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Citrus (Citrus spp.), a nonclimacteric fruit, is one of the most important fruit crops in global fruit industry. However, the biological
behavior of citrus fruit ripening and postharvest senescence remains unclear. To better understand the senescence process of citrus
fruit, we analyzed data sets from commercial microarrays, gas chromatography-mass spectrometry, and liquid chromatography-mass
spectrometry and validated physiological quality detection of four main varieties in the genus Citrus. Network-based approaches of
data mining and modeling were used to investigate complex molecular processes in citrus. The Citrus Metabolic Pathway Network
and correlation networks were constructed to explore the modules and relationships of the functional genes/metabolites. We found
that the different flesh-rind transport of nutrients and water due to the anatomic structural differences among citrus varieties might be
an important factor that influences fruit senescence behavior. We then modeled and verified the citrus senescence process. As fruit rind
is exposed directly to the environment, which results in energy expenditure in response to biotic and abiotic stresses, nutrients are
exported from flesh to rind to maintain the activity of the whole fruit. The depletion of internal substances causes abiotic stresses,
which further induces phytohormone reactions, transcription factor regulation, and a series of physiological and biochemical reactions.

Fruits are usually morphologically classified into different
groups, such as silique (e.g. Arabidopsis [Arabidopsis thali-
ana]), pome (e.g. apple [Malus domestica]), berry (e.g. tomato
[Solanum lycopersicum]), and hesperidium (e.g. sweet orange
[Citrus sinensis]). Fruit ripening and senescence are inevita-
ble and irreversible processes in the plant life cycle, and the
underlying mechanisms are unique among different fruit
types. According to the amount of ethylene biosynthesis
and its signal transduction, fruits are physiologically classi-
fied into climacteric fruit (e.g. tomato, apple, and banana
[Musa spp.]) and nonclimacteric fruit (e.g. citrus, strawberry
[Fragaria spp.], and grape [Vitis vinifera]).

The complex regulation of senescence is one of the
most important topics in fruit research. Experimental

evidence has shown that transcription factors (TFs) and
phytohormones are involved in controlling the fruit se-
nescence process accompanied by physiological changes
in color, texture, aroma, and nutritional components
(Prasanna et al., 2007; Vicente et al., 2007; Defilippi et al.,
2009; Seymour et al., 2013). Studies on the regulatory
role of ethylene in fruit senescence have been mainly
focused on the climacteric model fruit tomato, including
the ethylene biosynthesis/perception by the target eth-
ylene receptors and the signal transduction cascade that
involves several TFs such as ethylene-responsive factors
(ERFs), ETHYLENE INSENSITIVE3 (EIN3), EIN3-Like,
APETALA2 (AP2), andWRKY TFs (Seymour et al., 2013).
Meanwhile, abscisic acid (ABA) also plays an important
role in ripening regulation. Studies on strawberry
(Jia et al., 2011) and tomato (Sun et al., 2012) showed
that reduced expression of the key enzyme 9-cis-
epoxycarotenoid dioxygenase (NCED) of ABA biosyn-
thesis can down-regulate the expression of ripening-related
genes, suggesting that ABA acts as a promoter of ripening.
ABA treatment of mango (Mangifera indica variety
Alphonso; Parikh et al., 1990) and tomato (Martínez-
Madrid et al., 1996) could stimulate ethylene synthesis.
Moreover, analysis of the maturation of a sweet orange
ABA-deficient mutant revealed a role for ABA in the
regulation of citrus fruit coloration (Rodrigo et al., 2003).
Furthermore, a large group of TFs have been characterized
to be related to senescence, including families of NAC
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(for no apical meristem [NAM], Arabidopsis transcription
activation factor [ATAF1-2], and cup-shaped cotyledon
[CUC2]), WRKY, C2H2-type zinc finger, AP2/Ethylene-
Responsive Element Binding Protein (EREBP), MYB, and
so on (Lim et al., 2007; Asif et al., 2014).

High-throughput molecular biological techniques like
transcriptomic, proteomic, and metabolomic approaches
have been widely used to explore aging-related mech-
anisms in fruits, as reported in tomato (Kok et al., 2008;
Karlova et al., 2011; Osorio et al., 2011), pepper (Capsi-
cum annuum; Osorio et al., 2012), grape (Fasoli et al.,
2012), peach (Prunus persica; Jiang et al., 2014), apple
(Zheng et al., 2013), melon (Cucumis melo; Bernillon
et al., 2013), strawberry (Kang et al., 2013), and cassava
(Manihot esculenta; Vanderschuren et al., 2014). The
combination analysis of different omics data sets by
network construction has been used to unravel the reg-
ulatory relationship or changes of metabolic pathways
during the ripening and senescence process in straw-
berry (Fait et al., 2008), tomato (Enfissi et al., 2010; Lee
et al., 2012), and peach (Lombardo et al., 2011).

The study of senescence in citrus has important scien-
tific and socioeconomic benefits. As one of the most im-
portant edible fruits in the world, citrus has tremendous
economic impact (Food And Agriculture Organization
of the United Nations, FAO statistic, http://faostat3.fao.
org). The anatomic structure of citrus fruit is distinctive
from that of model fruits such as silique of Arabidopsis or
berry of tomato. Hesperidium is a modified berry de-
veloped from syncarpous pistil, with soft leathery rind
and flesh containing vascular bundles and a mass of
segments with juice vesicles (Bennici and Tani, 2004;
Ladaniya, 2008). Citrus fruit contains a large number of
nutritional components beneficial to health, such as car-
bohydrates, fibers, vitamin C, vitamin E, provitamin
A, pantothenic acid, carotenoids, flavonoids, limonoids,
polysaccharides, and phenolic compounds (Silalahi,
2002). Therefore, citrus fruit can be a particularly ad-
vantageous model for studying the senescence of woody
perennial fruits. After harvest, citrus fruit remains ani-
mate and active. The senescence of nonclimacteric citrus
fruit is a gradual physiological change process with
dysfunction or malfunction of the fruit tissues in response
to water, nutrient, and temperature stresses, which ulti-
mately affects the fruit quality. Citrus can be classified
into two classes in commercial postharvest practices:
tight-skin (hard-peel) citrus (such as sweet orange and
pummelo [Citrus grandis]) and loose-skin (easy-peel) cit-
rus (such as Satsumamandarin [Citrus unshiu] and Ponkan
mandarin [Citrus reticulata]). The two classes have dif-
ferent degrees of tightness in flesh-rind anatomic struc-
ture and different storage characteristics, as tight-skin
citrus fruit has a longer storage life than loose-skin ones.
According to empirical data, the commercial storage life
of loose-skin citrus fruit is always shorter than 50 d, and
the wilt of its flesh is previous to that of the rind during
senescence; however, tight-skin citrus can be stored with
good consumption quality for half a year, and the decay
of its rind is antecedent to that of flesh. With the imple-
mentation of citrus genome projects, the genomes of

mandarin and sweet orange have been fully sequenced
(Xu et al., 2013; Wu et al., 2014), making it possible to
analyze the biological mechanism of citrus fruit senes-
cence at the genomic level. The rapid development of
high-throughput techniques enables advances in omics-
based research by transcriptomics, proteomics, and
metabolomics. Analyses from multiple omics perspec-
tives of citrus senescence have been conducted recently in
our research group (Zhu et al., 2011; Yun et al., 2013; Ma
et al., 2014). With the development of citrus postharvest
research, efforts should be focused on a comprehensive
and systemic insight into citrus fruit senescence based on
high-throughput data.

In this study, the postharvest senescence process
of citrus fruit was comprehensively analyzed based on
transcriptomic and metabolomic data sets. We chose
four major citrus fruit varieties: Satsuma mandarin,
Ponkan mandarin, sweet orange (Citrus sinensis), and
Shatian pummelo. They were sampled every 10 d dur-
ing 50 d after harvest (DAH), almost covering the
commercial storage period of loose-skin citrus. Addi-
tionally, conventional physiological quality was mea-
sured and data were collected during 0 to 200 DAH,
which covered the whole senescence period of tight-skin
citrus. Furthermore, we also compared the expression of
genes related to phytohormones during the senescence
process of two model fruits (i.e. tomato and grape) with
that of citrus. In general, this study was aimed to further
uncover the rind-flesh communication of hesperidium,
to characterize the differential storage behaviors of dif-
ferent citrus varieties, to reveal the important physio-
logical changes during storage, and to demonstrate the
specific nonclimacteric characteristics of citrus fruit.

RESULTS

Profiling of Transcriptome, Metabolome, and Physiological
Quality Data Sets

This study included the most economically important
citrus varieties in the Asian market, including Satsuma
mandarin, Ponkan mandarin, sweet orange, and pum-
melo. Transcriptomes of 96 individual samples were
obtained by microarrays, including two tissue types
(rind and flesh) at six time points (0–50 DAH) from the
four citrus varieties (Fig. 1; Supplemental Data Set S1).
Clustering analysis of 96 microarray data sets provides
a bird’s-eye view of the transcriptome data set (Fig. 2). We
dissected all the differences of gene expression at three
independent levels: differences between four varieties
(variety level), differences between rind and flesh (tissue
level), and differences between different time stages (time
level). The subsequent research was guided by the overall
clustering results and was focused on multilevel omics
characterization at the three independent levels.

To characterize the differentially expressed genes
(DEGs) during senescence, a total of 11,586 DEGs were
identified and analyzed at the variety, tissue, and time
levels (Fig. 3; Supplemental Data Set S2). The 96 samples
were divided into different groups and subgroups based
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on the differences at the three levels (Supplemental
Table S1). Then, significance analysis of microarrays
(Tusher et al., 2001) and biweight value restriction
were used to identify the DEGs of each subgroup.
First, DEGs at the variety level are shown in Figure
3A: DEGs in Ponkan and Satsuma (rind, 381; flesh,
391) and DEGs in pummelo and sweet orange (rind,

371; flesh, 404) had greater numbers than the other
two variety combinations, which is consistent with the
commercial classification of tight- and loose-skin citrus
fruit. The analysis also showed that pummelo possessed
a higher number of unique genes (rind, 1,788; flesh,
2,221) than the other three varieties, which is consistent
with the hierarchical dendrogram of the entire tran-
scriptome (Fig. 2). Second, Venn diagrams of DEGs at
the tissue level (Fig. 3B) showed that there were similar
numbers of DEGs in the rind and flesh. Third, the dis-
tribution of DEGs at the time level (Fig. 3C) demon-
strated that most varieties showed the maximum
numbers of DEGs at the first and last phases except for
Ponkan, which had the maximum number of DEGs at
20 DAH. To obtain insights into the functions of DEGs,
an enrichment analysis based on Mapman annotation
was also conducted at the three levels (Supplemental
Data Set S3). Clusters of some significant Mapman gene
functions (BINs; hypergeometric P # 0.01) are shown in
Figure 3D. Many BINs were identified to be significant
at least at one level, including the BINs related to phy-
tohormones, transporters, stresses, and TFs. These genes
might play important roles during the postharvest se-
nescence process of citrus fruit. It is noteworthy that, at
the tissue level, the numbers of DEGs in the rind and the
flesh showed no dramatic difference (Fig. 3B), while
the enriched functions were greatly different between the
rind and the flesh (Fig. 3D). Many BINs were enriched in
the rind, such as AP2/EREBP TFs (BIN 27.3.3), WRKY
TFs (BIN 27.3.32), ATP-binding cassette (ABC) trans-
porters (BIN 34.16), amino acid transporters (BIN 34.3),
lignin biosynthesis (BIN 16.2.1.1011), dihydroflavonol
metabolism (BIN 16.8.3), sulfate transporters (BIN 34.6),
ethylene synthesis (BIN 17.5.1.1002), and ABA synthesis
(BIN 17.1.1.1002), indicating that the rind is more ac-
tively engaged in senescence.

To characterize the metabolism during senescence,
the levels of primary and secondary metabolites were
detected by gas chromatography (GC)-mass spectrometry
(MS) and liquid chromatography (LC)-mass spectrometry

Figure 1. Description of anatomic structures of hesperidium. A to D,
Anatomic structures of four citrus varieties: Satsuma mandarin (A), Pon-
kan mandarin (B), sweet orange (C), and Shatian pummelo (D). Bars = 30
mm. E and F, Appearance of the flesh-rind anatomic structure of loose-
skin Satsuma (E) and tight-skin sweet orange (F). Bars = 10 mm. G and H,
Detailed anatomical structures of an orange fruit. G, Hesperidium fruit
has two major distinct regions, rind (1) and flesh. The flesh comprises
segment epidermis (2) and juice vesicles (3). Bar = 20 mm. H, Light
microscopy image of orange fruit rind. The rind comprises a series of
parts: epidermis (4), flavedo area (5), oil gland (6), albedo area (7), and
lignin dye with phloroglucinol-HCl (8). Bar = 0.25 mm. Hesperidium
fruits have two distinct tissues: flesh (endocarp or pulp) and rind (pericarp
or peel). The flesh is the edible part of most citrus fruits, including juice
vesicles with segment membranes and vascular bundles. The rind is fur-
ther divided into two parts: flavedo (exocarp) is the external chromoplast-
rich colored layer, and albedo (mesocarp) is the white layer characterized
by numerous intercellular air spaces.

Figure 2. Hierarchical cluster analysis of all microarray expression
data sets. The expression values of all probe sets of the 96 microarrays
before DEGs identification were analyzed by hierarchical clustering
with Euclidean distance. The cluster dendrogram shows the clear
distinctions in expression pattern at the tissue, variety, and time levels.
The y axis represents the height value of hierarchical clustering.
Numbers 0 to 5 represent 0 to 50 DAH.
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in the corresponding citrus samples of microarrays.
In total, 64 metabolites were identified (Table I;
Supplemental Data Set S4). The primary metabolites
included 11 sugars or sugar alcohols, 10 organic acids,
six amino acids, and five other primary metabolites.
Moreover, 32 secondary metabolites were identified,
including flavonoids in particular, such as hesperetin,
neohesperidin, and naringin; phenols and terpenoids
were also identified, which play important roles in
signaling, abiotic stress reaction, and microbial infec-
tion (Grassmann et al., 2002). Although the metab-
olome data set showed complex changes at the time
and variety levels, there were distinctive differences in
the compositions of metabolites at the tissue level. The
levels of Fru, Glc, Suc, citric acid, and almost all sec-
ondary metabolites such as flavonoids and terpenoids
are higher in the flesh than in the rind, indicating that
there is a greater accumulation of nutrients in the flesh.

Many harvested citrus fruits can be stored for a long
period of time. To investigate the physiological behavior
of citrus fruit after 50 DAH, the physiological quality
data were investigated until 200 DAH. To ensure the
reliability of the results, we repeated our data in a total
of 12 batches of fruits in 3 years (2009, 2010, and 2012;
Supplemental Data Set S5). A principal component
analysis individual factor map (Supplemental Figure S1)
showed that the time trajectory had a chronological
linear distribution in principal component 1, indicating
that the loss of physiological quality during long storage
is a gradual process. Figure 4A demonstrates the results
of the hierarchical cluster analysis of the physiological
quality measurement, which divides the physiological
quality data set into two independent clusters: one
cluster shows downward trends, including acid-related
parameters (such as total acid, titratable acid [TA], citric
acid, malate, and quinic acid), sugar-related parameters

(such as total sugar, total soluble solids [TSS], Fru, Glc,
and Suc), and juice yield; the other cluster shows upward
trends, including the parameters related to odor compo-
nents (such as ethanol, methanol, and acetaldehyde),
weight loss, total sugar-total acid ratio, and TSS-TA ratio.
Furthermore, some important physiological parameters,
like respiration rate, sugars, organic acids, and odor
components, were investigated in detail. The postharvest
senescence process could be roughly divided into three
time intervals (TI-1, 0–50 DAH; TI-2, 50–100 DAH; and
TI-3,100–200 DAH) based on the fluctuations of the
physiological quality data (Fig. 4, B–E). It was found that
the physiological change in TI-1 was the most dramatic.
The respiration rate increased at 60 to 130 DAH and then
decreased after 130 DAH, which might be the result of
stress resistance against the rise of environmental tem-
perature at TI-2 and physiological disorders within the
fruit at TI-3. The metabolic levels of organic acids and
sugars showed sharp increases at TI-1 and TI-2 and de-
creased gradually thereafter. The odor components gen-
erally increased especially at TI-3, which is opposite to the
profiles of sugars and acids, indicating that the com-
mercial value of the fruit was greatly lost at the terminal
stage. These data provide a foundational description of
the storage process of citrus fruit and may guide further
experiments on the postharvest physiology of citrus fruit.

Integrated Analysis of Metabolome and Transcriptome
Data Sets by the Citrus Metabolic Pathway Network

To obtain a global view of citrus postharvest senes-
cence, we constructed a genome-scale Citrus Metabolic
PathwayNetwork (CitrusCyc) using AraCyc, a database
containing biochemical pathways of Arabidopsis, de-
veloped at The Arabidopsis Information Resource

Figure 3. Identification and function
enrichment analysis of DEGs at three
levels. A and B, Venn diagrams show
DEGs at the variety and tissue levels. C,
Proportions of DEGs numbers at the
time level. D, Gene function enrich-
ment analysis of DEGs based on Map-
man annotation at three levels: variety
level (a), tissue level (b), and time level
(c). Important Mapman gene function
BINs with significant DEGs distribution
(hypergeometric P # 0.01) are marked
in black.
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(http://www.arabidopsis.org; Zhang et al., 2005) based
on sequence similarities. CitrusCyc integrates the
information of 3,490 metabolism-related genes (en-
zymes) and 2,614 metabolites, aiming to explain the
mechanisms of cellular functions in citrus. It contains the
major metabolic pathways such as reactions of sugars,
acids, lipids, amino acids, and most phytohormones
(Supplemental Figure S2). In a metabolic network,
a biological reaction can be affected by its adjacent re-
actions in a pathway. Therefore, in this research, the
transcriptome data set of the 96 microarrays was map-
ped to CitrusCyc by transforming the data to parame-
ters of recalculated expression values of reaction genes
(RE-values) using the network-based diffusion method
(Allen et al., 2013), considering the influence of neigh-
boring reactions in CitrusCyc (Fig. 5). Three kinds of
correlation networks were constructed based on the
transcriptome and metabolome information in CitrusCyc:
coexpression networks of recalculated expression values
(Networks-RR), a correlation network of primary me-
tabolites (Network-MM), and a correlation network

between metabolites and recalculated expression values
(Network-MR).

Networks-RR were constructed (Spearman coeffi-
cient $ 0.75) and clustered by Markov cluster (MCL)
algorithm in the rind and the flesh. The results revealed
the modularity characteristics of the networks: the re-
action genes belonging to the same pathway always fall
into the same subnetwork (Supplemental Data Set S6),
including the subnetworks of down-regulated genes
(Subr2 in the rind and Subf1 in the flesh) and the sub-
networks of up-regulated genes (Subr1 in the rind and
Subf2 in the flesh). In the rind, the genes in the pathways
related to brassinosteroid biosynthesis, GA biosynthesis,
tricarboxylic acid cycle, and glycolysis II were in Subr1,
and the genes in the pathways related to chlorophyll,
Glu, and starch fell into Subr2. In the flesh, Subf1 con-
tains the genes in the reactions related to starch, ascor-
bate, plant sterol, and jasmonic acid, and Subf2 comprises
the genes for glycolysis, glyoxylate cycle, the tricarboxylic
acid cycle, and the biosynthesis of cutin, flavin, and jas-
monic acid. The modularity indicates that the metabolic

Table I. List of metabolites detected by GC-MS and LC-MS

Numbers in parentheses represent isomers detected by GC-MS and LC-MS.

Primary Metabolites Secondary Metabolites

Sugar and sugar alcohols
Glc Phe
Fru N-Feruloylputrescine
4-Ketoglucose Quercetin dihexose-deoxyhexose
Gal Sinapic acid
Lyxose Feruloylquinic acid
Man Naringin
Xylofuranose Naringenin
Myoinositol Naringenin chalcone-hexose
Glucopyranose Quercetin-3-O-rhamnoside
Suc Neohesperidin
Glycerol Hesperetin

Organic acids
Citric acid Naringenin chalcone-dihexose
Aconitic acid Rutin
2-Butenedioic acid Kaempferol-3-O-rutinoside
Malic acid Phloretin-C-diglycoside
Malonic acid Naringenin chalcone-hexose(2)
Oxalic acid Naringenin(2)
Butanedioic acid Naringin(2)
Butanoic acid Hesperetin(2)
Isocitric acid Hydroxylated naringenin-hexose
Pentanoic acid Hesperetin(3)

Amino acids
Asn Neohesperidin(2)
Asp Isosakuranetin
Citrulline Isosakuranetin-7-rutinoside
Gly Sinensetin
Ala Tetramethyl-o-scutellarein
Val Tetramethyl-o-scutellarein(3)

Others
5-Aminohexanoic acid Sinensetin(2)
3-Amino-6-methoxypicolinic acid Tetramethyl-o-scutellarein(2)
Cyclohexanone, 2-[(dimethylamino)methyl]- Tetramethyl-o-scutellarein(4)
Hexadecanoic acid 3-3-4-5-6-7-8-Heptamethoxyflavone
Hexadecanoic acid, 2,3-bisoxypropylester Sinensetin(3)
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pathways in a subnetwork always cooperate during se-
nescence. Additionally, a Network-MM (Supplemental
Data Set S7) was constructed. The network shows fre-
quent negative correlations between organic acids and
sugars, and such negative correlations were more fre-
quently observed in Satsuma and Ponkan than in sweet
orange and pummelo.

The integrated analysis of metabolome and tran-
scriptome data sets in CitrusCyc was focused on certain
important metabolites with significant influences on fruit
quality, such as sugars and acids, as well as on the
identification of the active reactions of these important
metabolites. A Network-MR was constructed by calcu-
lating the Jaccard distance (0.4 or greater; Supplemental
Data Set S8). A correlation with a high absolute Jaccard
distance value means that the metabolite has been cata-
lyzed by a corresponding reaction. The results show that

some important organic acids and sugars are involved
in different catalytic reactions. There were correlations
between malate and malic dehydrogenase (Enzyme
Commission [EC] 1.1.1.37), malate and pyruvic-malic
carboxylase (EC 1.1.1.40), and citric acid and cleavage
enzyme, and the correlations were stronger in the rind
than in the flesh. Additionally, correlations were found
between Fru and fructokinase (EC 2.7.1.4), Fru and
b-fructofuranosidase (EC 3.2.1.26), Suc and Suc fructo-
syltransferase (EC 2.4.1.99), Suc and b-fructofuranosidase
(EC 3.2.1.26), Glc and trehalase (EC 3.2.1.28), Glc and b-D-
glucosidase (EC 3.2.1.21), and Glc and 4-a-glucanotrans-
ferase (EC 2.4.1.25), while these correlations were stronger
in the flesh than in the rind (Supplemental Data Set S8).
The statistical data of the numbers of first-level and
second-level linkages in Network-MR (Supplemental
Table S2) suggest that, for the first-level linkages, organic

Figure 4. Analysis of conventional phys-
iological quality data. A, Hierarchical
cluster analysis of conventional physio-
logical quality data during 200 DAH in
sweet orange (O), Ponkan (K), and Sat-
suma (S). B to E, Important fruit quality
indices: respiration rate (B) and levels of
odor components (C), reducing sugars
(D), and organic acids (E). Data were
processed with Z-score normalization,
and repeated data were averaged and
hierarchically clustered using Spearman
distance. CO2, Respiration rate; Fa, Fb,
and FL, color parameters; T, laboratory
temperature; Vc, ascorbic acid.

362 Plant Physiol. Vol. 168, 2015

Ding et al.

http://www.plantphysiol.org/cgi/content/full/pp.114.255711/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.255711/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.255711/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.255711/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.255711/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.255711/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.255711/DC1


Figure 5. Sketch map of some pathways in CitrusCyc. Colors in each pie represent the RE-values (21 to 1) of different samples (Or,
Of, Kr, Kf, Sr, Sf, Pr, and Pf). 2KG, 2-Ketoglutarate; 2PG, 2-phosphoglycerate; ACCOA, acetyl-CoA; AGLU, a-Glc; AGLU6P, a-Glc-6-P;
BDFRU, b-D-Fru; BG1P, b-D-Glc-1-P; CACN, cis-aconitate; CIT, citrate; DHAP, dihydroxy-acetone-phosphate; DRU15P2, D-ribulose-
15-bisphosphate; DXP, xylulose-5-phosphate; EMP, glycolysis; ERY4P, erythrose-4-phosphate; F6P, Fru-6-P; FBP, Fru-1,6-bisP; FUM,
fumaric acid; G6P, Glc-6-P; GAP, D-glyceraldehyde-3-phosphate; GGC, g-glutamyl cycle; GLC, Glc; GLYOX, glyoxylate; ICIT, iso-
citrate; MAL, malate; OAA, oxaloacetate; P3G, 3-phosphoglycerate; PEP, phosphoenolpyruvate; PYR, pyruvate; R1P, Glc-1-P; R5P,
Rib-5-P; RU5P, ribulose-5-phosphate; SED1,7-P, D-sedoheptulose-7-phosphate; SED1,7-P2, D-sedoheptulose-1,7-bisphosphate; SMM
cycle, S-methyl-Met cycle; SUC, succinic acid; SUCCOA, succinyl-CoA; TCA, tricarboxylic acid cycle; TRE6P, trehalose-6-phosphate.
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acids (such as succinate, citric acid, isocitric acid, and
malate) had more significantly correlated reactions in the
rind, while sugars (such as Glc, Fru, Gal, and Suc) had
more significantly correlated reactions in the flesh, and for
the second-level linkages, more significant correlated re-
actions of organic acids were observed in both the rind
and the flesh. These results indicate that the reactions of
sugars are more active in the flesh, while the reactions of
organic acids are more active in the rind and have greater
influence on the metabolic network.

Differential Expression Patterns of Transcription Factors
among Citrus Varieties

To uncover the differential expression patterns among
citrus varieties during the postharvest senescence pro-
cess, we calculated the Spearman rank correlation coef-
ficient for constructing a coexpression network of DEGs
at the variety level (Network-DV; Fig. 6, A and B;
Supplemental Data Set S9). The network demonstrates
modularity characteristics, since the TF-centered net-
works fell spontaneously into two clusters: the DEGs
highly expressed in pummelo or orange gathered in one
subnetwork (tight-skin citrus subnetwork [SubTs]) and
the DEGs highly expressed in Ponkan or Satsuma fell
into another subnetwork (loose-skin citrus subnetwork
[SubLs]). The distinction between these two subnet-
works is consistent with the commercial classification of
tight- and loose-skin citrus fruits; therefore, it provides
an effective way to analyze the gene expression related
to variety characteristics and storage properties.

Furthermore, we studied the function of TFs in more
detail by analyzing the TF-centered subnetworks in
Network-DV. SubTs and SubLs include mainly four TF
families as hubs (Fig. 6E). AP2/EREBP TFs respond to
environmental stresses and inner phytohormone ethyl-
ene (Licausi et al., 2013). The AP2 domain TF Abscisic
Acid Responsive1 (ABR1) functions as an ABA repres-
sor and is responsive to ABA and stress treatments like
cold, high salt concentration, and drought (Pandey et al.,
2005). NAC TFs were shown to be senescence related
(Balazadeh et al., 2010). NAC Domain-Containing Pro-
tein (NAP; NAC029) plays an important role in leaf se-
nescence (Guo and Gan, 2006). NAC Transcription
Factor-Like9 (NTL9) is involved in osmotic stress sig-
naling, which results in the regulation of leaf senescence
(Yoon et al., 2008). WRKY TFs belong to a superfamily
with different functions and are involved in the response
to biotic and abiotic stresses (Pandey and Somssich,
2009; Chen et al., 2012). MYB TFs function as stress-
responsive factors, as key factors in the signaling of
many hormones (Du et al., 2009), and as regulators of
anthocyanin biosynthesis in citrus (Butelli et al., 2012). In
our results, AP2/EREBP and NAC family TFs were
mainly present in the SubLs, including Ethylene Re-
sponse DNA Binding Factor2 (CL9870), Related to
AP2.4 (CL3372), DREB and EAR Motif Protein2
(CL4034), ABR1 (CL11397), ERF018 (CL8491), ERF071
(CL788), ERF013 (CL6697), NAP (CL2421), NAC010

(CL7396), NAC017 (CL13252), NAC078 (CL3268), etc.
These AP2/EREBP TFs are involved in the response to
abiotic stresses and ABA, and the NAC TFs play an
important role in senescence. On the other hand, the
SubTs contains many WRKY TFs that are responsive to
biotic stresses, such as WRKY4 (CL8232; Lai et al., 2008;
Ren et al., 2010), WRKY75 (CL11313; Encinas-Villarejo
et al., 2009), and WRKY50 (CL12354; Gao et al., 2011).
These results suggest that the TFs related to abiotic and
biotic stresses are critical factors that can be used to
distinguish tight- and loose-skin citrus and play differ-
ent roles in the senescence of different citrus varieties.

Transporter-Mediated Nutrient Transportation from Flesh
to Rind

There is a transfer of nutrients and water between the
rind and the flesh after harvest in hesperidium. A previ-
ous study of labeled CO2 indicated that, in developing
citrus fruits, photosynthates are accumulated via dorsal
vascular bundles in the rind and are slowly transferred
through nonvascular tissue juice stalks (Koch, 1984).
It was suggested that there is a carrier-mediated and
energy-dependent active sugar transport in the juice sacs
before the maturation of Satsuma fruit (Chen et al., 2002).
However, no previous study has been focused on the
nutrient transport in citrus fruit after harvest. In this ex-
periment, much evidence suggested that nutrients and
water are transported from the flesh to the rind in citrus
fruit during storage. As a previous study suggested, the
sink is much more active than the source in the transport
process during fruit development (Roitsch, 1999). Func-
tion enrichment analysis of DEGs at the tissue level (Fig.
3D) shows that there are more enriched functions in the
rind than in the flesh, mainly including ethylene and ABA
synthesis, secondary metabolism, transporter- and TF-
related functions, stress responses, etc. This result sug-
gests that the rind could be the sink (energy consumption)
tissue in an individual citrus fruit. Additionally, the data
for metabolite levels (Supplemental Data Set S4) show
that Suc, Fru, and Glc are mainly accumulated in the
flesh. The correlation network of metabolites between the
rind and the flesh (Network-Mrf; Fig. 7A) illustrates that
the Glc and Fru in the flesh are at the center of the net-
work with the highest connectivity, and their coex-
pression partners include inositol, Fru, Gal, and many
other metabolites in the rind. It is commonly recognized
that the transfer of nutrients among plant tissues may rely
on a minority of specific substances to work efficiently.
Therefore, as Network-Mrf indicates, the efficient and
economical model of transportation between the tissues of
detached citrus fruit is as follows: nutrients (possibly Glc
and Fru) are transported from the flesh to the rind, but
not from the opposite direction (mass metabolites are
transported from the rind to the flesh). In addition, in-
vertase genes (CL13030, CL3976, CL4459, CL10238,
CL12157, and CL698), which encode the enzymes that
can break Suc down into the monosaccharides Glc and
Fru, were highly expressed in the rind (Supplemental
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Data Set S2). Therefore, it can be speculated that Suc
might also be involved in the flesh-rind nutrient transfer.
We also focused on the transporters to analyze the

transportation process of nutrients and water. Genome-
wide statistics of the copy numbers of the orthologous
genes in the 18 genomes of fruit species show that,
compared with other fruit species, citrus has a larger
gene copy number of transporters, such as transporters
of ABC, amino acids, calcium, plasma membrane in-
trinsic proteins (PIP), and sugars (Fig. 7B; Supplemental
Data Set S10), indicating that transporters play special
roles in the species-specific characteristics of citrus.

Although the expression of most transporter genes was
suppressed in response to the stresses of the storage
environment, some important transporter genes were
up-regulated (Fig. 7C; Supplemental Data Set S2). Sev-
eral genes related to sugar transporters, such as INT1
(CL248), INT2 (CL196), UTR3 (CL2889), STP1 (CL4560),
STP13 (CL965), STP14 (CL413), SUT1 (CL2401), Early-
Responsive to Dehydration6-like major facilitator
superfamily protein (CL6047 and CL8900), and the bi-
directional sugar transporter SWEET1a (CL10442), were
all up-regulated with time. The STPs are membrane
transporters that specifically transfer hexoses from the

Figure 6. Overview and TF hubs of Network-DV and coexpression networks of DEGs at the time level (Networks-DT). A and B,
Whole Network-DV (A) and its TF-centered subnetworks (B). Network-DV was constructed based on the data set of DEGs at the
variety level. The data set was normalized by biweight, resulting in an eight-dimension matrix, and the matrix was calculated by
Spearman coefficient (.0.75). Network-DV was unaffectedly divided into two subnetworks: SubTs and SubLs. Bigger nodes
represent TF hubs in the subnetworks. Different colors represent the DEGs significant in pummelo (P), orange (O), pummelo and
orange (P&O), Ponkan (K), Satsuma (S), Ponkan and Satsuma (P&S), and others (etc.). C and D, Networks-DT of rind and flesh.
Networks-DTwere constructed based on data sets of DEGs at the variety level in the rind and the flesh. Data sets were normalized
by biweight, forming a 48-dimension matrix, and the resulting matrix was calculated by Spearman coefficient (.0.75). Then, the
MCL algorithm, a fast and scalable unsupervised cluster algorithm for networks based on the simulation of (stochastic) flow in
graphs, was used, which divided each Networks-DT into three major subnetworks (nodes in the same color). Line graphs show the
average gene expression values normalized by biweight in each subnetwork. E, Major TF hubs in subnetworks of Networks-DTand
Network-DV. TFs from some important TF families that fell into a subnetwork of Networks-DTor Network-DV are marked in black.
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apoplastic space into the cell and function as high-
affinity hexose transporters that can be induced in pro-
grammed cell death (Norholm et al., 2006). The SUTs
can load Suc to phloem (Weise et al., 2000), and CitSUT1

was reported to be strongly expressed in source and
sugar-exporting organs and was repressed in mature leaf
discs by exogenous Suc, Glc, and Man in citrus (Li et al.,
2003). The up-regulation of these sugar transporters

Figure 7. Description of communication between flesh and rind. A, Network-Mrf. The Spearman correlation coefficient was cal-
culated for each metabolite between the rind and the flesh in four varieties. Significant correlations (Spearman correlation . 0.75)
supported by multiple varieties are represented. The black lines represent correlations occurring in four varieties, and the gray lines
represent correlations occurring in three varieties. B, Genome-wide scale comparison of copy numbers of transporter genes between
citrus and other model fruits. Genome-wide statistics show copy numbers of all orthologous genes annotated to transporters in 18
genomes of fruit species (genome data were downloaded from the databases listed in Supplemental Table S6). C, List of up-regulated
transporter genes in the rind and the flesh. Transporter genes that were up-regulated in the rind or the flesh are marked in black.
AAP2, AMINO ACID PERMEASE2; ABC-2, ABC2-TYPE TRANSPORTER FAMILY PROTEIN; BAT1, BIDIRECTIONAL AMINO ACID
TRANSPORTER1; CAT5, CATIONIC AMINO ACID TRANSPORTER5; INT1, INOSITOL TRANSPORTER1; LAX2, LIKE AUXIN
RESISTANT2; LHT1, LYSINE HISTIDINE TRANSPORTER1; MATE, MULTIDRUG AND TOXIC-COMPOUND EXTRUSION EFFLUX
FAMILY PROTEIN; MFS, MAJOR FACILITATOR SUPERFAMILY PROTEIN; MRP3, MULTIDRUG RESISTANCE-ASSOCIATED PRO-
TEIN3; NIP1;2, NOD26-LIKE INTRINSIC PROTEIN1;2; Nodulin MtN3, NODULIN MtN3 FAMILY PROTEIN; NRT1:2, NITRATE
TRANSPORTER1:2; PDR6, PLEIOTROPIC DRUG RESISTANCE6; PGP9, P-GLYCOPROTEIN9; PIP2;2, PLASMA MEMBRANE IN-
TRINSIC PROTEIN2;2; PUP1, PURINE PERMEASE1; SAG29, SENESCENCE-ASSOCIATED GENE29; STP1, SUGAR TRANSPORTER1;
SUC1, SUCROSE-PROTON SYMPORTER1; TaaT, TRANSMEMBRANE AMINO ACID TRANSPORTER FAMILY PROTEIN; TIP3;1,
TONOPLAST INTRINSIC PROTEIN3;1; UTR3, UDP-GAL TRANSPORTER3.
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definitely indicates the existence of sugar transport in
citrus fruit. Subsequently, we investigated the aquaporin
genes, another group of transporters that affect water
loss and fruit quality. Aquaporins conduct efficient water
transport through cell membranes in plants and belong
to a large major intrinsic protein family, which includes
tonoplast intrinsic proteins (TIPs), PIPs, NOD26-like in-
trinsic proteins (NIP), small basic intrinsic proteins, and
X intrinsic proteins (Zhang et al., 2013). In our results,
although many aquaporins were down-regulated, it is
noteworthy that there were still quite a few aquaporin
genes, such as PIP1;2 (CL11753), PIP2;2 (CL4793), and
NIP1;2 (CL10874), which were up-regulated, especially
in the flesh of Ponkan and Satsuma (Supplemental Data
Set S2), indicating that the flesh of Ponkan and Satsuma
may suffer from more severe water loss. Furthermore,
many other kinds of transporters related to amino acids,
nitrates, ABC, cations, and anions were also up-regulated
(Fig. 7C), suggesting that there are various transport
processes during the postharvest senescence of citrus
fruit. Taken together, all these results suggest that, dur-
ing storage, there is a transporter-mediated transpor-
tation process in which water and nutrients (such as Glc,
Fru, and probably Suc) are transported from the flesh to
the rind.

Characteristics of the Citrus Senescence Process

Transcriptome, metabolome, and physiological data
show that the postharvest senescence of citrus fruit is a
continuous and irreversible process, unlike that of cli-
macteric fruits, which have a dramatic increase in eth-
ylene synthesis and respiration. The data for important
physiological qualities show that the greatest volatility
appeared at 0 to 50 DAH (Fig. 4, B–E). This time interval
is regarded as a key period for storage physiology and,
therefore, is the focus of our transcriptomic and metab-
olomic research. Moreover, Networks-DT were con-
structed. The networks clustered byMCL algorithm (van
Dongen, 2000) showed modularity, as genes in the same
module had similar patterns of change at the time level
(Fig. 6, C and D; Supplemental Data Set S11). Networks-
DT of the rind or the flesh contained three distinct sub-
networks: subnetworks containing down-regulated
genes (SubRd and SubFd), subnetworks containing up-
regulated genes (SubRu and SubFu), and subnetworks
containing genes with differential expression patterns
among different varieties (SubRv and SubFv). Analysis
of Networks-DT and the metabolic and physiological
quality data sets at the time level could comprehensively
present the senescence process of citrus fruit.
Generally, fruit ripening and senescence are associ-

ated with a series of changes in color, texture, aroma,
and nutritional components caused by the participation
of related genes. Color parameters FL and Fa/Fb
measured by a Chroma Meter revealed that the fruit
surface brightness decreased with time, and the rind
color slowly turned to red from orange and then grad-
ually faded during the long period of time in storage

(Supplemental Data Set S5). The change of rind color is
mainly due to the degradation of chlorophyll and the
change of anthocyanins and flavonoids. Flavonoids are
a big family that includes over 4,000 unique structures
and are recognized as nutritional components and pig-
ments (Middleton et al., 2000; Tripoli et al., 2007). Citrus
is a main source of dietary flavonoids. Many flavonoids
were identified by LC-MS in this experiment, such as
hesperetin, neohesperidin, and naringin, and the data
for the metabolite levels showed diverse patterns of
change (Supplemental Data Set S4). Networks-DT in-
dicate that most of the genes related to flavonoids (in-
cluding anthocyanins) and chlorophyll fell into the
down-regulated groups (SubRd and SubFd; Table II).
Meanwhile, modifications of the cell wall led to changes
in the firmness and texture of the fruit. The distribution
of related genes in Networks-DT (Supplemental Data
Set S11) shows that high expression of cell wall modi-
fication genes occurred at the early storage in Ponkan
and Satsuma and at the late storage in orange and
pummelo. It is noteworthy that the alteration of flavor is
attributed to the changes of sugars, organic acids, alco-
hols, aldehydes, etc. Analysis of Network-MR indicates
that sugar reactions might be more active in the flesh
and organic acid reactions might be more active in the
rind. The reliable physical quality data set among 0 to
200 DAH (Supplemental Data Set S5) demonstrates that
although the major sugars and organic acids were de-
creased, the TSS-TA ratio and levels of odor components
were increased with fluctuations. Network-MM shows
that there were more frequent negative correlations be-
tween organic acids and sugars in loose-skin citrus
(Satsuma and Ponkan) than in tight-skin citrus (orange
and pummelo; Supplemental Data Set S7). These results
suggest that there is a conversion of acids to sugars
during senescence. Both the respiratory pathways of
glycolysis and tricarboxylic acid cycle have important
functions in energy and substance supply. Networks-DT
show that most glycolysis and tricarboxylic acid cycle-
related genes were up-regulated, especially in the rind
(Table II), indicating that the rind of citrus fruit has
an activated nutrient consumption. Additionally, most
aquaporins and other transporters were down-regulated.
SAGs are markers of leaf senescence that are up-
regulated during both dark-induced and natural leaf
senescence (Yamada et al., 2014). In citrus fruit, most
SAGs showed higher expression in the rind than in the
flesh and were down-regulated during the senescence
process, with the exception of SAG29 (also called
SWEET15), which functions as a bidirectional sugar
transporter (Chen et al., 2010). Therefore, the senescence
process might be connected with the transfer of nutrients
between the rind and the flesh.

Furthermore, senescence regulation was illustrated by
the distinct distribution of TFs in Networks-DT (Fig. 6E).
All WRKY TFs with functions in pathogen defense and
response to water deficit or other stresses were in the
SubRv, indicating that the stress response was more
active in the rind with differences among varieties. NAC
TFs such as NAP, NTL9 and NTL6, which are identified
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as senescence-related genes, were located in SubRv and
SubRv. Additionally, many MYB TFs, which function
mainly in abiotic stress responses, were down-regulated
with time (in SubRd and SubFd); it remains unknown
why these MYB TFs were down-regulated with storage
time. Nevertheless, most of the MYB TFs were differ-
entially expressed in the rind, suggesting their potential
roles in abiotic stresses during storage.

Expression Analysis of Phytohormone-Related Genes in
Citrus and Climacteric/Nonclimacteric Model Fruit

To analyze the nonclimacteric characteristics of cit-
rus fruit, we focused on the phytohormone-related
features at the terminal stage of the life cycle of citrus

fruit. DEGs were identified by comparing the tran-
scription data of postripening and preripening samples
from citrus, climacteric model fruit (tomato), and non-
climacteric model fruit (grape; Table III; Supplemental
Fig. S3; Supplemental Data Set S12). Previous studies
have shown that, although many regulatory factors are
involved in fruit ripening and senescence, the phyto-
hormones ethylene and ABA are the most important
regulatory factors in climacteric and nonclimacteric
fruits (Lafuente and Sala, 2002; Zhang et al., 2009; Sun
et al., 2010; Klee and Giovannoni, 2011). Previous
studies also have demonstrated the functional relation-
ship between ethylene and ABA during senescence:
ethylene can induce the accumulation of ABA during
citrus ripening (Lafuente and Sala, 2002), and ABA can
trigger the ripening and ethylene biosynthesis of tomato

Table II. Numbers of DEGs in corresponding function classes in subnetworks of Networks-DT

The subnetwork names SubRd, SubRu, SubRv, SubFd, SubFu, and SubFv represent the subnetworks in
Figure 6. Each number presents the number of DEGs in the corresponding function class in the subnet-
work.

Function SubRd SubRu SubRv SubFd SubFu SubFv

Basic metabolism
Tricarboxylic acid 3 7 1 3 5 0
Cell wall modification 2 2 7 4 2 4
Fermentation 1 3 1 1 6 1
Gluconeogenesis 2 1 1 0 0 1
Glycolysis 2 13 2 3 9 1
Starch degradation 8 2 1 10 1 0
Starch synthesis 2 0 1 4 0 0
Suc degradation 2 2 4 2 1 1
Suc synthesis 1 0 1 2 0 0
ATP synthesis 4 13 2 5 10 1
Ascorbate and glutathione 9 4 1 4 3 2
Flavonoids 19 9 4 11 7 0
Carotenoids 1 0 0 4 0 0
Wax 2 4 0 0 0 0
Tetrapyrrole synthesis 7 2 2 4 2 1

Transporter
Aquaporin 10 0 0 6 3 0
Transporter, amino acids 5 3 3 1 3 2
Transporter, sugars 9 6 1 5 6 0
Transporter, Suc 0 0 1 0 0 1
Transmembrane transport 69 37 17 47 32 5
Inner cell transport 4 11 6 9 7 2

Phytohormones
ABA induced 3 0 2 2 0 2
ABA signal transduction 2 1 1 2 1 1
ABA synthesis/degradation 2 3 1 4 2 0
Auxin induced 8 4 3 13 8 1
Auxin synthesis/degradation 0 1 1 1 1 0
Brassinosteroid induced 1 0 0 0 0 0
Brassinosteroid signal transduction 1 1 1 1 0 0
Brassinosteroid synthesis/degradation 3 3 0 2 2 1
Cytokinin signal transduction 1 0 0 1 1 0
Cytokinin synthesis/degradation 1 1 0 2 0 0
Ethylene induced 3 0 2 4 1 1
Ethylene signal transduction 1 2 11 1 2 6
Ethylene synthesis/degradation 2 2 2 1 4 0
GA related 8 1 0 2 0 0
Jasmonic acid related 2 3 4 2 2 0
Salicylic acid related 1 0 0 0 0 0
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fruit with induced expression of ACS2, ACS4, and
ACO1 (Zhang et al., 2009).
Ethylene is a key regulation factor of climacteric fruit

ripening, and tomato fruit is a model for studying
ethylene synthesis in climacteric fruits. Previous re-
search in tomato indicated that, during the System-1
stage of the ethylene synthesis pathway, less and
autoinhibitory ethylene is synthesized by LeACS1A,
LeACS6, LeACO1, LeACO3, and LeACO4. At the tran-
sition stage, the ripening regulators were demonstrated
to play critical roles, and LeACS4 induces a large in-
crease of autocatalytic ethylene, resulting in a negative
feedback on System-1. LeACS2, LeACS4, LeACO1, and
LeACO4 are thus responsible for the high ethylene pro-
duction in System-2 (Cara and Giovannoni, 2008). Our
analysis of the postripening and preripening gene ex-
pression in System-1 and System-2 in tomato shows that
the expression of some genes was up-regulated, such as
that of ACS1 (AT3G61510.1), ACS2 (AT1G01480.1),
ACS5 (AT5G65800.1), ACS8 (AT4G37770.1), ACS10
(AT1G62960.1), ACS12 (AT5G51690.1), ACO1
(AT2G19590.1), and ACO2 (AT1G62380.1; Table
III). On the other hand, although the regulation of
nonclimacteric fruit ripening does not strongly depend
on the role of ethylene, ethylene-related genes can also

play important roles in the senescence process. Grape
is a typical nonclimacteric fruit. Data for grape senes-
cence show that ACS1, ACS6, ACS7, ACS10, ACS12,
and ACO1 were generally down-regulated (Table III),
indicating that the ethylene synthesis pathway is not
thoroughly activated in grape berry during ripening.
Furthermore, ethylene-related genes also showed dif-
ferential expression profiles between species. In gen-
eral, most genes regulated by ethylene signals were
up-regulated in tomato but down-regulated in grape.
As a nonclimacteric fruit, citrus usually produces a
relatively low amount of ethylene throughout matu-
ration. Previous research has shown that exogenous
ethylene treatment of citrus fruit could change the
pigments and accelerate respiration (Fujii et al., 2007),
and similar to climacteric fruits, green citrus fruit on
the tree shows a rise of ethylene production accom-
panied by the up-regulation of ACS1, ACO1, and ERS1
(Katz et al., 2004). Similar to the maturation of citrus
fruits on the tree, ethylene also seems to be involved in
the senescence of postharvest citrus fruits. The data for
citrus senescence show that some ethylene synthesis
genes, such as ACO1 (CL2446), ACO4 (CL169, and
CL1150), ACS1 (CL7938), and ACS10 (CL13016), were
up-regulated (Table III). These ACOs and ACSs were

Table III. Expression trends of the genes related to ethylene and ABA synthesis and regulation by com-
paring the postripening and preripening data in three species

Up means up-regulation in postripening/preripening, and down means down-regulation in postripening/
preripening. Numbers represent the numbers of genes regulated by ethylene/ABA. AAO, ABA-aldehyde
oxidase; ACO, 1-aminocyclopropane-1-carboxylic acid oxidase; ACS, 1-aminocyclopropane-1-carbox-
ylic acid synthase; CCD, carotenoid cleavage dioxygenase; CYP707, the ABA 89-hydroxylase gene.

Function Genes Tomato Citrus Flesh Citrus Rind Grape

Ethylene synthesis ACO1 Up Up Up Down
ACO2 Up Up
ACO4 Up Up
ACS1 Up Up Up Down
ACS2 Up
ACS5 Up
ACS6 Down Down Down
ACS7 Down
ACS8 Up Up/down
ACS9 Down
ACS10 Up Up Down
ACS12 Up Down

Ethylene regulated Up, six; down, one Up, four; down, two Up, two; down, five
ABA synthesis NCED3 Down Up/down Up Down

NCED4 Down Down Down Up
NCED5 Down Up Up/down
NCED6 Up
NCED9 Up
CYP707 Up Up Up/down Up
CCD8 Up
CCD7 Up
AAO2 Up/down
AAO4 Down Up/down
ABA1 Down Down
ABA2 Up
ABA3 Up Down

ABA regulated Up, one; down, three Up, three; down, two Up, one; down, four
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reported to be responsible for the ethylene synthesis in
System-1 and System-2, especially ACO4, which can
induce a massive production of autocatalytic ethylene
in System-2 (Cara and Giovannoni, 2008). Taken to-
gether, these results suggest that there is a System-2-
like ethylene synthesis during citrus senescence.

Although the mechanism of ABA to affect the ripen-
ing physiology of fruits has not been fully elucidated,
previous research has demonstrated that ABA is related
to fruit ripening in climacteric fruits (Chernys and
Zeevaart, 2000; Zhang et al., 2009). Meanwhile, ABA is
associated with the regulation of nonclimacteric fruit
ripening and facilitates the senescence of nonclimac-
teric fruits, such as grape (Coombe, 1992), strawberry
(Ofosu-Anim et al., 1996), and citrus (Rodrigo et al.,
2006). ABA is also considered as a ripening inducer in
grape and strawberry (Jia et al., 2011). In our results,
down-regulated expression of NCED3 (AT3G14440.1),
NCED4 (AT4G19170.1), and NCED5 (AT1G30100.1)
was observed in tomato (Table III). Oxidative cleavage
of cis-epoxycarotenoids by NCED is a critical step in the
regulation of ABA synthesis in higher plants. In addi-
tion, more genes in the ABA synthesis pathway are
involved in the ripening process of grape. NCED3
(AT3G14440.1), NCED4 (AT4G19170.1), NCED5
(AT1G30100.1), NCED6 (AT3G24220.1), and NCED9
(AT1G78390.1) all showed an up-regulation trend (Table
III), indicating that ABA plays an important role in grape
ripening. In citrus data from our experiment, NCEDs
were more active in the rind than in the flesh. For
example, NCED3 (CL6281) and NCED5 (CL2472) had
up-regulation profiles in the rind of Ponkan, pum-
melo, and Satsuma (Supplemental Data Set S2). And
carotenoid biosynthesis is connected with the ABA
synthesis pathway (Sandmann, 2001). Therefore, it
can be suggested that ABA is not only involved in the
senescence of citrus fruit but also is involved in the
change of the rind color.

Ripening and senescence are a continuous and indi-
visible process in the plant life cycle (Watada et al.,
1984). The major differences between climacteric and
nonclimacteric fruit appear in the terminal stage (i.e.
ripening and senescence) of development. Although
postharvest handling and storage could affect the
physiology of citrus fruit, it could not stop the process
of ripening and senescence in the fruit life cycle (we only
focused on phytohormone-related differences between
postripening and preripening; physiological differences
of fruit while attached and removal from a plant have
not been studied). In this section, we intended to reveal
the differences in fruit physiological activity during
ripening and senescence among different species, aim-
ing to uncover the general biological significance of the
process. Comparison of the postripening and preripening
transcription data among the three species reveals an
interesting phenomenon: although there were no signifi-
cant differences in the copy numbers of the homologous
genes related to the phytohormones ethylene and ABA
(Supplemental Data Set S10), the relationship of the
numbers of up-regulated ethylene biosynthesis genes is

tomato . citrus . grape, while that of ABA is tomato ,
citrus , grape. This reveals that citrus has specific non-
climacteric characteristics, as indicated by the functions
of ethylene and ABA in senescence. As a nonclimacteric
fruit, citrus is different from the climacteric fruit tomato
in that its respiration and ethylene production rates do
not exhibit climacteric characteristics (dramatic increases
in ethylene synthesis and respiration during ripening;
Fig. 4B). Moreover, citrus is also different from the
nonclimacteric fruit grape, since citrus has a System-2-
like pathway of ethylene production but a smaller
number of up-regulated ABA synthesis genes compared
with grape.

DISCUSSION

This study introduced data sets from commercial
microarrays, GC-MS, LC-MS, and validated physiolog-
ical quality detection. We focused on the analyses of TFs,
phytohormones, transporters, and pathways related to
physical qualities and characterized the citrus senes-
cence process based on data features and relationships
at three independent levels: differences among four va-
rieties (variety level), differences between tissues (tissue
level), and differences between different time stages
(time level). In addition, we also compared the expres-
sion patterns of phytohormone-related genes in tomato,
grape, and citrus to uncover the nonclimacteric charac-
teristics of citrus.

In recent years, next-generation sequencing has been
widely used to assess the copy number of transcripts.
Although microarray technology is still reliable and can
provide accurate and sensitive measurement (Willenbrock
et al., 2009), some limitations of the Affymetrix genechip
Citrus Genome Arrays used in this study are apparent:
(1) this citrus array was designed in 2006 based on citrus
EST collections without the support of genome annota-
tions; and (2) as the senescence characteristics of differ-
ent citrus varieties were to be investigated, the coverage
rates of array probe sets for the genomes of different
citrus varieties should be revaluated. To address these
problems, we first improved the annotation of the array
probes based on citrus genomic resources (Xu et al., 2013;
Wu et al., 2014) and Arabidopsis functional annotations
(Lamesch et al., 2012) to obtain an accurate and com-
prehensive view of the gene function information. We
also calculated the coverage rates of the array probe sets
for the genes in citrus genomes. The results show that the
citrus array could cover about 64% of ESTs of Citrus
paradisi, about 56% of genes in the genome of clementine
mandarin (Citrus clementina), about 51% to 56% of genes
in the whole genome of sweet orange, and 78% of genes
expressed in the fruit tissues of sweet orange (BLAST
E value # 1e-5; Supplemental Table S3).

Fruit Senescence Is Less Affected by Genetic Background

One of our major concerns in this study is the spe-
cific distinctions in postharvest senescence between
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different citrus varieties. The chosen citrus varieties
(Satsuma, Ponkan, sweet orange, and pummelo) repre-
sent four groups in the Citrus genus, namely mandarin,
tangerine, orange, and pummelo (Fig. 8). Based on the
system classification in genus Citrus (Swingle and Reece,
1967; Tanaka, 1977) supported by single-nucleotide
polymorphism evidence (Abkenar et al., 2004; Garcia-
Lor et al., 2013), the evolutionary relationship of citrus
varieties is also demonstrated by the hierarchical den-
drogram of microarray expression data in Figure 2
(pummelo has the maximum differentiation, while Sat-
suma and Ponkan have the most similar transcriptome
patterns during storage). On the other hand, commer-
cial citrus fruits are divided into tight-skin citrus (e.g.
orange and pummelo) and loose-skin citrus (e.g. Sat-
suma and Ponkan), and the greatest differences between
these two classes are the degree of tightness of the flesh-
rind anatomic structure (Fig. 1, E and F) and the dif-
ferent storage characteristics, as tight-skin citrus has a
longer storage life than loose-skin citrus (based on em-
pirical data and Supplemental Fig. S4). A Venn diagram
of DEGs numbers at the variety level (Fig. 3A) shows
that DEGs in Ponkan and Satsuma, and DEGs in
pummelo and orange, have greater numbers than the
other two-variety combination. Additionally, the dif-
ferentiation between the two modules of coexpression
network of DEGs at the variety level (Fig. 6A) is con-
sistent with that between the tight-skin and loose-skin
citrus. These results indicate that the major difference of
the transcriptome at the variety level during senescence
is the difference between tight-skin and loose-skin fruit.
All of these analyses suggest that fruit senescence is less
affected by genetic background and more influenced
by other factors, which also can be the major factors
responsible for the fundamental differences between
tight-skin and loose-skin citrus fruit (Fig. 8).

Differential Flesh-Rind Communications Are Important
Factors Affecting the Postharvest Properties of Different
Citrus Varieties

Tight-skin and loose-skin citrus fruits have greatly
different flesh-to-rind nutrient transport. When the fruit
loses steady nutrient supply from the tree and a new
sink-source relationship is established after harvest, its
physiological activity during senescence relies on the
internal flesh-to-rind transport of nutrients and water.
The previous results of our research have suggested that
the hesperidium flesh-rind connection during senes-
cence is a transporter-mediated transportation process
that transfers water and nutrients from the flesh to the
rind. Long-term observation of citrus storage suggests
that, during the storage of most tight-skin citrus fruits,
the stress of water deficit results in desiccation, leading
to wilted rind and a shriveled appearance; on the other
hand, most loose-skin citrus fruits can maintain the
natural quality of rind for a period of storage, but their
flesh tissues are dehydrated and skinny as a conse-
quence of losing nutrients and water. These phenomena

indicate that the two classes of citrus fruits have distinctly
different flesh-rind transfer of nutrients and water after
harvest. The different flesh-rind anatomic structures
might be responsible for the different ways of nutrient
and water transportation (Fig. 1, E and F): as the albedo
of tight-skin citrus fruit closely covers the segment mem-
branes, the transportation mainly depends on the inter-
cellular pipelines and vascular bundles between the
flesh and the rind. Since there is a space between the
flesh and the rind as well as a highly developed vas-
cular bundle system in loose-skin citrus fruit, the
transportation is accomplished mainly through vascular
bundles.

We hypothesized that the distinction of flesh-rind
communication due to anatomic differences between
citrus varieties is an important factor that influences the
senescence process. Based on this hypothesis, the citrus
senescence process was modeled in detail. As fruit rind
is directly exposed to the environment, which results in
energy expenditure because of the responses to biotic
and abiotic stresses, nutrients are transported from the
flesh to the rind to maintain the bioactivity of the whole
fruit. The depletion of internal substances causes abiotic
stresses (mainly water deficit stress), which further in-
duces phytohormone reactions, transcription factor reg-
ulation, and a series of physiological and biochemical
reactions (Fig. 9).

The hypothesis and model are supported by sufficient
evidence of postharvest phenomena and the results in
this research. Taking loose-skin citrus fruits as an ex-
ample, during storage, nutrients and water are trans-
ported from the flesh to the rind in response to
environmental stresses. The flesh-rind transportation of
loose-skin citrus fruits relies mainly on the powerful
vascular bundle system between the flesh and the rind,
which can efficiently transport materials, especially
water, to maintain the bioactivity of the rind. The

Figure 8. Evolutionary relationships and storing features of the four
citrus varieties. Satsuma, Ponkan, sweet orange, and pummelo repre-
sent four groups (i.e. mandarin, tangerine, orange, and pummelo) in
the genus Citrus. The evolutionary relationships of citrus varieties were
produced based on the system of classification in the genus Citrus
(Swingle and Reece, 1967; Tanaka, 1977).
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unimpeded material supply channel to the rind not only
results in the phenomenon that loose-skin fruits always
have fresh rind with dehydrated and skinny flesh in
storage but also accelerates the senescence (phenomena
from observation for years; Y. Cheng, unpublished
data). Gene expression analysis shows that, during stor-
age, although many transporters were down-regulated in
response to stresses, some important transporters of
sugars, ABC, cations, and anions were up-regulated with
time and had higher expression at the early stage in loose-
skin citrus than in tight-skin citrus (Supplemental Table
S4). It is notable that some aquaporin genes were up-
regulated. For example, PIP2;2, TIP3;1, NIP1;2, and
NIP5;1 were up-regulated in loose-skin citrus (Ponkan
and Satsuma; Supplemental Data Set S2). The powerful
vascular bundle system and the active aquaporins of
loose-skin citrus lead to a rapid water loss as well as
accelerate the abiotic stress-induced senescence. The
internal abiotic stresses (possibly mainly water deficit
stress) induce a lot of responses of hormones like ethylene
and ABA and the regulation of abiotic stress-related TFs,
and they also substantially impact the overall energy-
related transcripts and metabolism. Network-DV (Fig.
6E) shows that AP2/EREBP family TFs (involved in the
response to abiotic stresses and ABA) and NAC family
TFs (involved in senescence) mainly fall into the SubLs
and act as critical distinguishing factors between tight-
skin and loose-skin citrus. The enormous nutrient con-
sumption and the activated responses to abiotic stresses
influence a range of metabolic pathways. We found that
large numbers of genes with important functions showed
higher expression in fruit tissues at the early stage in

loose-skin citrus than in tight-skin citrus, including the
genes of cell wall modification, fermentation pathway,
ethylene synthesis and signaling, mitochondrial electron
transport, tricarboxylic acid pathway, and genes related
to stress, redox, calcium, and sugar signaling (Supplemental
Table S4). This result implies that the short postharvest life
of loose-skin citrus might be the result of the overcon-
sumption of nutrients at the earlier stages in response to
abiotic stresses (possibly water deficit stress). Conversely,
tight-skin citrus fruits have a less developed vascular
bundle system, and nutrients and water are transported
from the flesh to the rind mainly through an intracel-
lular diffusion pathway. This inefficient transportation
results in the phenomenon that the quality of the flesh
could be maintained for a longer time than that of the
rind during senescence.

Perspectives of Future Research on Citrus Fruit Senescence

Plant organisms all experience senescence. Leaf senes-
cence is the most extensively studied senescence process
in higher plants. At the end of life, a leaf destroys itself
through the active degeneration of cellular structures and
makes its last contribution to the plant by recycling nu-
trients to the actively growing part. It is a highly complex
and a genetically controlled process, which involves a lot
of regulatory factors, including transcription regulators,
receptors and signaling components for hormones and
stress responses, and regulators of metabolism. Leaf se-
nescence is the result of programmed cell death (Lim
et al., 2007) accompanied by decreased expression of
genes related to photosynthesis and protein synthesis.

Figure 9. Sketch map model of the citrus senes-
cence process. TCA, Tricarboxylic acid.
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The SAGs are up-regulated during leaf senescence and
are often regarded as molecular markers of leaf senes-
cence. Our analysis of citrus fruit shows that most SAGs
are down-regulated in fruit tissues, and the physiological
and biochemical reactions and substance transport are
highly active. Compared with that of the leaf, the senes-
cence of citrus fruit may not rely on the genetically con-
trolled voluntary cell death process but tends to be the
result of environmental stresses, which cause the ex-
haustion and imbalance of endogenous substances due to
the need to maintain the physiological activity of the fruit.
This postulation needs to be further validated. Further-
more, we also found some similarities in senescence be-
tween citrus fruit and leaf. Previous research on leaf
senescence indicated that leaf senescence is controlled by
a series of external and internal factors, including age,
levels of plant hormones, environmental stresses, and
pathogens. The plant hormones ethylene, abscisic acid,
jasmonic acid, salicylic acid, auxin, and brassinosteroids
are believed to be inducers/promoters, while cytokinins
and polyamines are antagonists of senescence (Guo and
Gan, 2012). It was also found that TFs are involved in leaf
senescence (Guo and Gan, 2006). In our research, we
found that similar plant hormones (such as ABA and
ethylene) and TFs (such as WRKY TFs, AP2 TFs, and
NAC TFs) are involved in citrus fruit senescence. How-
ever, the common senescence signaling pathways of the
fruit and the leaf need further verification.

MATERIALS AND METHODS

Material Preparation

To ensure a comprehensive data collection of citrus fruits, commerciallymature
fruits of four citrus varieties, Satsuma mandarin (Citrus unshiu), Ponkan mandarin
(Citrus reticulata), sweet orange (Citrus sinensis; var Newhall navel), and Shatian
pummelo (Citrus grandis), were selected for this study (Fig. 1). Fruits were col-
lected in Yichang, Hubei Province, China, in 2008 at harvest season. Randomly
selected healthy fruits with uniform color and size were stored at ambient tem-
perature (16°C–20°C, with relative humidity of 85%–90%). Fruits were mainly
divided into two parts, rind and flesh tissues, and were sampled every
10 d during 50 d after harvest (0, 10, 20, 30, 40, and 50 d) for the microarray and
metabolic analyses. Each sample was mixed from 10 fruits and was frozen im-
mediately in liquid nitrogen and stored at 280°C until use.

Transcriptome Analysis

RNA Hybridization and Microarray Expression Analysis

Two total RNA samples were independently isolated according to the method
described by Tao et al. (2004) and were hybridized with the commercial genechip
Citrus Genome Arrays (Affymetrix) in double repeats. The obtained raw CEL files
were analyzed using Bioconductor software for R (http://www.r-project.org/).
Quality control and MAS5 present/absent call values were obtained using the
XPS package, and the expression values were obtained by the robust multiarray
average method using the Affy package. Transcriptome data sets on the genechip
Citrus Genome Arrays platform in this article can be found in the Gene Ex-
pression Omnibus (GEO) with accession number GSE63706.

Identification of DEGs

The DEGs were identified at three levels: variety level, tissue level, and time
level. To analyze the DEGs at each level, we first divided the samples into dif-
ferent groups and then subgrouped the samples into small groups to identify
DEGs based on Supplemental Table S1. The significance analysis of microarrays

method (Tusher et al., 2001) was used to detect DEGs in each group with re-
striction of P, 0.01 and fold change greater than 2. DEGs of each subgroup were
defined with biweight value greater than 0.5. Taking the identification of DEGs at
the variety level as an example, samples were first divided into two groups (rind
and flesh); then, each group, such as the rind group, was further divided into four
subgroups, one for each species. Significantly expressed genes in each subgroup
were identified by significance analysis of microarrays and restriction of biweight
value and defined as DEGs of orange in the rind at the variety level.

Annotation of Microarray Probe Sets

We annotated the genechip Citrus Genome Arrays probe sets using GMAP
(Wu and Watanabe, 2005) and BLAST, aiming to find the sequence similarities
of the probe sets to the genes in the genomes of sweet orange and clementine
mandarin (Citrus clementina; Xu et al., 2013; Wu et al., 2014), and the Mapman
annotations of Arabidopsis (Arabidopsis thaliana) were homologously mapped
to the annotations of the probe sets. Finally, the probe sets with similar con-
sensus sequences were grouped by their mapping results to the two citrus
genomes and the cluster names were customized as CL numbers. The sub-
sequent gene function analysis was based on CL genes. CL gene expression
was defined as the average value of probe sets in a cluster. Unless otherwise
specified, DEGs in this article refer to differentially expressed CL genes
(Supplemental Data Set S1).

Verification of Microarray Expression Data with Quantitative
Real-Time PCR

Total RNA extraction, complementary DNA synthesis, and quantitative
real-time PCR of sweet orange were performed as described previously (Zhu
et al., 2011). Primers were designed by Primer Express 3.0 (Supplemental
Table S5). The average Pearson correlation coefficient for quantitative real-
time PCR and microarray expression is 0.76.

Metabolic Analysis

Profiling of Primary Metabolites

A 150-mg sample was extracted with methanol, and the extracts were
analyzed by GC-MS (Thermo Fisher; ISQII) with four replicates as described
by Yun et al. (2013). Customized reference spectrum databases, including the
National Institute of Standards and Technology and the Wiley Registry, were
utilized for the identification and annotation of the metabolites recorded by
GC-MS based on retention indices and mass spectral similarities. The raw
output data of GC-MS were processed by MetAlign (Lommen, 2009) for
baseline correction and retention time alignment. The data processed by
MetAlign were corrected by the unique mass-to-charge ratio value of internal
standard metabolites, and then the sum value of retention time was normal-
ized by Z-score transformation for further analysis.

Profiling of Secondary Metabolites

Secondary metabolite analysis was performed using the QTOF 6520 mass
spectrometer (Agilent Technologies) coupled to a 1200 series Rapid Resolution
HPLC system and the Zorbax Eclipse Plus C18 1.8-mm, 2.1- 3 100-mm reverse-
phase analytical column (Agilent Technologies). Metabolites were identified
based on accurate masses and tandem mass spectrometry by searching against
the MassBank metabolite database. Four replicates were performed for each
sample. The metabolites were putatively assigned and analyzed by ultra-performance
liquid chromatography-quadrupole time of flight-mass spectrometry as described by
Yun et al. (2013).

Coexpression Analysis

In this experiment, we analyzed the coexpression relationships using
transcriptome and metabolome data. All coexpression networks were con-
structed from a Spearman coefficient matrix computed by R, and the
threshold was set to 0.75 for samples with a number larger than 20 and 0.9 for
samples with a number smaller than 20. The data used for gene coexpression
analysis were preprocessed by biweight transformation, and the metab-
olomic data used for coexpression analysis were preprocessed by Z-score
transformation.
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Metabolic Network Analysis

We introduced the parameter RE-value to represent the expression of the
reaction genes in the citrus metabolic network. CitrusCyc was constructed by
mapping citrus genes to AraCyc (Zhang et al., 2005) based on the sequence
similarities with Arabidopsis. Then, the diffusion method (Allen et al., 2013) was
used to process the biweight-normalized expression data for neutralizing the
influence of adjoining reactions in the metabolic network, resulting in the RE-
value. Coexpression networks of reaction genes in CitrusCyc were constructed
using RE-values (Spearman coefficient $ 0.75), and the networks were clustered
byMCL algorithm in the rind and the flesh. Additionally, the correlation network
between metabolite levels and RE-values was constructed based on Jaccard dis-
tance (0.4 or greater; Jaccard distance has two values: positive and negative).

Genome-Wide Comparison of Gene Copy Numbers and
Gene Expression between Citrus and Other Model Fruits

To investigate the copy numbers of citrus functional genes, genome-wide
protein sequences of sequenced fruit species were downloaded from genome
project Web sites (Supplemental Table S6). Homologous genes were identified by
BLAST, clustered by MCL, and annotated by Arabidopsis gene identifiers, and
their copy numbers were counted.

To investigate the nonclimacteric characteristics of citrus fruits, tomato (Solanum
lycopersicum) and grape (Vitis vinifera) were selected to be compared with the four
citrus varieties at the transcription level. We collected a total of 247 array samples
in 10 independent experiments on fruit senescence (from fruits before or after
harvest) of the two model fruits from the GEO database. The ratio of postripening
to preripening expression values with a fold change threshold of 2 or greater was
used for the identification of DEGs (Supplemental Table S7).

Determination of Fruit Physiological Quality

To study the physiological changes of citrus fruits during a long period of
storage, another group of fruits was sampled, and the sampling was repeated in a
total of 12 batches within 3 years (2009, 2010, and 2012). The fruits were harvested
from the same orchard in Yichang as the samples for themicroarray andmetabolic
analyses, including sweet oranges, Satsuma mandarin (in 2012), and Ponkan
mandarin. The postharvest handling and storage conditions imitated the com-
mercial standards of the Chinese citrus industry (temperature, 6°C–25°C; hu-
midity, 35%–100%). They were evaluated by measurements of fruit weight loss
(%), three color parameters (Fa, Fb, and FL), fruit flesh TSS, TA, ascorbic acid,
organic acids, reducing sugars, and odor components about every 10 d during
200 d after harvest. The respiration rate was measured with an infrared gas an-
alyzer (model GXH-305H; Junfang Science & Technology Institute of Physical and
Chemical Research). TSS were determined with a refractometer (model Pocket
PAL-1; Atago) according to the manufacturer’s instructions. Color measurements
were performed on the surface of the fruits around the equatorial region with a
Konica Minolta Chroma Meter CM-5. TA and ascorbic acid contents were also
determined. An Agilent 7890A gas chromatograph (Agilent Technologies) was
used to analyze the organic acids (malic acid, citric acid, and quinic acid), re-
ducing sugars (Fru, Glc, and Suc), and odor components (ethanol, methanol, and
acetaldehyde) in the flesh using the methods described by Sun et al. (2013).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Principal component analysis using conventional
physiological quality data during 0 to 200 DAH.

Supplemental Figure S2. General map of CitrusCyc constructed based on
AraCyc.

Supplemental Figure S3. Venn diagrams of numbers of DEGs identified
by comparing the transcription data of postripening and preripening
samples of tomato, grape, and citrus.

Supplemental Figure S4. Rot rate of four varieties during 70-DAH storage.

Supplemental Table S1. Sample classification for the identification of
DEGs at three levels.

Supplemental Table S2. Proportions of the first and second level linkages
to the total linkages in the Network-MR.

Supplemental Table S3. Ratio of array-covered genes from different citrus
gene resources.

Supplemental Table S4. Numbers of DEGs at early stage (0–10 DAH) by
comparing samples of loose- and tight-skin citrus.

Supplemental Table S5. Quantitative real-time PCR verification of selec-
tive probe sets in orange rind and flesh.

Supplemental Table S6. Database resources for the investigation of ho-
mologous gene copies.

Supplemental Table S7. List of collected samples of tomato and grape
from the GEO database.

Supplemental Data Set S1. Annotation of clustered citrus microarray
probe sets (CL genes).

Supplemental Data Set S2. Expression of all DEGs at the tissue, variety,
and time levels.

Supplemental Data Set S3. Gene function enrichment analysis of DEGs at
the tissue, variety, and time levels.

Supplemental Data Set S4. Data set of all metabolite levels after Z-score
normalization.

Supplemental Data Set S5. Data set of physiological quality during 0 to
200 DAH.

Supplemental Data Set S6. Major clusters in Networks-RR.

Supplemental Data Set S7. Spearman correlation coefficient values be-
tween primary metabolites (in Network-MM).

Supplemental Data Set S8. Jaccard distances between metabolite levels
and RE-values (Network-MR).

Supplemental Data Set S9. Gene list of the Network-DV.

Supplemental Data Set S10. Genome-wide scale comparison of gene copy
numbers between citrus and other model fruits.

Supplemental Data Set S11. Gene list of subnetworks in Networks-DT.

Supplemental Data Set S12. Expression data of DEGs during the senes-
cence process of grape and tomato.
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