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Roughing disorder (RD) is a significant quality barrier in citrus fruit, prevalent on

easy-peeling mandarins. As RD is not yet well-understood, this study aimed to examine

the changes and synergic molecular processes involved in peel RD. Peel with RD

was induced by severely defruiting Satsuma mandarin trees. Morphology observations,

RNA-sequencing, and targeted and untargeted metabolic analyses were conducted.

The results showed that the primary metabolites of sugars, organic acids and amino

acids are dramatically changed in RD peel. The RD peel was always characterized by

higher magnesium content during development. Comparative transcriptome profiling

was performed for CK and RD peels at 30, 80, and 170 days after full bloom (DAFB) which

represented fruit at cell division stage, cell enlargement stage and fruit maturity stage,

respectively. Physiological and molecular biological evidence suggested that the month

after full bloom is a crucial stage for RD initiation. A total of 4,855 differentially expressed

genes (DEGs) in RD peel, relative to CK peel were detected at cell division stage, about

2 to 4-fold more than other stages had. Among the differentially expressed transcription

factors, the bHLH family were affected most by RD, and six bHLH transcription factors

functionally involved in GA metabolism were assessed to associate with RD occurrence.

Gene set enrichment analysis suggested that RD significantly altered starch and GA

metabolism in peel. Higher starch content and hydrolysed chain status were found in RD

peel at cell division stage. RD occurrence on the peel was influenced significantly by GA,

especially abundant GA before July. These changes may mean a significant alteration in

sink strength of RD peel. The findings of this study provide insights into the emergence,

development and molecular mechanisms of RD.
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FIGURE 2 | Development of peel RD at three fruit development stages. The overview (A,D), flavedo (B,E) and albedo (C,F) of CK and RD peels at 30 DAFB. The

overview (G,J), flavedo (H,K) and albedo (I,L) of CK and RD peels at 80 DAFB. The overview (M,P), flavedo (N,Q) and albedo (O,R) of CK and RD peels at 170

DAFB. The white arrow shows the vascular bundle in the peel. fl, flavedo; al, albedo; oc, oil cell; vb, vascular bundle.
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TABLE 1 | Classification of metabolites with significant difference between CK

and RD peels.

Classification Putative Name Fold change

(PD/CK ratio)

t-test

Sugars 1-Kestose 0.54 0.036

1,6-anhydro-

beta-Glucose

0.57 0.022

Raffinose 0.65 0.043

Galactose 1.54 0.015

Psicose 2.02 0.036

Sorbose 2.19 0.003

Galactonic acid 0.77 0.049

Organic acids Glyoxylic acid 0.57 0.020

Benzoic acid 0.58 0.045

Shikimic acid 0.60 0.002

methyl-Malonic acid 0.64 0.004

1-Pyrroline-3-hydroxy-

5-carboxylic-acid

1.62 0.001

2-oxo-Gulonic acid 2.59 0.013

Lactic acid 4.06 <0.0001

Glyceric acid 4.54 0.004

Amino acids and

derivatives

Phenylalanine 0.52 0.036

3-cyano-Alanine 1.71 0.021

Threonine 1.83 0.019

Glycine 2.16 <0.0001

Norvaline 2.60 0.000

Citrulline 4.80 0.000

beta-Homoserine 5.51 <0.0001

Glutamine 8.43 0.01

Indole-3-lactic acid 3.21 0.004

Alcohols Viburnitol 0.69 0.005

Heterocyclic

compound

Similar to Lumichrome 5.91 <0.0001

Amines Butyro-1,4-lactam 1.31 0.027

Propylamine-2,3-diol 1.56 0.019

Others 2-hydroxy-Pyridine 0.62 0.042

Epinephrine 1.72 0.031

The relative concentrations of metabolites are based on peak areas, and five individually

biological replicates were conducted for a t-test. The RD/CK ratio was calculated on the

mean values.

42 families were expressed differently at 30 DAFB, with 241
up-regulated and 55 down-regulated transcription factors. MYB
and bHLH families predominated, with 40 and 32 transcription
factors differentially expressed, respectively (Table S4).

Hierarchical cluster analyses was performed using the
log-[FPKM (RD/CK)] values of samples at three stages. Results
showed that during the three stages, the DEGs in peel were
divided into more than five groups (Figure 4A). Of these groups,
four were predominant: in group I, genes downregulated at all
three development stages; in group II, genes upregulated at all

TABLE 2 | Amino acids in CK and RD peels. Values are mean ± SD of three

biological replicates.

CK (mg/100g DW) PD (mg/100g DW)

Asp 0.69 ± 0.02 0.78 ± 0.02**

Thr 0.15 ± 0.005 0.18 ± 0.003**

Ser 0.19 ± 0.02 0.22 ± 0.02**

Glu 0.48 ± 0.02 0.56 ± 0.01**

Pro 0.52 ± 0.02 0.49 ± 0.01*

Gly 0.20 ± 0.006 0.23 ± 0.004**

Ala 0.27 ± 0.02 0.30 ± 0.005**

Cys 0.07 ± 0.02 0.04 ± 0.003**

Val 0.19 ± 0.009 0.20 ± 0.004**

Met 0.03 ± 0.008 0.02 ± 0.004*

Ile 0.13 ± 0.004 0.14 ± 0.0103**

Leu 0.25 ± 0.005 0.28 ± 0.005**

Tyr 0.02 ± 0.03 0.07 ± 0.005**

Phe 0.18 ± 0.01 0.23 ± 0.005**

Lys 0.21 ± 0.02 0.27 ± 0.02**

His 0.09 ± 0.003 0.12 ± 0.004**

Arg 0.20 ± 0.003 0.21 ± 0.10N

Asterisk and double asterisk mean significant difference at P < 0.05 and P < 0.01,

respectively. N means no significant difference.

three development stages; in group III, genes upregulated at
cell division stage and downregulated at cell enlargement and
maturity stage and in group IV, genes upregulated at cell division
and enlargement stages and then downregulated at maturity
stage. This supported the notion that different genes worked
during fruit puffing development. To analyse the metabolic
and regulatory pathways involved in peel RD, a comparison
of DEGs at three development stages was made. In RD peel,
3,863 genes at 30 DAFB, 544 genes at 80 DAFB and 1,105
genes at 170 DAFB were up-regulated relative to CK peel, with
three groups sharing 43 genes (Figure 4B up). In contrast, 992
genes at 30 DAFB, 620 genes at 80 DAFB and 1,421 genes at
170 DAFB were down-regulated, with 94 genes common to the
three groups (Figure 4B down). To identify DEGs that showed
alternation in their expression during peel development and
common or different pathways that altered developmentally,
they were clustered according to their expression patterns. Three
patterned DEGs with up-up-regulation, up-down-regulation and
down-down-regulation during peel development were identified.
In these three patterns, down-down-regulation had the most
genes (237) while up-up-regulation contained the least genes (63)
(Figure 4C). All DEGs were assigned to metabolism pathways
(Table S5). At 30 DAFB, plant hormone signal transduction
with 173 DEGs and starch and sucrose metabolism with 130
DEGs were altered most significantly in RD peels. Subsequently,
pathways involved in plant circadian rhythms, amino sugar, and
nucleotide sugar metabolism and stilbenoid, diarylheptanoid,
and gingerol biosynthesis were also affected. At 80 and 170DAFB,
the metabolic pathway and biosynthesis of secondary metabolites
possessed the most DEGs that accorded with fruit development
and carotenoid biosynthesis (Figure 5).
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TABLE 3 | Mineral nutrients in mature CK and RD peels.

N (%) P (%) K (%) Ca (%) Mg (%) Zn (ug/g)

CK 0.79 ± 0.02 0.04 ± 0.01 1.13 ± 0.04 0.50 ± 0.02 0.07 ± 0.01 4.40 ± 0.23

RD 0.88 ± 0.03* 0.05 ± 0.001 1.00 ± 0.11 0.51 ± 0.05 0.19 ± 0.01* 4.81 ± 0.06

Cu (ug/g) Mn (ug/g) Fe (ug/g) B (ug/g) Mo (ug/g)

CK 1.87 ± 0.13 7.58 ± 2.09 28.99 ± 12.23 17.91 ± 0.13 0.04 ± 0.00

RD 2.96 ± 0.44* 9.71 ± 0.45 29.15 ± 9.59 18.60 ± 0.63 0.05 ± 0.02

Values are mean ± SD of three biological replicates. Asterisk means significant difference at P < 0.05.

FIGURE 3 | Mg (A), N (B), Fe (C) and Cu (D) content in CK and RD peels during development. Asterisk means significant difference at P < 0.05.

Starch, Sugar, and Acid Accumulation in
RD Peel of Satsuma Mandarin Fruit
Transcriptome analyses showed that gene expression in starch
and sucrose pathways alternated significantly at different stages,
indicating the important roles of the pathways in RD peel
formation. Therefore, starch and sucrose contents in the peel
during fruit development were measured. The results showed
that starch was up to 10 mg/gFW in RD peel at 30 DAFB,
significantly higher than 5 mg/gFW in CK peel. Subsequently,
starch content in both peels decreased quickly and remained at
6–9% until fruit maturity (Figure 6A). Starch difference between
the two peels was evident in content as well as in morphology.
Due to the abundant starch in citrus fruitlet, starch overflow after
cutting could be observed easily. In situ observation under SEM,
starch in CK peel had longer chains than starch in RD peel, and
starch accumulation was much denser in RD peel than in CK peel
(Figure 7).

During peel development, two or three sampling dates out of
five indicated significantly higher sucrose, glucose and fructose

levels in CK peel than in RD peel. Three sugars all had lower
levels in RD peel at 170 DAFB (Figures 6B–D). Between the
two peels, there was no difference in citrate at most sampling
dates. Malate was higher in RD peel than in CK peel between
40 and 140 DAFB, but the difference disappeared at 170
DAFB (Figures 6E,F). Because peel is the media tissue for leaf
photosynthate transporting to fruit pulp, there should be links in
sugars and acids between peel and pulp. Analyses showed that
pulp of RD fruit had lower sucrose, glucose, and fructose content
at 170 DAFB but showed no difference in organic acids, similar
to patterns in RD peel (Figure S1).

Hormone Signal Transduction in RD Peel of
Satsuma Mandarin Fruit
Of the pathways revealed by RNA-sequencing, plant hormone
signal transduction was clearly and significantly affected in RD
peel, especially at 30 DAFB. Based on the observations and
previous reports, effects of auxin, cytokinin, and gibberellin,
which are likely associated with peel RD, were further studied.
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FIGURE 4 | Expression patterns of differentially expressed genes (DEGs). Hierarchical clustering (A) and Venn diagrams (B) of DEGs at three development stages.

Clustering analyses of developmentally altered genes (C).

FIGURE 5 | Overview of top 20 altered pathways in RD peel at three development stages.

Exogenous applications of auxin (IAA), gibberellin (GA3),
cytokinin (CTK) or a mixture (IAA+GA3+CTK), were used
to soak the normal fruit to identify their roles in RD. After
twice soaking at 40 and 50 DAFB, fruits of all treatments
enlarged significantly at 85 and 115 DAFB compared to CK,
while mixture treatment drove the largest fruit enlargement at
85 DAFB. However, there was no fruit size difference between

IAA, GA3, CTK, and mixture treatments except a slightly
larger fruit in mixture treatment at 85 DAFB. Along with fruit
enlargement, fruit peel thickness changed significantly depending
on hormones (Table 4). Compared to CK, thickened peel was
found at 85 DAFB, a month after treating, and peel thickness was
3.56, 3.27, and 3.78mm in IAA, GA3, and mixture treatments,
respectively. CTK and CK treatments were thinner, <2.9mm.
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FIGURE 6 | Starch (A), sucrose (B), glucose (C), fructose (D), citrate (E), and malate (F) accumulation in CK and RD peel during fruit development. Asterisk means

significant difference at P < 0.05.

Subsequently at 115 DAFB, with RD appearing, the peel thickness
in IAA, CTK, and mixture treating fruit showed a slight decrease,
but in GA3 treated fruit the thickness increased, contributing to
peel RD (Figure 8, Table 4). In the bigger fruit after hormone
treatment, larger steles at 85 DAFB and hollow steles at 115 DAFB
were observed (Figure 8).

Accumulation of sugars and organic acids in fruit were
altered after hormone treatment. From June to September,
sugars in peel accumulated constantly and significantly whether
treated by hormones or not, with an exception of GA3 on
sucrose (Figures 9A–C). Peel sucrose and glucose contents
showed no difference between hormone treatments at 40 days
after treatment (DAT) while these in IAA, GA3, and mixture
treatments were lower than that in CK and CTK treatment
at 100 DAT (Figures 9A,B). Peel fructose was lower stably
in GA3 treatment since 40DAT (Figure 9C). Citrate increased
significantly from 0 to 40 DAT and then decreased sharply in
all peels, while malate decreased slightly from 0 to 40 DAT and
increased after that. Peel citrate decreased after all hormone
treatments except CTK at 40 DAT. In peel at 100 DAT, CTK,

and mixture induced the lowest citrate (Figure 9D). Malate in
peel declined after hormone treatments and that occurred 100
DAT mainly (Figure 9E). In pulp, total soluble solids (TSS)
also decreased after IAA, GA3, and mixture treatments at 100
DAT (Figure S2A). Sucrose showed slight decrease in IAA and
mixture treatments at 100 DAT (Figure S2B). Consistent with
the TSS pattern, fructose and glucose were also lower in IAA,
GA3, and mixture treatments than in CK and CTK treatments
(Figures S2C,D). Pulp in CTK treated fruit exhibited lower
citrate levels than CK and other hormone treated fruit from 40
to 100 DAT. Malate in the pulp of IAA, GA3, and CTK treated
fruit was higher than in CK and mixture treated fruit at 100 DAT
(Figures S2E,F).

Genes Initially Responsible for Peel RD
The genes potentially associated with initial RD were assessed
in this study. Because gibberellin works on both tissue growth
and starch metabolism, genes involved in gibberellin signal
transduction at 30 DAFB were most probably associated with
peel RD. Of 4,857 DEGs at 30 DAFB, 243 DEGs were assigned to
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FIGURE 7 | Morphology of starch in CK peel (A–C) and RD peel (D–F) at 30 DAFB.

TABLE 4 | Changes of fruit size and peel thickness after hormone treatment.

DAFB CK IAA CTK GA3 IAA+CTK+GA3

Fruit diameter (mm) 85 42.80 ± 1.47c 51.20 ± 3.25b 50.27 ± 3.12b 51.13 ± 3.86b 53.35 ± 2.73a

115 60.20 ± 2.90b 67.50 ± 5.55a 67.43 ± 11.60a 68.45 ± 5.94a 68.30 ± 5.11a

Peel thickness (mm) 85 2.41 ± 0.42d 3.56 ± 0.36ab 2.89 ± 0.39c 3.27 ± 0.43b 3.78 ± 0.55a

115 2.29 ± 0.48d 2.49 ± 0.68cd 2.87 ± 0.21bc 3.38 ± 0.43a 3.07 ± 0.75ab

Values are mean ± SD of thirty individual replicates. Different letters mean significant difference at P < 0.05.

the plant hormone signal transduction pathway. Among these, 49
genes belonged to gibberellin signal transduction, and contained
19 GA insensitive dwarf (GID) genes, 14 DELLA genes and
16 transcription factors. In the gibberellin signal transduction
pathway, GID and transcription factors positively regulate tissue
growth, but DELLA negatively regulates it. As such, 15 out of
49 genes were further screened. The expression levels of 13
genes were higher in RD30 than in CK30, but two DELLA
genes, DELA7 and DELA8, had downregulated expression in
RD30 (Table 5). To confirm this gene expression pattern in the
gibberellin signal transduction pathway, 21 DEGs containing
15 potentially crucial genes and 6 bHLH transcription factors
were selected for expression profile analyses using quantitative
RT-PCR. The results showed similar expression patterns to
RNA-sequencing results, despite some quantitative differences
(Figure S3).

DISCUSSION

RD is a physiological fruit disorder in Satsuma mandarins,
occurring inmost production areas. Although Satsumamandarin

RD has been described in previous studies, it has not been
comprehensively examined and interpreted. In the present
study, the exterior and interior characteristics of RD fruit were
observed, with particular emphasis on peel RD. Unlike puffing
disorder, which is characterized by a split between peel and
pulp and the production of aerial spaces through dissolution of
albedo (Kuraoka, 1962; Martinelli et al., 2015), RD is mainly
characterized by a rough fruit surface, enlarged fruit size and
thicker peel. Apart from the rough appearance, it also exhibits
other quality barriers such as delayed degreening, enlarged
segments, thickened flavedo and albedo, and lignified segment
membranes and juice sacs (Figures 1A,B). RD fruit follows an
altered development pattern involved in both fruit size and peel.
It appears that the imbalance of source/sink ratio originating
from some physiological factors causes the constant and vigorous
growth pattern of RD fruit (Figures 1C,D).

At fruit maturity stage, more than 850 metabolites were
found in CK and RD peels. Most differences (and the
largest differences) were in the intermediates of primary
metabolism involved in sugar, organic acid, and amino acid
metabolism (Table 1). In particular, both targeted and untargeted
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measurements revealed significantly higher amino acid contents
in RD peel, suggesting upregulated amino acid metabolism
(Table 2). Meanwhile, the higher Glu content might contribute

FIGURE 8 | Fruit development after hormone treatment.

to the chlorophyll precursor, which is associated with delayed
degreening of RD peel. Magnesium and nitrogen play important
roles in citrus chlorophyll accumulation (Yin et al., 1998;
Huang et al., 2014). Mineral nutrient analyses showed that RD
peel contained more magnesium and nitrogen than CK peel
throughout fruit development, which could be responsible for
the delayed degreening (Figure 3, Table 3). The month after
full bloom is a key period for RD development. Following the
three developmental stages for Satsuma mandarins (Kubo and
Hiratsuka, 1998), cell division occurred before 60 DAFB in this
work when the cell amount and thickness of the peel changed.
Upward fruit of “Okitsu wase” mandarin exhibited significant
RD at the end of cell division stage (Kubo and Hiratsuka,
1998). In “Guoqing No. 1” mandarins, where defruiting induces
RD, histological analyses showed that loose cell arrangement in
albedo occurred after 21 DAFB and rough cell arrangement in
flavedo appeared after 28 DAFB (Liu, 2012). In this study, SEM
analyses showed that increased cell layers, enlarged cell volume
and looser cell arrangements in RD peel were present at 30 DAFB,
and these differences remained during subsequent development
stages (Figure 2). All the above results indicate that vigorous cell
division supplied a basis for disorder development at subsequent
stages and was an early symptom of peel RD, which generally
happened within a month after full bloom.

Citrus fruit set needs sufficient carbohydrate support
(Mehouachi et al., 2000). In Satsuma mandarin, source–sink
imbalance assays through defoliation and sucrose stem injection
demonstrated that fruit set and fruitlet growth are highly
dependent on carbohydrate availability (Iglesias et al., 2003,
2006). The major carbohydrates in citrus fruit are starch at
early development stage and sugars and acids at middle and
late development stages. Branch girdling on “Okitsu wase”
mandarins performed at anthesis temporarily delayed the initial
process of natural fruitlet drop, while higher carbohydrates

TABLE 5 | List of important DEGs initially responding to peel roughing disorder.

Gene name Transcript ID Log2(FPKMratio) RD FPKM

RD30/ RD80/ RD170/ 30 80 170

CK30 CK80 CK170 DAFB DAFB DAFB

GID1e1 Cs5g34000 4.13 – – 4.73 1.83 0.19

GID1b1 Cs8g05610 3.46 – – 15 10.15 2.6

GID1b2 Cs7g05330 2.92 – – 5.59 4.61 3.66

GID1 Cs8g05590 2.85 – – 6.47 3.2 0.65

GID1e2 Cs5g34010 2.38 – – 21.71 16.26 3.34

GID1c Cs5g19100 1.83 – – 18.54 11.1 7.62

GID2 Cs3g23040 1.03 – – 60.99 60.06 40.68

DELLA7 Cs2g01990 −1.74 – – 150.59 116.09 148.67

DELLA8 Cs4g12130 −2.20 −1.68 −1.14 88.12 59.84 35.24

bHLH51 Cs7g30860 4.20 – – 6.63 3.37 1.76

bHLH 30 Cs3g17300 3.34 – – 5.78 4.21 7.9

bHLH 122 orange1.1t03173 2.06 1.12 – 11.44 10.61 4.9

bHLH 56 Cs3g23320 1.97 – – 3.37 1.8 0.61

bHLH 7 Cs9g13980 1.53 – – 22.69 17.04 18.46

bHLH 122.1 Cs7g02010 1.08 −1.10 – 33.59 15.24 11.38
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FIGURE 9 | Sucrose (A), glucose (B), fructose (C), citrate (D) and malate (E) accumulation in peel after hormone treatment. Different letters mean significant

difference at P < 0.05.

(hexose and starch) and GAs contributed to the delay of fruitlet
abscission (Mahouachi et al., 2009). In this work, defruiting
at fruit set caused significantly more starch accumulation in
RD peel, a similar effect to branch girdling at anthesis. These
results indicated that the strategies enhancing carbohydrate
accumulation in fruitlets were beneficial to fruit set and fruitlet
growth. Furthermore, the starch chain was affected in RD peel
in addition to an increase in starch content (Figures 6A, 7).
This is probably associated with gibberellin signal activity in RD
peel, which is an important accelerator for starch hydrolysis.
Gibberellin-mediated starch hydrolysis had been identified in
avocados (Leshem et al., 1973), maize (Cao and Shannon, 1997),
Medicago sativa L. and other crops (Kepczynska and Zielinska,
2006). Thus, increased gibberellin signal transduction likely
promotes fruitlet development and drives starch hydrolysis in
RD peel.

As the other major carbohydrates in Satsuma mandarins,
sugars and acids determine fruit flavor. In Satsuma mandarin
pulp, sugars increase from early September until fruit maturity,
and acids increase until mid-August and then decrease until fruit
maturity (Zhao, 2008). In the juice of Satsuma mandarin fruit
with RD, total sugar and its components were all lower in RD
fruit than CK fruit from mid-August to early December. Total
acid and citrate levels were higher in RD fruit than CK fruit
from early August to mid-September but malate displayed the
reverse pattern. However, all the acid differences between CK and
RD fruit disappeared after late September (Kubo and Hiratsuka,
1998). Low fruit load, possibly inducing RD, led to lower sucrose
in Satsuma mandarin pulp (Kubo et al., 2001). Results in this
study indicated that there is less sugar in RD peel and pulp,
especially at fruit maturity stage (Figure 6 and Figure S1); IAA,
CTK, GA3 and mixture treatments could lead to lower sugars
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FIGURE 10 | Overview of the major metabolic pathways involved in peel RD. The box background in red indicates up-regulated genes while green indicates

down-regulated genes.

and acids in both peel and pulp, with GA3 working efficiently
and stably (Figure 9 and Figure S2). Together, these results
suggest that RD negatively affects sugar and acid accumulation in
Satsuma mandarin fruit through GA3 playing an important role.

It is generally accepted that GA operates in fruit set in citrus
(Talon, 1992; Ben-Cheikh et al., 1997; Mahouachi et al., 2009).
GA is an activator of cell division and cell enlargement processes,
and its presence is generally associated with the initiation of
both phases. In Tankan (Citrus tankan Hayata), exogenous
GA3 induced RD due to increased flavedo thickness and a
prolonged cell division stage (Liu et al., 1988). A similar effect of
exogenous GA3 was also found in “Okitsu wase” mandarin, but
IAA, BA and ABA had no effect on RD (Kubo and Hiratsuka,
2000). In addition, application at early development stage also
means that GA results in RD. GA3 application in late June led
to peel RD but did not do so in mid-July. GA content was
higher in RD peel in late June but the difference disappeared
in mid-July (Kubo and Hiratsuka, 2000). Similarly, the effect
of GA on biological function depending on application time

was also found in citrus flowering induction (Guardiola et al.,
1982; Lord and Eckard, 1987; Goldberg-Moeller et al., 2013).
Together with our tests of GA3, IAA, and CTK on RD, these
findings indicate that GA plays a crucial role in peel RD, and

the early development stage is a key period for GA-induced
RD in Satsuma mandarin. In the gibberellin signal transduction

pathway, expression of CsGIDs, CsDELAs, and bHLH families
were affected at 30 DAFB in response to peel RD. Of these genes,

transcription factors were involved in both peel growth and

starch hydrolysis in peel, indicating their crucial roles in initiating
RD (Figure 10). In fruit, the bHLH family is associated with peel
pigment metabolism. The bHLH family regulates anthocyanin
metabolism in apples (An et al., 2012; Xie et al., 2012; Meng

et al., 2016), Chinese bayberry (Liu et al., 2013), and blood
oranges (Sun et al., 2014). The bHLH family is also involved
in fruit development in model plants (Groszmann et al., 2008,
2011). In Satsuma mandarins, CubHLH1 modulates carotenoid
metabolism in the peel, which can be accelerated or slowed by
ethylene or gibberellin, respectively (Fujii et al., 2007, 2008; Endo
et al., 2016). In this study, expression of all six bHLHs involved in
gibberellin transduction (bHLH51, bHLH 30, bHLH 122, bHLH
56, bHLH 7, and bHLH 122.1) were upregulated, indicating their
roles in peel RD development.

CONCLUSION

Satsuma mandarin fruit RD could be initiated at the month
after full bloom. Metabolome analysis of RD peel showed
that content of Mg and many carbohydrates were significantly
affected. RNA-sequencing suggested there were many more
DEGs responding to RD at early fruit development stage than
at subsequent stages. This study revealed starch metabolism and
GA signal transduction pathways were changed significantly.
Several aspects might account for peel RD, including: (a) The
RD peel had more vigorous carbohydrate metabolism at early
fruit development stage relative to CK peel; (b) GA played a
crucial role in RD peel initiation through cell division, peel
growth and carbohydrate metabolism; (c) The higherMg content
might contribute to the chlorophyll biosynthesis, carbohydrate
accumulation and delayed degreening in RD peel.
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Figure S1 | Sucrose (A), fructose (B), glucose (C), citrate (D), and malate (E)

accumulation in CK and RD pulp during fruit development. Asterisk means

significant difference at P < 0.05.

Figure S2 | TSS (A), sucrose (B), fructose (C), glucose (D), citrate (E), and

malate (F) accumulation in pulp after hormone treatments. Different letters mean

significant difference at P < 0.05.

Figure S3 | Relative expression of genes involved in GA signal transduction.

Values are mean ± SD of three biological replicates calibrated against the amount

of β-actin control expression. Numbers at the top of the columns represent the

FPKM values calculated from sequencing data.
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