysis. In information-dependent acqui-

sition analysis, after each survey scan from m/z 400 to 1,600, an enhanced res-

olution scan was performed followed by tandem mass spectrometry (MS/MS)

of the three highest intensity ions with multiple charge states. The MS/MS data

were submitted to Mascot 1.9 for a database search against the NCBI nonre-

dundant Green Plant database. The search was performed allowing one trypsin

miscleavage site, and the peptide tolerance and MS/MS tolerance values were

set to 0.8 and 2 D, respectively. Only significant scores defined by a Mascot
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probability analysis (www.matrixscience.com/help/scoring_help.html#PBM)

greater than ‘‘identity’’ were considered for assigning protein identity.

Immunoblot Analysis

Immunoblot analysis was carried with the same flavedo tissue samples

used for the 2D-DIGE experiments. Ground flavedo tissue (500 mg) was

resuspended in 2 mL of 50 mM Tris-HCl, pH 7.5, and 20 mL of 100 mM

phenylmethylsulfonyl fluoride, incubated for 30 min at 2�C, and centrifuged

at 10,000g at 4�C. The supernatant was collected and quantified by the

Bradford assay (see above). Protein extracts (5 mg per lane) were separated by

SDS-PAGE on 12.5% polyacrylamide gels (Bio-Rad). Gels were stained with

SyproRuby (Bio-Rad) to confirm equivalent sample loading or transferred to

Hybond ECL membranes, according to the manufacturer’s instructions

(Amersham Life Science). Immunoblot analysis was performed after blocking

the membranes in 3% (w/v) bovine serum albumin and 0.02% (w/v) sodium

azide in sterile phosphate-buffered saline (PBS)-Tween (13 PBS and 0.1%

[v/v] Tween 20), using the ECL western-blotting kit, according to the

manufacturer’s instructions (Amersham Life Science). The blot was incubated

with Rubisco antiserum (diluted 1:10,000 in PBS-Tween) followed by a 1:2,000

dilution of the horseradish peroxidase-conjugated secondary antibody. After

each incubation with antiserum, the membrane was washed three times in

PBS-Tween.

All of the microarray data described in this study were deposited in the

ArrayExpress database (accession no. E-MEXP-967). The sequence data de-

scribed in this study were deposited in GenBank (accession no. AM922109).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. HPLC results of Chls and derivatives in wild-

type and nan ripe fruit.

Supplemental Figure S2. Overlay images from 2D-DIGE analysis.

Supplemental Table S1. Microarray results for genes that showed statis-

tically significant differences in expression levels between nan flavedo

and Washington Navel wild-type flavedo at the mature green and ripe

stages.

Supplemental Table S2. Oligonucleotides used as primers for real-time

RT-PCR.
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