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Transcriptome and weighted gene co-
expression network analyses reveal key genes
and pathways involved in early fruit ripening
in Citrus sinensis

Jianmei Chen', Lihong Xie', Yi Lin', Balian Zhong' and Shubei Wan'"

Abstract

Background The fruit ripening period is an important target trait in fruit tree crop breeding programs. Thus, citrus
tree breeders seek to develop extreme early ripening cultivars that allow optimization of citrus maturation periods.
In this study, we explored the regulatory network involved in fruit ripening in Citrus sinensis using the ‘Newhall' navel
orange variety and its early-ripening mutant,'‘Gannanzao' This research will provide a basis for further research on
important signaling pathways, gene functions and variety breeding of Citrus sinensis related to fruit ripening period.

Results Physiological analyses suggested that early fruit ripening in‘Gannanzao'is regulated by early accumulation
of abscisic acid (ABA), persistently high levels of jasmonic acid (JA), and higher sucrose content in the pericarp.
Pericarp samples from ‘Gannanzao’and ‘Newhall'navel oranges were sampled for RNA sequencing analysis at 180,
200, and 220 days after flowering; 1430 differentially expressed genes (DEGs) were identified. Functional enrichment
analysis indicated that these DEGs were mainly enriched in the plant hormone signal transduction and sugar
metabolism pathways, as well as other pathways related to fruit ripening. Important DEGs associated with fruit
ripening in ‘Gannanzao’included genes involved in ABA and JA metabolism and signal transduction, as well as sugar
metabolism. Weighted gene co-expression network analysis showed that the deep pink module had the strongest
correlations with ABA content, JA content, and early ripening. Based on gene functionality and gene expression
analyses of 37 genes in this module, two candidate hub genes and two ethylene response factor 13 (ERF13) genes
(Cs_ont_5g000690 and Cs_ont_5g000700) were identified as key genes regulated by ABA and JA signaling. These
findings will help to clarify the mechanisms that underlie early citrus fruit ripening and will lead to the development
of excellent genetic resources for further breeding of extreme early-ripening varieties.

Conclusions Through analyses of the ‘Newhall'navel orange cultivar and its early-ripening mutant ‘Gannanzao, we
identified genes involved in ABA and JA metabolism, signal transduction, and sugar metabolism that were related to
fruit ripening. Among these, two ERF13 genes were inferred to be key genes in the regulation of fruit ripening. These
findings provide insights into the genetic architecture related to early fruit ripening in C. sinensis.
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Background

The navel orange (Citrus sinensis L. Osbeck) is a non-cli-
macteric fruit for which the ripening mechanism has not
been clearly established; therefore, the genes or enzymes
involved in its respiration rate at fruit ripening require
further exploration [1, 2]. Metabolic and respiratory
changes during fruit ripening strongly affect the shelf
life and economic value of fruit through effects on color,
taste, sugar and acid contents, aroma, texture, and nutri-
tional value [3, 4]. Thus, elucidation of the regulatory
pathways and networks associated with fruit ripening is
necessary to adjust the ripening period of navel oranges
and reveal general regulatory mechanisms involved in the
ripening of non-climacteric fruit.

Thus far, few mechanisms and genes regulating fruit
ripening in horticultural plants have been discovered.
Plant hormones, sugar metabolism, and cell wall metab-
olism all participate in the regulation of fruit ripening,
which is primarily determined by plant hormone biosyn-
thesis, signal transduction, and related pathways. In cli-
macteric fruit, ripening is mainly regulated by ethylene,
whereas non-climacteric fruit ripening is mainly regu-
lated by abscisic acid (ABA) [5, 6]. Various components
are involved in the ABA metabolism signaling path-
ways associated with fruit maturation, including 9-cis-
epoxycarotenoid dioxygenase 1 (NCED1), PYL9 (PYR/
PYL/RCAR), serine/threonine-phosphatase 2 C (PP2C),
sucrose non-fermentingl (SNF1)-regulated protein
kinase 2S (SnRK2), and ABA 8'-hydroxylase (CYP707A1)
[7-10]. Other phytohormones may also be involved in
the regulation of fruit maturation [11, 12]. The involve-
ment of sugar metabolism in fruit development and rip-
ening has been demonstrated in horticultural plants [13].
Among fruit sugars, sucrose functions as a signaling mol-
ecule to regulate orange ripening [11]. Fruit softening
during the ripening process is associated with the gradual
degradation of pectin in the cell wall, leading to modifica-
tions of cell wall composition and the softening of paren-
chyma cells [14, 15].

Various transcription factors (TFs) are also associ-
ated with fruit ripening. Based on cloned genes mapped
from fruit ripening mutants, three TFs were inferred
to be required for fruit ripening in tomato: MADS-box
TF ripening inhibitor (RIN), SBP-box TF colorless non-
ripening (CNR), and the NAC TF non-ripening (NOR)
[16-18]. The functions of orthologs of these three TFs
from other species are conserved and similarly regu-
late fruit ripening [19, 20]. However, in contrast to the
many studies of key TFs in fruit ripening, particularly
for climacteric fruits, very few studies have examined the
mechanisms of ripening in non-climacteric fruits [21,

22]. In one such study, gene expression profile analysis
suggested that APETALA2/ethylene-responsive element-
binding factor (AP2/ERF) plays roles in color and aroma
formation in strawberry fruit [23]. In a recent study,
RNA interference-mediated silencing demonstrated that
downregulation of the NAC TF FaRIF delays the ripening
of strawberry fruit [22].

The molecular mechanisms that underlie fruit ripening
have been studied in various citrus mutants. For example,
the ‘Fengwan’ sweet orange is a spontaneous late-ripen-
ing mutant of the ‘Fengjie 72—1" orange (C. sinensis); the
key genes and regulatory pathways involved in ‘Fengwan’
fruit ripening have been identified through small-RNA
sequencing, degradome sequencing, and transcrip-
tome and proteome analyses [24, 25]. The regulatory
mechanisms of fruit ripening were also analyzed in the
spontaneous early-ripening citrus mutants ‘Gangi 4’ (C.
sinensis) and ‘Liuyuezao’ (Citrus maxima) through com-
parative transcriptome and sRNAome analyses [26, 27].
These studies investigated the roles of TFs, functional
genes, and small RNAs related to various metabolic path-
ways, including those related to sugar metabolism and
plant hormones, involved in citrus fruit ripening. How-
ever, the molecular regulatory network of citrus fruit rip-
ening requires further in-depth research.

In this study, we investigated the citrus fruit ripening
period using the ‘Newhall' navel orange and its early-
ripening mutant cultivar ‘Gannanzao’. We determined the
contents of sugars and endogenous hormones, as well as
genome-wide gene transcription levels, at various fruit
ripening stages to elucidate the molecular mechanisms
that underlie early fruit ripening in ‘Gannanzao’ We also
conducted transcriptomic analysis and weighted gene
co-expression network analysis (WGCNA) to identify
hub genes that might regulate fruit ripening. By inte-
grating gene function annotation, expression levels, and
correlation with early ripening traits, we identified dif-
ferentially expressed genes, pathways and core genes that
may play a role in regulating citrus early ripening through
hormones and sugar metabolism. The core gene identi-
fied in this study, along with its homologous genes, have
not been previously studied in relation to fruit ripening.
Our findings will provide novel insights on the molecular
regulation of fruit ripening in non-climacteric fruits and
provide valuable insights for the molecular breeding of
citrus varieties.

Results

Fruit ripening in the ‘Gannanzao’ navel orange cultivar

The ‘Gannanzao’ cultivar originated from a bud muta-
tion of the ‘Newhall’ navel orange. ‘Gannanzao’ ripens 1
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Fig. 1 Performance of fruits of GNZ and Newhall navel orange during fruit ripening
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Fig. 2 Endogenous hormone contents during fruit ripening. A-D are represent IAA, ABA, JA and GA contents in pericarp of GNZ and Newhall navel or-
ange during fruit ripening, respectively. 4 and . denote significant difference at the 0.05 and 0.01 probability levels, respectively

month earlier and has better fruit quality compared with ~ Endogenous hormone contents in‘Gannanzao’ navel

the original variety [28]. Thus, the onset of color variation  oranges during fruit ripening

and pericarp softening in ‘Gannanzao’ occurs at 180 days  The levels of various endogenous hormones in the peri-

after flowering (DAF) (Fig. 1). carp were measured at various time points (110, 140, 160,
180, 200, and 220 DAF) to assess their effects on early
ripening (Fig. 2). Auxin (i.e., indole-3-acetic acid [IAA])
levels in the pericarp was significantly lower among
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‘Gannanzao’ oranges than among ‘Newhall’ oranges at
110 DAF, and there were no differences between the two
cultivars during other stages (Fig. 2A). ABA content in
the pericarp of ‘Gannanzao’ oranges sharply increased at
160-180 DAF and remained high thereafter, whereas a
corresponding increase in ‘Newhall’ oranges occurred at
200-220 DAF (Fig. 2B). In contrast, a sharp decrease in
JA content in the pericarp of ‘Newhall’ oranges occurred
at 160—180 DAF; this phenomenon was not observed in
‘Gannanzao’ oranges, leading to significantly higher JA
content in the latter cultivar at 2160 DAF (Fig. 2C). Gib-
berellin (GA) content in the pericarp was significantly
higher among ‘Gannanzao’ oranges than among ‘Newhall’
oranges at 160, 180 and 220 DAF, and there were no dif-
ferences between the two cultivars during other stages
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(Fig. 2D). Thus, compared with phytohormone levels in
the pericarp of ‘Newhall’ oranges, the early accumulation
of ABA and persistently high levels of JA in the pericarp
of ‘Gannanzao’ oranges suggest that these hormones are
involved in early fruit ripening.

Sugar contents in ‘Gannanzao’ navel oranges during fruit
ripening

Sugars play various roles in many plant developmental
processes, including fruit ripening. The fruit sugar con-
tents of ‘Gannanzao’ and ‘Newhall’ oranges were mea-
sured in the pericarp throughout the ripening process,
and the ratio of hexose to sucrose was calculated. Sucrose
content was significantly higher in ‘Gannanzao’ oranges
than in ‘Newhall’ oranges from 160 to 220 DAF (Fig. 3A),
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Fig. 3 Sugar contents during fruit ripening. A-C are represent sucrose, fructose and glucose contents in pericarp of GNZ and Newhall navel orange dur-
ing fruit ripening, respectively. D is sucrose to hexose ratios in pericarp of GNZ and Newhall navel orange during fruit ripening. 4 and .. denote significant
difference at the 0.05 and 0.01 probability levels, respectively
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whereas fructose contents were higher in ‘Gannanzao’
oranges than in ‘Newhall’ oranges at 160 and 180 DAF;
there were no differences between the groups at other
stages (Fig. 3B). Glucose content was higher in ‘Gan-
nanzao’ oranges at 180 DAF, but lower at 220 DAF, than
in ‘Newhall’ oranges (Fig. 3C). At 2180 DAF, ‘Gannan-
zao’ oranges showed a larger decrease in the sucrose to
hexose ratio compared with ‘Newhall’ oranges (Fig. 3D).
These results indicate that sugar content, specifically
sucrose content, plays a crucial role in regulating early
fruit ripening in ‘Gannanzao’ navel oranges.

Analysis of differentially expressed genes (DEGs) in the
pericarp of ‘Gannanzao’ and ‘Newhall’ navel oranges
Pericarp samples from ‘Gannanzao’ and ‘Newhall’ navel
oranges at 180, 200, and 220 DAF were subjected to RNA
sequencing (RNA-seq) analysis to examine differen-
tial gene expression between the two cultivars through-
out fruit ripening. The boxplot of expression abundance
(FPKM) of genes in each sample and the PCA analysis of
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the transcriptomics was shown in Additional file 1 Fig.
S1 A-B. DEGs between the two cultivars were identi-
fied according to a false discovery rate (FDR)<0.05 and
|log,(fold change [FC]) | = 1. Based on these criteria, we
identified 616 DEGs at 180 DAF (106 upregulated, 510
downregulated), 819 DEGs at 200 DAF (218 upregulated,
601 downregulated), and 331 DEGs at 220 DAF (218
upregulated, 113 downregulated) (Additional file 1 Fig.
S1 C-E; Additional file 2—5 Tables S1-S4). Among these
DEGs, 225 were identified at both 180 and 200 DAF, 49
were identified at both 200 and 220 DAF, and 26 were
identified at both 180 and 220 DAF; in total, 18 DEGs
were identified in all three stages (Fig. 4A).

To better understand the functions of these DEGs, we
conducted Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis (Fig. 4B-D), which identi-
fied processes in five main categories: metabolism,
genetic information processing, environmental informa-
tion processing, cell processes, and organismal systems.
We identified the top 20 KEGG pathway enrichment
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Fig. 4 I|dentification and pathway enrichment analysis of DEGs related to fruit ripening. A is venn diagram analysis showing the number of common and
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terms at all three stages are shown in Additional file 6
Fig. S2. Among these, metabolic-related pathways were
most prominent. There were 9 and 4 DEGs significantly
enriched in ‘Photosynthesis’ pathway at 200- and 220-
DAEF, respectively (Additional file 7 Table S5). Among
the DEGs, genes encoding chloroplast protein in Pho-
tosystem I and II, including Cs_ont_1g005130 (Photo-
system I reaction centre subunit N), Cs_ont_2g007730
(Photosystem I psaG/psaK), Cs_ont_2g021750 (Photosys-
tem II Pbs27), Cs_ont_5g010360 (Photosystem I PsaD),
Cs_ont_5g011340 (Photosystem II reaction centre W
protein) and Cs_ont_7g023170 (Photosystem II protein
Y) were relatively low expressed in the transcriptome of
‘Gannanzao’ pericarp at 200- and 220- DAF stages, and
possibly related to the color alteration in the pericarp of
‘Gannanzao’ oranges at 200 DAF. There were 24 DEGs
significantly enriched in ‘Phenylpropanoid biosynthe-
sis’ pathway at 200 DAF. The ‘Phenylpropanoid biosyn-
thesis’ pathway has been indicated to be involved in the
hormone-regulated fruit ripening [29, 30]. We also found
6 and 7 DEGs significantly enriched in ‘Sesquiterpe-
noid and triterpenoid biosynthesis’ pathway at 180- and
200- DAF, respectively, which is important for ABA bio-
synthesis [31]. Several pathways enriched in DEGs at all
three stages were linked to plant hormone signal trans-
duction and sugar metabolism, although not significantly,
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reflecting the levels of endogenous hormones and sugars
detected in this study.

Hormone-related DEGs regulate early fruit ripening in
‘Gannanzao’ navel oranges
Pathways related to signal transduction, particularly
plant hormone signal transduction, were identified as key
pathways associated with early fruit ripening in ‘Gannan-
zao. Notably, signal transduction pathways had the larg-
est number of upregulated DEGs at 200 DAF; 29 DEGs
were enriched in the plant hormone signal transduction
pathway, including some homologs to genes that affect
ripening in other species (Additional file 7 Table S5).
These results suggest that DEGs related to plant hormone
signaling are involved in the regulation of fruit ripening.
Phytohormones are major regulators of fruit ripening.
Navel oranges are non-climacteric fruit, in which ripen-
ing is primarily regulated by ABA. Functional annotation
of the DEGs identified in this study revealed six DEGs
related to ABA (Table 1). Cs_ont_2g002030 (NCEDI1)
and Cs_ont_9g026440 (crtZ) encode key enzymes for
ABA biosynthesis and Cs_ont_9¢027570 (PP2C) and Cs_
ont_9g027270 (PYL8) encode ABA receptors; these genes
were highly expressed in ‘Gannanzao’ pericarp com-
pared with ‘Newhall’ pericarp at all three ripening stages.
Cs_ont_8g002260 encodes cytochrome P450 707Al, a

Table 1 Important differentially expressed genes of different pathways related to fruit ripening in pericarps of navel orange

Gene ID Annotation 180 DAF 200 DAF 220 DAF

GNz Newhall GNz Newhall GNZz Newhall
ABA metabolism and signal transduction
Cs_ont_2g002030  NCED1 37.38 19.049 45.136 21.197 102.88 32177
Cs_ont_99026440  Beta-carotene hydroxylase, crtZ 911.065 411.183 990.257 457.486 929.496 749.646
Cs_ont_8g002260  Cytochrome P450 707A1 1.293 8211 0677 4573 0.663 1.291
Cs_ont_7g002120  Abscisic acid receptor PYL4 11.805 10.564 7.12 14.623 4334 3.369
Cs_ont_9g027270  Abscisic acid receptor PYL8 41217 20.198 17.461 14.966 23917 13.318
Cs_ont_9g027570  Probable protein phosphatase 2 C 87.056 52.02 156.415 54.096 371.114 142.466
JA signal transduction
Cs_ont_7g027580  Protein TIFY 9, JAZ 15.938 54.707 36.086 66.021 8.466 6.404
Cs_ont_1g018990  Protein TIFY 10 A, JAZ 14.175 47427 48574 56.051 9.667 7423
Cs_ont_1g019000  Protein TIFY 10 A, JAZ 32516 75.723 77.133 106.642 22.309 2443
Starch and sucrose metabolism
Cs_ont_1g020030  Beta-fructofuranosidase, insoluble isoenzyme CWINV1 1.628 421 1.058 0.892 6.283 0.548
Cs_ont_1g020150  Beta-fructofuranosidase, insoluble isoenzyme CWINV1 1.04 2.749 0.66 0.598 3.989 0372
Cs_ont_2g010790  Endoglucanase 12 0.721 1.752 0.822 1.336 0.729 0.378
Cs_ont_3g010740  Trehalose-phosphate phosphatase, TPP 2.905 7.045 1.843 3.982 0.307 0448
Cs_ont_4g026880  Alpha, alpha-trehalose-phosphate synthase 6.281 12.854 9.624 5.704 8.741 6.306
Cs_ont_6g008700  Beta-fructofuranosidase, insoluble isoenzyme, CWINV1 0.346 2.591 0.043 1.999 0.596 0.378
Cs_ont_9g014140  Sucrose-phosphate Synthase 3 15.67 7.168 18.183 8392 14.508 11.876
Cs_ont_2g006970  Beta-glucosidase 46 2478 2574 1.558 3.525 1.304 4103
Cs_ont_8g027180  Beta-glucosidase 11 94.099 89.626 47.447 96.714 21.144 22.638
Cs_ont_2g006950  Glucose-6-phosphate/phosphate translocator 2 43219 79.713 100.127 95.966 42614 18.839
Cs_ont_3g005060  Alpha-amylase 33.794 23.534 18.465 12502 13.643 5.929
Cs_ont_8g021290  Glucose-1-phosphate adenylyltransferase 150.729 96,512 106336 79453 134214 38921
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key enzyme in ABA catabolism, and its expression was
downregulated in ‘Gannanzao’ pericarp compared with
‘Newhall’ pericarp at all three ripening stages (Fig. 5A).
These results suggest that ABA synthesis and degradation
rates are higher and lower, respectively, in ‘Gannanzao’
oranges than in ‘Newhall’ oranges, leading to early accu-
mulation of ABA and enhanced ABA signal transduction
in the early-ripening mutant.

In addition, three DEGs (Cs_ont_7g027580, Cs_
ont_1g018990, and Cs_ont_1g019000) encode repres-
sors of jasmonate zinc-finger inflorescence meristem
(JAZ) domain proteins, which are JA-associated TFs.
These genes were downregulated in ‘Gannanzao’ pericarp
compared with ‘Newhall’ pericarp at 180 DAF (Table 1),
possibly related to the sharp reduction in JA content
detected in the pericarp of ‘Newhall’ oranges at 160—180
DAFE.

Responses of sugar-related DEGs to early fruit ripening in
‘Gannanzao’ navel oranges

Sugar, the main component of citrus fruits, regulates
pericarp softening and ripening. KEGG pathway analy-
sis revealed that DEGs between the two navel orange
cultivars were mainly enriched in metabolic pathways at
all three stages. Specifically, carbohydrate metabolism

ABA biosynthesis

‘ Geranylgeranyl-pp
1
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pathways showed the greatest gene enrichment (58
DEGs), suggesting that these genes are related to fruit
softening and sugar metabolism (Additional file 7 Table
S5).

Sucrose is involved in orange fruit ripening processes
and may interact with plant hormones [11]. We detected
12 DEGs involved in starch and sucrose metabolism
(Table 1). Among these, Cs_ont_9g014140, encoding
a sucrose phosphate synthase with an important role
in sucrose metabolism, showed 2.19-, 2.17-, and 1.22-
fold increases in ‘Gannanzao’ at 180, 200, and 220 DAF,
respectively. Three DEGs identified in this study (Cs_
ont_1g020030, Cs_ont_1g020150, and Cs_ont_6g008700)
encode beta-fructofuranosidase, an insoluble isoenzyme
that limits the rate of sucrose metabolism; these three
genes were downregulated in ‘Gannanzao’ compared with
‘Newhall” at 180 DAF. Several DEGs involved in monosac-
charide metabolism, such as fructose 1,6-bisphosphate
(Cs_ont_6g015890) and fructose-bisphosphate aldol-
ase 2 (Cs_ont_8g020190), were significantly downregu-
lated at 200 and 220 DAF; fructose-2,6-bisphosphatase
(Cs_ont_8g000380) was significantly downregulated at all
three stages; and glucose-1-phosphate adenylyltransfer-
ase (Cs_ont_8g021290), glucose-6-phosphate transloca-
tor (Cs_ont_2g006950), and glyceraldehyde-3-phosphate
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Fig. 5 Expression analysis of key DEGs involved in ABA metabolism and signal transduction. Each column represents an experimental condition, and
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dehydrogenase (Cs_ont_9¢028230) were significantly
upregulated at 220 DAF (Additional file 7 Table S5).
These results suggest that sucrose and monosaccharide
metabolic processes are involved in the formation of
early-ripening traits in ‘Gannanzao.

Co-expression network analysis

To further explore transcriptional changes in the two
navel orange cultivars during fruit ripening, we per-
formed co-expression network analysis using the
WGCNA package in R software (R Core Team, Vienna,
Austria). Genes with similar expression patterns were
grouped into 22 modules, which were assigned different
colors (Fig. 6A). Of these, the brown and gray modules
contained the highest and lowest numbers of genes: 3157
and 13, respectively (Fig. 6B). Analyses of module—trait
relationships showed that the 11 identified modules were
significantly correlated with ABA content, JA content,
and early ripening (P<0.05; Fig. 6C). The deep pink mod-
ule was strongly correlated with all three traits; therefore,
we inferred that it is a crucial module related to early
ripening.

To explore the functions of genes within the deep pink
module during fruit ripening, we performed KEGG and
Gene Ontology (GO) pathway analyses of these genes.
Top 20 KEGG pathway enrichments with DEGs were
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showed (Fig. 7A). Consistent with the DEG enrichment
analysis results, the deep pink module was enriched
in pathways related to genetic information process-
ing (protein processing in the endoplasmic reticulum,
RNA transport, protein export, and DNA replication)
and sugar metabolism (galactose metabolism, N-glycan
biosynthesis, and the citrate acid cycle). In GO terms of
biological processes, genes in the deep pink module were
mainly enriched in JA and ABA biosynthesis and cell wall
metabolism (chitin and cell wall macromolecule catabo-
lism) (Fig. 7B). Some genes in the deep pink module were
enriched in chlorophyll catabolism and protein import
into the chloroplast stroma, implying that they are
involved in fruit coloring. Taken together, these results
suggest that genes in the deep pink module play roles in
the formation of early-ripening traits in the ‘Gannanzao’
cultivar. Therefore, the deep pink module was identified
as a key module in early citrus fruit ripening.

The main gene nodes were selected according to Cyto-
Hubba maximal clique centrality (MCC) scores. The
37 genes with the highest connectivity scores (i.e., the
top 5%) in the deep pink module were selected as can-
didate hub genes; the homologous functions of these
genes were annotated via BLAST searches of the Swiss-
Prot and Pfam databases (Additional file 8 Table S6);
the correlation (Gene Significance, GS) between these
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gene expression levels and trait was shown in Additional
file 9 Table S7. Among these candidate hub genes, only
two genes were identified: Cs_ont_5g000690 and Cs_
ont_5g000700, which encode the TF ethylene-responsive
factor 13 (ERF13). AP2/ERF TFs mediate ethylene, JA,
and ABA signaling; they are involved in JA and ABA
stimulus and signaling responses [32-34]. Both genes
expression level in the pericarp of ‘Gannanzao’ oranges
consistently reduced during fruit ripening, whereas a
corresponding reduce in ‘Newhall’ oranges occurred at
200-220 DAF. Cs_ont_5g000690 was downregulated

in ‘Gannanzao’ pericarp compared with ‘Newhall’ peri-
carp at 200, and 220 DAF and Cs_ont_5g000700 was
downregulated at 180, 200, and 220 DAF (Additional
file 10 Fig. S3). The correlation coefficients between
Cs_ont_5g000690 expression and ABA content, JA
content, and early ripening trait were —0.81(p<0.01),
-0.79(p<0.01) and 0.72(p<0.01), respectively; the corre-
lation coefficients between Cs_ont_5¢000700 expression
and ABA content, JA content, and early ripening trait
were —0.73(p<0.01), -0.51(p<0.05) and 0.60(p<0.01),
respectively (Additional file 9 Table S7). This result
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indicating that they are key genes involved in early citrus
fruit ripening and may play key roles in downstream gene
regulation.

Discussion

Fruit ripening traits are important targets of crop and
horticultural research because short fruit ripening
periods have long hindered the development of citrus
cultivars in China. In recent years, the appearance of
early- and late-ripening citrus cultivars has led to new
investigations of citrus ripening periods [35]. The ‘Gan-
nanzao’ navel orange examined in this study recently
originated from a bud mutation of the ‘Newhall’ navel
orange in China [28]. This new variety ripens 1 month
earlier than its parental cultivar and can adapt to any
environment where navel oranges are grown; thus, it is
suitable for widespread production.

Citrus is a non-climacteric fruit, in which ripening is
mainly regulated by ABA [6, 11]. In the present study,
ABA synthesis and degradation rates were higher and
lower, respectively, among ‘Gannanzao’ navel oranges
than among ‘Newhall' navel oranges, leading to early
accumulation of ABA at 180 DAF in the early-ripening
cultivar (Fig. 2B). Subsequently, these high ABA lev-
els inhibit the downstream gene expression by enhanc-
ing the expression levels of genes related to ABA signal
transduction (Fig. 4). These findings explain the much
higher number of downregulated genes compared with
upregulated genes at 180 and 200 DAF. In addition, JA
plays a crucial role in regulating fruit ripening [11, 36].
We observed changes in JA content and identified genes
involved in the JA signaling pathway that were signifi-
cantly downregulated in ‘Gannanzao’ at 180 DAF. The
signal transduction pathways of various hormones form
a complex and sophisticated network in plants; many
JA-responsive genes are also induced by ABA [37, 38].
Further research is required to investigate whether JA is
transcriptionally regulated by ABA signaling in ‘Gannan-
zao’ navel oranges. Pericarp IAA content did not differ
between ‘Gannanzao’ and ‘Newhall’ navel oranges; how-
ever, multiple DEGs enriched in plant hormone signal
transduction pathways were involved in auxin signaling
(Additional file 7 Table S5). GO enrichment analysis of
co-expression network modules significantly correlated
with ABA content indicated that the expression of DEGs
in these modules may be regulated by ABA. For example,
the dark orange 2 module was enriched in negative reg-
ulation of the auxin-mediated signaling pathway (Addi-
tional file 11 Fig. S4). Our sugar content analysis revealed
that sucrose content showed the greatest difference
between the two navel orange cultivars. Previous studies
have demonstrated the involvement of ABA in the regu-
lation of sucrose-induced functional gene transcription
in plants [39]. In summary, our results indicate that ABA
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metabolism and signal transduction are critical factors
involved in the formation of early-ripening traits in the
‘Gannanzao’ navel orange cultivar.

ERF, a member of the APETALA2/ERF family, is a
plant-specific TF with a variety of functions, including
biotic and abiotic stress responses, as well as the regu-
lation of hormone biosynthesis and fruit development,
ripening, and senescence [40—42]. Recent studies have
confirmed the involvement of ERF proteins in fruit rip-
ening [40, 43], and our WGCNA identified two ERF13
genes (Cs_ont_5g000690 and Cs_ont_5g000700) as poten-
tial key regulatory genes of early fruit ripening. ERF13 is
regulated by both ABA and JA [33, 34]. The expression
patterns of coupling element binding factors were ana-
lyzed in Arabidopsis overexpression lines to investigate
their functions in vivo, revealing that AtERF13 imparts
ABA hypersensitivity [33]. AtERF13 is also responsive
to JA signaling via calcium-dependent protein kinase-
related protein kinase 2 [34]. ERF13 proteins are involved
in biotic and abiotic stress responses [34, 44]. However,
this is the first study to investigate the involvement of
ERF13 in fruit ripening regulation. Through a combi-
nation of WGCNA and gene expression analyses, we
revealed that two ERF13 genes (Cs_ont_5g000690 and
Cs_ont_5g000700) are key TFs regulated by ABA and JA
signaling; they subsequently regulate downstream genes
involved in sugar and cell wall metabolism, thereby influ-
encing the fruit ripening period.

Methods

Plant materials

The early-ripening ‘Gannanzao’ navel orange, which
exhibits a bud mutation, was originally isolated from
the ‘Newhall’ navel orange in Ganzhou, China. All plant
materials were grown in the fields of the experimental
nursery at Gannan Normal University. The cultivation
conditions for early-ripening plants were identical to the
conditions for ‘Newhall’ navel orange plants. Pericarp
samples were collected from ‘Gannanzao’ and ‘Newhall’
plants at 110, 140, 160, 180, 200, and 220 DAF; immedi-
ately frozen in liquid nitrogen; and stored at —80 °C until
use.

Quantification of endogenous hormones and sugar

The contents of endogenous hormones including IAA,
GA, JA, and ABA were determined using high-perfor-
mance liquid chromatography, as previously described
[45]. The extraction and quantitative analysis of sugars
including sucrose, fructose, and glucose were performed
using reverse HPLC, as previously described [46]. All
analyses were performed with three biological replicates;
mean values were compared between the ‘Gannanzao’
and ‘Newhall’ cultivars using Student’s ¢-test.
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RNA preparation

Total RNA was extracted from tissues using the Fast-
Pure Universal Plant Total RNA Isolation Kit (Vazyme,
Nanjing, China). RNA quality and concentration were
determined by electrophoresis and spectrophotometry
(Nanodrop ND-2000, Thermo Fisher Scientific, Waltham,
MA, USA). First-strand complementary DNA was syn-
thesized using a reverse-transcription kit (TaKaRa Bio,
Shiga, Japan).

RNA-seq analysis

Transcriptome analyses of ‘Gannanzao’ pericarp tissue
were performed via RNA sequencing, using ‘Newhall’
pericarp tissue as the control. Pericarp tissue was sam-
pled at 180, 200, and 220 DAF, then subjected to extrac-
tion of total RNA. Library construction and sequencing
were conducted using the Illumina HiSeq platform (Illu-
mina, San Diego, CA, USA). Clean reads were mapped
to the C. sinensis v3.0 reference genome (http://citrus.
hzau.edu.cn) using HISAT2 [47]. Differential expression
(|log,(FC)| = 1, FDR<0.05) was analyzed using DESeq2
[48]. All experiments were performed with three biologi-
cal replicates.

WGCNA

Transcriptome data for 18 samples were normalized to
fragments per kilobase of transcript per million mapped
reads (FPKM) to select genes for gene co-expression
network analysis of C. sinensis. Co-expression-network
analysis was conducted with the WGCNA package in R
software, as previously described [49, 50]. After the net-
work had been generated, key modules that might be
related to fruit ripening in C. sinensis were identified
according to correlations between modules and traits.
Functional annotation of genes within the module of
interest was conducted by searching against the GO and
KEGG databases [51, 52], and the network was mapped
with Cytoscape v3.8.0 (http://apps.cytoscape.org/apps/
cytohubba) [53]. Based on the intersecting network, hub
genes were identified using the CytoHubba plug-in with
MCC algorithms [54].

Conclusion

We conducted physiological analyses of the ‘Newhall’
navel orange and its early-ripening mutant cultivar,
‘Gannanzao’; we found that ABA, JA, and sucrose levels
in ‘Gannanzao’ orange pericarp may regulate early fruit
ripening in this cultivar. Through RNA-seq analysis, we
identified 1430 DEGs between the two navel orange cul-
tivars. Functional enrichment analysis revealed that these
DEGs were mainly enriched in the plant hormone signal
transduction and sugar metabolism pathways, as well
as other pathways related to fruit ripening. A combina-
tion of WGCNA, pathway enrichment analysis, and gene
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functionality and expression analyses showed that the
deep pink module was a key module; 37 genes were iden-
tified as candidate hub genes. Among these, two ERF13
genes (Cs_ont_5g000690 and Cs_ont_5g000700) were
inferred to be key genes that are regulated by ABA and
JA signaling; they regulate downstream genes. Overall,
our findings provide insights into citrus fruit ripening
and establish a foundation for the breeding of citrus cul-
tivars with extreme early ripening periods.
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TFs Transcription factors

RIN Ripening inhibitor

CNR Colorless non-ripening

NOR Non-ripening

AP2/ERF APETALA2/ethylene-responsive element-binding facto
DAF Days after flowering

IAA indole-3-acetic acid
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