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Introduction

Carotenoids  are  indispensable

components of primary

Summary

e Although the functions of carotenogenic genes are well documented, little is known about
the mechanisms that regulate their expression, especially those genes involved in o - and B-
branch carotenoid metabolism.

e In this study, an R2R3-MYB transcriptional factor (CrMYB68) that directly regulates the
transformation of o- and B-branch carotenoids was identified using Green Ougan (MT), a
stay-green mutant of Citrus reticulata cv Suavissima. A comprehensive analysis of developing
and harvested fruits indicated that reduced expression of f-carotene hydroxylases 2
(CrBCH2) and 9-cis-epoxycarotenoid dioxygenase 5 (CrNCED5) was responsible for the
delay in the transformation of a- and B-carotene and the biosynthesis of ABA. Additionally,
the expression of these genes was negatively correlated with the expression of CrMYB68 in
MT.

e Further, electrophoretic mobility shift assays (EMSAs) and dual luciferase assays indicated
that CrMYB68 can directly and negatively regulate CrBCH2 and CrNCED5. Moreover, tran-
sient overexpression experiments using leaves of Nicotiana benthamiana indicated that
CrMYB68 can also negatively regulate NbBCH2 and NDNCED5.

e To overcome the difficulty of transgenic validation, we quantified the concentrations of
carotenoids and ABA, and gene expression in a revertant of MT. The results of these experi-
ments provide more evidence that CrMYB68 is an important regulator of carotenoid
metabolism.

and carotene isomerase) catalyze the biosynthesis of lycopene
from phytoene. Two distinct pathways cyclize lycopene on both
ends, yielding o- and B-carotene. Hydroxylation of both - and

metabolism in plants and also contribute much to the color and
nutritional quality of agricultural products (Zechmeister & Pol-
gar, 1941; Demmigadams eral., 1995; Lewinsohn eral., 2005;
Cazzonelli, 2011; Zhang ezal, 2015, 2017). In higher plants,
carotenoid biosynthesis is divided into two parts: the early steps
that yield lycopene and the subsequent branches that produce
both a- and B-carotene and xanthophylls derived from o- and B-
carotene. Phytoene synthase (PSY) converts two molecules of the
C20-precursor geranylgeranyl pyrophosphate (GGPP) to phy-
toene. Subsequently, two desaturases (phytoene desaturase and -
carotene desaturase) and two isomerases ({-carotene isomerase
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[-carotene and the subsequent epoxidation of particular xantho-
phylls result in a variety of xanthophylls (Sun ez al., 1996; Shew-
maker eral., 1999; Cazzonelli, 2011). B-Carotene hydroxylases
(BCHs) are key enzymes in the biosynthesis of xanthophylls from
both o - and B-carotene. Indeed, the ectopic expression of BCHs
disrupts the balance of carotenes and xanthophylls and affects the
total accumulation of carotenoids (Tian ezal, 2004; Diretto
etal., 2007; Arango et al., 2014). Two xanthophylls produced by
the B-carotene branch, violaxanthin and neoxanthin, are trans-
formed by 9-cis-epoxycarotenoid dioxygenases (NCEDs) and sev-
eral other enzymes to yield ABA (Finkelstein, 2013). As the main
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steps of carotenogenesis have been thoroughly illustrated, the
transcriptional regulation of the pathway is becoming a new focus
in carotenoid metabolism research.

Recently, the suppression of several regulatory factors, such as
DE-ETIOLATED1 (DETI) and Ethylene Response Factor 6
(ERF6), was demonstrated to significantly increase the carotenoid
content in tomato fruits (Davuluri ez /., 2005; Lee et al., 2012).
Loss-of-function mutations in two R2R3-MYB transcription fac-
tors (TFs) (RCPI in Mimulus lewisii and NIMYB305 in
Nicotiana langsdorffii x N. sanderae) reduced the accumulation of
carotenoids in floral nectar guides (Liu ez al., 2009; Sagawa ez al.,
2016). However, it is possible that the suppression of DET1 and
ERF6 affects carotenoid metabolism by indirect mechanisms
because ERF6 and DET1 contribute to other aspects of the
ripening process and light-regulated development, and little is
known about the direct transcriptional regulation of the genes
that encode carotenoid biosynthetic enzymes. TFs are effective
regulators of metabolism, and carotenoids contribute signifi-
cantly to a number of important processes (e.g. photosynthesis
and biosynthesis of vital regulators, such as ABA and strigolac-
tones). Thus, mutations in the TFs that directly regulate
carotenoid metabolism may induce lethality. Consistent with this
notion, few TFs have been reported to directly regulate
carotenoid metabolism. During seedling development in
Arabidopsis thaliana, phytochrome-interacting factor 1 (PIF1)
was reported to directly repress the expression of the PSY gene
(Toledoortiz etal, 2010). Moreover, a MADS-box TF named
RIPENING INHIBITOR (RIN) in Solanum lycopersicum and a
NAM/ATAF1/2/CUC2 (NAC) TF named CpNACL in Carica
papaya L. were reported to directly induce the expression of
SIPSY and CpPDS2/4, respectively (Martel ez al., 2011; Fu ez al.,
2016). All of these TFs regulate lycopene biosynthesis, while the
TFs that directly regulate the o- and B-branches of carotenoid
metabolism remain unknown.

Citrus, one of the most important fresh fruit crops, accumu-
lates various carotenoids to high concentrations (Kato ezal.,
2004). In recent decades, the carotenoids that accumulate in
citrus pericarp (flavedo) and pulp have been well documented
(Rodrigo eral., 2004, 2013; Liu etal., 2007; Luo etal., 2015).
Moreover, some researchers have reported that carotenoid
metabolism in citrus is highly regulated by the coordinated
expression of carotenogenic genes (Rodrigo eral, 2004; Liu
et al., 2007; Xu et al., 2009; Luo et al., 2015). However, because
of the lack of suitable research materials in citrus, the mechanisms
that regulate the expression of carotenogenic genes remain largely
unknown.

In the present study, we report on a stay-green mutant of
Citrus reticulata cv Suavissima named Green Ougan (MT),
which was discovered in 2000 in an orchard of Wenzhou
(Zhejiang Province, China). Fortunately, in 2013, we found
one revertant branch (MT-WT) on an MT tree that exhibited
the same phenotype as the original wild-type Ougan (WT).
Previous research on the color formation in citrus flavedo indi-
cated that chlorophyll (Chl) catabolism largely determines the
colors of the flavedo (either orange or brown) (Alos eral,
2008; Rodrigo eral, 2013). Considering the important roles

New Phytologist (2017)
www.newphytologist.com

New
Phytologist

of carotenoids in the protection of photosystems and the color
formation of fruits, we infer that carotenoid metabolism may
also influence the stay-green phenotype of MT. In the present
study, we report that the transformation of o~ and B- branch
carotenoids was indeed delayed in MT and that an MYB TF
(CrMYBG68) can repress the transformation of o- and B-branch
carotenoids by directly suppressing the expression of CrBCH2
and CrINNCEDS5.

Materials and Methods

Plant materials and sampling strategies

Green Ougan (MT), a spontancous stay-green mutant of the
variety Ougan (WT) (Cizrus

Suavissima), was initially found in 2000 in an orchard in Wen-

commercial reticulata  cv
zhou City (Zhejiang Province, China). MT was propagated by
grafting onto different rootstocks. The mutant phenotype was
stable from 2005 to 2010. The phenological period of MT tree
was identical to that of WT trees.

To comprehensively analyze the differences between WT and
MT, fruit samples were harvested at 110, 170, 210 d after flower-
ing (DAF) and 30 d after storage (DAS) in 2011 and 2013. Fruits
at the breaking stage (185 DAF) were also collected in 2013.
Fruits of each genotype at each stage were collected from three
different trees, with 30 representative fruits from each tree. The
flavedo of 10 fruits was separately and immediately frozen in lig-
uid nitrogen, and stored at —80°C until analysis. Other fruits
were used for fruit quality analysis. At 210 DAF, 50 more fruits
from each tree were stored for 30 d at the optimum cold storage
temperature (15-18°C) and relative humidity (75-85%). The
fruits were then collected and stored at —80°C unitil analysis.

In the autumn of 2013, after a careful survey of the phenotypes
of the MT trees in the orchard, a revertant (MT-WT) was found
on one branch of one MT tree. The phenotype of MT-WT fruits
was indistinguishable from that of WT fruits, and the revertant
phenotype was stable in the following years. The fruits on the
revertant branch were divided into three groups based on their
location on the sub-branch, and were collected at 240 DAF in
2013 and at 210 DAF in 2015. In 2014, the quantities of these
fruits were not sufficient for our experiments because of the alter-
nate bearing of the tree.

Determination of fruit properties and Chl and carotenoid
contents

The color index (CI) and total Chl were quantified as described
previously (Yin ezal., 2016). Firmness, total soluble solid (TSS)
and rotting rate were measured as described previously (Zhu
etal., 2016). Titratable acid (TA) was measured using digital
acidity meters (GMK-835; G-Won Hitech Co. Ltd,
Korea) following the manufacturer’s instructions (Obenland
etal., 2011). The maturity index was the ratio of TSS/TA. The

carotenoid content was quantified using reverse-phase high-

Seoul,

performance liquid chromatography (RP-HPLC) as described by
Liu et al. (2007).
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Quantitation of ABA content in the two genotypes

Abscisic acit was extracted from the citrus flavedo from the
fruits harvested in 2011 as recommended by Wang eral
(2016a,b). Briefly, 0.2 g of ground sample was added to 750 pl
of extraction buffer containing methanol: H,O :acetic acid
(80:19:1, v/v/v) in a 2 ml tube. After shaking at a speed of
140 rpm overnight at 4°C, the sample was centrifuged at
12000 g for 15 min. The upper phase was transferred to a
new 1.5ml tube. A total of 400 pl of extraction buffer was
added to the remainder of the precipitate, followed by shaking
for 4h at 4°C and centrifugation at 12000 g for 15 min. The
combined extracts were dried under a stream of nitrogen gas.
An internal standard for ABA content was prepared and ABA
content was analyzed according to Ma eral (2014) using an
HPLC system equipped with an electrospray ionization mass
spectrometer (ESI-MS) (HPLC; API3000 mass spectrometer,
Agilent 1100; Agilent Technologies, Palo Alto, CA, USA). To
independently quantify the concentrations of ABA in MT,
MT-WT and WT from the samples collected in 2013 and
2015, ABA was extracted using an 80% methanol solution,
and ABA concentrations were quantified using the enzyme-
linked immunosorbant assay (ELISA) method, as described
previously (Yang eral, 2001; Wang etal, 2012). Analysis of
the ELISA data was performed as described by Weiler eral.
(1981).

RNA isolation and transcriptome profile analyses

All RNA samples were isolated as described by Liu eral
(2007). Two biological replicates of RNA from the flavedo
of WT and MT collected at 170 DAF in 2011 were
hybridized to the GeneChip Citrus Genome Arrays
(Affymetrix, Santa Clara, CA, USA). The three biological
replicates at 210 DAF and 30 DAS from the two genotypes
collected in 2011 were analyzed using digital gene expression
profiling. We used the procedures described by Ma eral
(2014) for gene annotation and analysis of differentially
expressed genes. Transcriptome datasets generated using the
GeneChip Citrus Genome Array platform and digital gene
expression profiling can be found in the Gene Expression
Omnibus (GEO) with the accession numbers GSE94689 and
GSE94810, respectively.

After the total RNA was extracted from the citrus samples,
single-strand ¢cDNA was synthesized using the RevertAid First
Strand cDNA Synthesis Kit (Fermentas, Burlington, Canada).
Primers were designed using Primer Express (Applied Biosys-
tems, Foster City, CA, USA). The gene-specific primers used
for real-time quantitative reverse transcription polymerase
chain reaction (QRT-PCR) are presented in Supporting Infor-
mation Table S1. Real-time qRT-PCR was performed using
384-well plates, the ABI 7900 Fast Real Time System (PE;
Applied Biosystems, Foster City, CA, USA), and the Roche
LightCycler 480I1 System (Roche Diagnostics). The qRT-

zfAACt

PCR data were analyzed using the analysis method

according to Bustin ezal. (2009).
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Isolation of CrMYB68, CrBCH2 and CrNCED5 and
sequence analysis of CrMYB68

The full-length sequences of CrMYB68, CrBCH2 and CrNCED5
were obtained from the cDNA and DNA of WT and MT. The
primers are listed in Table S1. Different amino acid sequences
were aligned and edited using the CLusTALW program and
GeNEDoC software. The phylogenetic tree was generated using
CrMYB68 and 126 MYB amino acid sequences from A. thaliana
using MEGA 5.0 with the neighbor-joining algorithm (Tamura
etal., 2011). The respective name, synonym, and The Arabidop-
sis Information Resource ID of the 126 MYB sequences are pre-
sented in Table S2. Bootstrap analysis was performed using 1000
replicates in MEGA to evaluate the reliability of different phyloge-
netic group assignments.

Subcellular localization of CrMYB68

Subcellular localization of the CrMYB68 protein was performed
using citrus mesophyll protoplasts (HB pummelo, Cizrus grandis
L. Osbeck) as recommended by Liu ezal (2016). The 35S:
CrMYBG68-GFP fusion construct was produced by inserting the
coding sequence from CrMYB68 without a stop codon into the
pM999-35 vector (provided by Dr Wei Zong and Dr Lizhong
Xiong). The 358:0sGhd7-CFP transgene was used to produce
the nuclear maker (Liu ez al, 2016). The florescence images were
acquired using a confocal laser-scanning microscope (TCS SP2;
Leica, Wetzlar, Germany). For imaging, green fluorescent protein
(GFP) and cyan fluorescent protein (CFP) were excited using an
Argon laser at 488 nm and 430 nm wavelengths, respectively.
The emission filters were 500-530 nm for GFP and 470510 nm
for CFP. Chl autofluorescence was monitored using either 488 or
514 nm excitation wavelengths, and 650—750 nm detection win-
dows.

Protein preparation, identification, and the SAAB assay

The coding sequence of CrMYB68 was subcloned into pET15
(Novagen, Darmstadt, Germany). The resulting plasmid
expressed a recombinant CrMYBG68 protein with a 6-His tag
fused to the N-terminus. This pET15-CrMYBG68 vector was
introduced into the Escherichia coli strain BL21 (DE3). The His-
tagged protein was purified using the method of Shen eral.
(2016). The most abundant band in the gel was identified as the
CrMYBG68 protein using the matrix-assisted laser desorption ion-
ization-time of flight (MALDI-TOF)/time of flight mass spec-
trometry (TOF MS) method (Yan ezal, 2000). To analyze the
consensus DNA-binding sequence of the protein, selected ampli-
fication and binding (SAAB) assay was performed using the
method of Weng ez al. (2015).

Electrophoretic mobility shift assay

The electrophoretic mobility shift (EMSA) assay was conducted
as described previously (Liu ezal, 20165 Zong et al., 2016) with
some modifications. Briefly, the His-fused CrMYB68 was

New Phytologist (2017)
www.newphytologist.com



expressed and purified as described earlier. The 5 FAM-labeled
oligonucleotide probes were directly synthesized and labeled by
the Shanghai Sangon Company (Shanghai, China). To perform
binding reactions, the binding solution (0.1% Nonidet P-40,
1 mM benzamidine, 0.5 mM phenylmethylsulfonyl fluoride,
0.5mM dithiothreitol, 50 pgml™" BSA and 100 ngpul™" poly
(dI-dC)), purified His-fused CrMYBG68 and 1 pl of the 5 FAM
labeled probe (10 pmol I!) were mixed together and incubated
at 4°C for 45 min. For the competition assays, the nonlabeled
probe was incubated with protein and binding buffer at 4°C for
45 min. Next, 1 pl of the 5-FAM-labeled probe (10 umol1™")
was added and incubated at 4°C for 45 min. The samples were
loaded onto a prerun 6% polyacrylamide gel. Electrophoresis was
performed at 4°C using 0.5x Tris-Borate-EDTA as the elec-
trophoresis buffer in the dark for 1 h. Gel images were acquired
using the Amersham Imager 600 (GE Healthcare, Tokyo,

Japan).

Dual luciferase transcriptional activity assay

Owing to the high stability, transformation efficiency and short
growth cycle, the dual luciferase transcriptional activity assay was
conducted using rice protoplasts as described previously (Zong
etal., 2016). The rice sheath strips from 14-d-old seedlings of
ZH11 (Oryza sativa spp. japonica) were treated with digestion
solution (10 mM MES, pH 5.7, 0.6 M mannitol, 1 mM CaCl,,
5 mM B-mercaptoethanol, 0.1% BSA, 0.3% cellulase RS, and
0.75% Macerozume R10) for 4 h. After filtering through a nylon
mesh (35 pm), the protoplasts were collected and incubated in
W5 solution (154 mM NaCl, 125 mM CaCl,, 5 mM KClI, and
2 mM MES, pH 5.7) at room temperature (25°C) for 1.5 h, col-
lected by centrifugation at 100 g for 8 min, and finally resus-
pended in MMG solution (0.6 M mannitol, 4 mM MES (pH
5.7), and 15 mM MgCl,). For transformation, 3 pig of each plas-
mid was gently mixed with 100 pl of protoplasts and 110 pl of
polyethylene glycol-CaCl, solution. The mixture was incubated
at room temperature for 15 min in the dark. The transformed
protoplasts were incubated in 24-well culture plates for 12 h. The
Dual-Luciferase Reporter Assay System (Promega) was used to
measure the luciferase activity following the manufacturer’s
instructions. ‘None’ (empty vector) was used as the effector,
355-GAL4-fLUC’ was used as the reporter, and ArUbs:rLUC
was used as an internal control. Three independent transforma-
tions for each sample were performed. The relative luciferase
activity was calculated as the ratio of fLUC/rLUC. All of the plas-
mids used in this assay were purified using the Qiagen Plasmid
Midi Kit.

Infiltration of tobacco with agrobacterium

Nicotiana benthamiana was grown in an environmentally con-
trolled chamber at 24°C and received cycles of 14:10h,
light: dark. Agrobacterium infiltration was conducted as
described previously (Hellens ezal, 2005). Total RNA was
extracted from tobacco leaves using the RNAiso Plus (Takara,
Dalian, China) Kit according to the manufacturer’s instructions.
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qRT-PCR  experiments and ABA measurements (using the
ELISA method) were conducted as described for the citrus sam-
ple. The gene encoding the 60S ribosomal protein L23 from N.
benthamiana was used as the reference gene (Liu ez al., 2012).

Accession numbers

The sequence data for N6BCH2 (Niben101Scf01232g) and
NbNCED5 (Niben101Scf00897g) can be found in the Sol
Genomics  Network  (https://solgenomics.net/).  AtMYB4,
NP_195574.1; AtMYBG6, NP_192684.1; CrMYB68 (coding
sequence, KY612511; promoter sequence, KY612514); CrBCH2
(coding sequence, KY612512; promoter sequence, KY612515);
and CrNCED5 (coding sequence, KY612513; promoter
sequence, KY612516) can be found at NCBI with the indicated

accession numbers.

Results

Analysis of carotenoid pathway metabolites in MT and WT

During the development and harvested periods, MT fruits exhib-
ited a stay-green phenotype. The CI (1000al™'b™") of MT
fruits was significantly lower than that of WT fruits (Fig. la).
The maturity index (TSS/TA), firmness, and rotting rate during
storage were also different between the two genotypes (Fig. S1).
To understand the molecular basis of the stay-green phenotype of
MT fruits, we analyzed the pigments of the flavedo from both
genotypes. The results indicated that in MT flavedo, the degrada-
tion of Chl was significantly delayed (Fig. 1b). We also observed
significant differences in the concentrations of carotenoids, which
possibly contributed to the different fruit colors of the two
genotypes. We found that o- and B-carotene accumulated to sig-
nificantly higher concentrations in MT than in WT, and that -
cryptoxanthin and zeaxanthin, which are produced downstream
of B-carotene, had significantly lower accumulation in the flavedo
of MT than in that of WT during different stages of fruit devel-
opment (Figs 1c—e, S1). At 210 DAF, the flavedo of MT still dis-
played higher concentrations of o-carotene (7.96 £ 1.94
ngg ' FW) and B-carotene (18.87 +5.17 pgg™ ' FW) than the
flavedo of the WT (o-carotene, 1.20+0.40 pgg ' FW; B-
carotene, 4.41 +1.28 ng g71 FW). By contrast, the concentra-
tion of zeaxanthin was lower in the flavedo of MT
(1.69+£0.49 pgg 'FW) than in the flavedo of WT
(21.41 £6.06 ng g71 FW). Furthermore, ABA, a downstream
product of carotenoid metabolism, was lower in the flavedo of
MT than in that of the WT, especially at 210 DAF
(1.50 £0.24 pgg ' FWin MT; 2.34 £ 0.45 pgg ' FW in WT)
(Figs 1f, S2). These results indicate that there were significant dif-
ferences in the amount of pigments (especially the o- and f-
branch carotenoids) and ABA between the two genotypes.

Transcriptome analyses of MT and WT

To evaluate the differentially expressed genes between the two
genotypes, flavedos from the two genotypes collected at 170
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geranylgeranyl pyrophosphate.

DAF in 2011 were analyzed using the Citrus Genome Array
(Affymetrix). We found that 383 (107 up and 276 down) probes
showed significantly different expression levels between the two
genotypes (Fig. S3; Table S3). In consideration of the quick
development of Next Generation Sequencing and the Cisrus
sinensis Anotation Project (Xu ez al., 2013), Digital Gene Expres-
sion Profiling was used to comprehensively analyze the differen-
tially expressed genes in the flavedos of the two genotypes
collected at 210 DAF and at 30 DAS in 2011. We found that
1288 (504 up and 784 down) and 2408 (1338 up and 1070
down) genes were differentially expressed between the two geno-
types, respectively (Fig. S3; Table S3).

To test whether particular functional categories of genes were
differentially expressed in the two genotypes, the differentially
expressed genes in each stage were annotated and divided into 35
MAPMAN catalogues (Table S3). At 170 DAF, 210 DAF and 30
DAS, we found two (cell wall and signaling), seven (cell wall,
lipid metabolism, metal handling, hormone metabolism,
nucleotide metabolism, protein, signaling) and 13 (photosynthe-
sis, cell wall, lipid metabolism, metal handling, secondary
metabolism, hormone metabolism, biodegradation of xenobi-
otics, misc, protein, signaling, transport, not assigned, mitochon-
drial electron transport/ATP synthesis) enriched catalogues,
respectively, based on the Wilcoxon rank sum test in MaPMaN

(P<0.05) (Fig.2a; Table S3). Thus, we expected to observe
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differences in these biological processes between these two geno-
types.

A total of 82 genes were consistently differentially expressed at
170 DAF, 210 DAF and 30 DAS (Table S3). Interestingly, one
of these genes, CrNCEDS, was expressed at significantly lower
levels in MT than in WT in all three stages. We observed five dif-
ferentially expressed TFs in all three stages. There was a more
than fourfold difference in the expression level of one of these
TFs (CrMYBG68) in all three stages (Table S3). Considering the
significant differences in the concentrations of carotenoids and
ABA between the two genotypes, the expression of the genes
involved in these pathways was comprehensively analyzed at dif-
ferent stages of fruit development using the transcriptome data
and qRT-PCR data at 110, 170, 185, and 210 DAF, and 30
DAS (Figs 2b, §4). It was found that CyNCEDS5 and CrBCH2,
which encode the enzymes that utlize o- and P-branch
carotenoids as substrates, were significantly down-regulated in
the flavedo of MT. Indeed, the expression of these two genes in
MT was reduced by 23-fold and sixfold, respectively, relative to
WT at 210 DAF (Fig.2d,e). To analyze the functions of
CrNCED5 and CrBCH2, we transiently overexpressed CrBCH2
and CrNCEDS in tobacco leaves. It was found that the overex-
pression of CrBCH2 and CrNCEDS5 induced a remarkable
degreening phenotype (accompanied by the reduction of o- and
[B-carotene) and the accumulation of ABA in tobacco leaves,
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respectively (Fig. S5). We also found that the expression of
CrMYBG68 was negatively correlated with the citrus ripening pro-
cess and was higher in MT than in WT (Fig. 2¢), indicating that
CrMYBG68 may act as a repressor of the citrus ripening process.
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Fig. 2 Transcriptome differences in the two
genotypes. (a) Distribution and functional
categories of the differentially expressed
genes at 170 and 210 d after flowering
(DAF) and 30 d after storage (DAS) in 2011
based on MapMan. Asterisks indicate
enriched catalogs (*, P <0.05). (b) Cluster
heat map based on the expression of 59
genes involved in carotenoid and ABA
metabolism at 110, 170, 185 and 210 DAF
and 30 DAS in 2013. The relative expression
patterns of (c) CrMYB68, (d) CrNCED5, and
(e) CrBCH2 at 170, 185 and 210 DAF and at
30 DAS in 2013. The values in each column
are the means of three biological replicates.
Error bars indicate SD. The asterisks indicate
statistically significant differences determined
by Student's t-test: **, P<0.01.

Based on the phenotypic and gene expression data, the expression
of CrBCH2 and CrNCEDS might explain the differences in the
concentraions of d-carotene, [3-carotene and ABA in the flavedos
of MT and WT. We sequenced the promoters and coding
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sequences from CrBCH2, CyrNCEDS5 and CrMYB68 and found
no differences between MT and WT (Table S4). Thus, we con-
cluded that TFs, such as CrMYB68, may be responsible for the
different expression levels of CrBCH2and CrNCEDS in MT and
WT.

Amino acid sequence alignment, subcellular localization
and consensus DNA-binding sequence analysis of
CrMYB68

Phylogenetic analysis of A. thaliana MYB proteins and
CrMYBG68 revealed that CrMYBG68 clusters with AtMYBG68 in
the C20 subfamily (Liu etal, 2014) (Fig. S6). In the Citrus
sinensis Anotation Project (http://citrus.hzau.edu.cn/cgi-bin/ora
nge/blast), this gene was annotated as TF RAX3, Myb-related
protein MYB4, and transcription repressor MYB6. CtMYBG68 is
a protein containing 260 amino acid residues with a consensus
sequence for an R2R3 domain in the N-terminus and a repressor
C2-motif in the C-terminus (Fig. S7). Transient expression of a
CrMYB68-GEFP fusion protein in protoplasts demonstrated that
CrMYB68-GFP accumulated in the nucleus (Fig. 3a), which is
consistent with the fact that CrMYBG68 serves as a TF. These
results provide evidence that CrMYB68 encodes a nuclear protein
and may serve as a repressor of transcription.

The 6*HIS-CrMYB68 fusion protein was expressed in E. coli
and then purified, yielding a protein with a mass of ¢. 35 kDa
(Fig. 3¢). Using the MALDI-TOF/TOF MS method, the most
abundant band on the gel was identified as the CrMYBG68 protein
(Table S5). To determine the DNA-binding sequence of
CrMYBG68, the SAAB assay was performed. In the SAAB assay,
the purified 6*HIS-CrMYBG68 fusion protein was incubated with
a synthetic random 14-mer oligonucleotide library. After six con-
tinuous rounds of selective incubation, we obtained 127 selected
DNA fragments bound by CrMYB68 (Table S6), which were
then subjected to Discriminative Regular Expression Motif Elici-
tation (DREME) analysis (Bailey, 2011). The DREME analysis
indicated that among the 127 selected DNA fragments in the
SAAB assay, CrMYBG68 selected 58 fragments containing
ACCTAC/GTAGGT, 43 fragments containing ACCAAC/
GTTGGT, and 24 fragments containing AACAAC/GTTGTT
(Fig. 3d). Based on these data, we concluded that CrMYBG68
specifically binds these DNA sequences. These data are consistent
with the previous finding that many R2R3-MYB TFs specifically
bind AC elements (i.e. elements rich in adenosine and cytosine
residues) (Gémez-Maldonado ez al., 2004).

CrMYB68 bound to the promoters of CrBCH2 and
CrNCED5 and significantly inhibited their expression

We found an ACCAAC sequence (i.e. a CtMYBG68 binding site)
located between —306 and —300 bp upstream of the transla-
tional start codon in CrBCH2 (Fig.4a). To test whether
CrMYB68 can bind to the promoter of CrBCH2, an EMSA was
conducted using the 6¥*HIS-CrMYB68 fusion protein. We found
that the purified 6*His-CrMYB68 protein could specifically bind
to and retard the mobility of a 20bp probe containing the

© 2017 The Authors
New Phytologist © 2017 New Phytologist Trust

ACCAAC motif from the promoter region of CrBCH2. By con-
trast, a mutant probe (AAAAAA) had almost no effect on the
binding activity (Fig. 4b). To further test whether CrMYB68 reg-
ulates the expression of CrBCH2, a transient expression assay was
performed using the luciferase system. For this experiment, we
fused 1.5 kb of the CrBCH2 promoter including the ACCAAC
motif to the firefly luciferase reporter gene. The results indicated
that CrtMYBG68 significantly repressed the activity of the 1.5 kb
CrBCH2 promoter (Fig. 4d), which is consistent with the predic-
tion that CrMYBG68 contains a transcription repressor domain
(Fig. $7).

We found an AC-rich sequence (ACCAAA), which is similar
to the sequence that we obtained in the SAAB assay, located
between —42 and —36bp upstream of the translational start
codon in CrNCED5 (Fig. 4a). An EMSA assay revealed that
CrMYBG68 could directly and specifically bind to a 31 bp probe
containing this ACCAAA motif of the promoter region of
CrNCEDS5 (Fig. 4b). Moreover, dual luciferase assays indicated
that the activity of the CrNCEDS5 promoter was significantly
inhibited by CrMYB68 (Fig. 4d). Based on these results, we con-
cluded that CtMYBG68 can directly bind to the promoter of
CrBCH2 and CrNCEDS and significantly repress the expression
of CrBCH2 and CrNCEDS5.

Phenotypes of transient overexpression of CrMYB68 in
tobacco leaves

Owing to the long juvenile phase of citrus, it is not practical to
test the functions of CrMYBG6S in vive using RNAI or stable over-
expression lines. Tobacco leaves are widely used as a transient
expression system for testing gene function. Thus, CrMYBG68 was
transiently overexpressed in tobacco leaves using agrobacterium-
mediated transformation. We found that the transient overex-
pression of CrMYBG6S significantly repressed the expression of
NbBCH?2 and NbNCEDS in tobacco leaves (Fig. 5a). An analysis
of the promoter sequences of N6BCH5 and N6NCEDS5 indicated
that several ACCAAA sequences were present upstream of the
translational start codon. An EMSA assay revealed that
CrMYB68 could directly and specifically bind to these DNA
sequences from the promoters of N6BCH2 and Nb6NCED5
(Fig. 5b).

Phenotypic characterization of MT and the revertant

Although testing of our conclusions was not practical in peren-
nial woody fruit trees because of the long juvenile phase, high
heterozygosity and difficulty in obtaining homozygous T, and
T, generations, our discovery of a revertant (MT-WT) that
developed a yellow pericarp allowed us to test our results
in vivo (Fig.6). The change in the maturity index and the
degradation of Chl were normal in MT-WT in both 2013
and 2015 (Fig. 6a,b). Carotenoid assays indicated that MT
accumulated more o-carotene and [B-carotene than did MT-
WT. Similar to WT, at the mature stage, MT-WT mostly
accumulated xanthophylls (Fig. 6¢). Additionally, the ABA
concentration in MT was lower than that in MT-WT in both
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Fig. 3 Subcellular localization, prokaryotic expression, and consensus DNA binding sequence of CrMYB68. (a) Subcellular localization of CrMYB68-
pM999. OsGhd7-CFP and CrMYB68-GFP were cotransformed into protoplasts. OsGhd7-CFP was used as a nuclear marker. (a, i) CrMYB68-GFP; (a, ii)
OsGhd7-CFP; (a, iii) bright field; (a, iv) merged image. (b) Subcellular localization of pM-999 in protoplasts. (b, i) pM999-GFP; (b; ii) Chl fluorescence;

(b; iii) bright field; (b; iv) merged image. Bars, 10 um. (c) Prokaryotic expression analysis of His-tagged CrMYB68 on a Coomassie blue-stained 12% sodium
dodecyl sulfate gel. (d) Consensus DNA-binding sequence of CrMYB68 obtained from the selected amplification and binding (SAAB) assay.
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Fig. 4 Electrophoretic mobility shift assays (EMSAs) and dual luciferase assay. (a) Schematics of the promoter model and sequences used in the EMSA and
dual luciferase assay (left). Sequences used in the EMSA (right). (b) EMSA showing the binding of CrMYB68 to the promoters of CrBCH2 and CrNCED5.
Ten-, 20-, and 30-fold excess of nonlabeled probes and 20-fold excess of mutant probes were used for competition. (c) Scheme of the constructs used in
the dual luciferase assays. (d) CrMYB68 repressed the expression of CrBCH2 and CrNCED5. The ratio of fLUC/rLUC represents the relative activity of the
CrBCH2 and CrNCED5 promoters. P2 and P4 represented the promoter fragment of CrBCH2 and CrNCED5, respectively, as shown in (a). The values in
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the Student’s t-test: **, P<0.01.

2013 and 2015 (Fig. 6e). Moreover, our qRT-PCR analysis
indicated that the expression of CrMYB68 was lower, and that
of CrBCH2 and CrNCEDS5 was higher, in MT-WT than in
MT (Fig. 6f). Based on these results and the differences
observed between WT and MT, we concluded that CrMYB68

regulates carotenoid metabolism by regulating the expression

of CrBCH2 and CrNCEDS5.
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Discussion

Although carotenoids play vital roles in various biological pro-
cesses, little is known about the transcriptional regulation of the
genes that encode carotenoid biosynthetic enzymes. Here, we used
Ougan, Green Ougan and a revertant of Green Ougan to demon-
strate that an R2R3-MYB transcriptional factor (CrMYB68)
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direcdy regulates carotenoid metabolism. We conclude that
CrMYBG68 directly represses the transformation of o- and B-
carotene by regulating the expression of CrBCH2, and indirectly
influences carotenoid metabolism by regulating the expression of

CrINCED5, which contributes to the biosynthesis of ABA.

CrMYBG68 influences the transformation of o- and B-
carotene

Both primary metabolism (e.g. photosynthesis) and vital regula-
tory mechanisms (e.g. signaling activated by ABA and strigolac-
tones) are dependent on carotenoid metabolism. Thus,
deficiencies in regulators of carotenoid metabolism might lead to
lethality. Additionally, genetic redundancies among some key
regulators, such as TFs, may limit the success of genetic
approaches aimed at understanding the regulators of carotenoid
metabolism in A. thaliana. However, plants do not depend on
the carotenoids that accumulate in their fruits for survival. More-
over, distinct regulatory mechanisms may be responsible for the
high accumulation of various carotenoids in fruits compared with
other organs. Thus, fruits provide an excellent model system for
studying the regulation of carotenoid metabolism.

During the early stages of development, the chloroplasts of
fruits accumulate high concentrations of o~ carotene, B-carotene
and xanthophylls. These carotenoids play vital roles in preventing
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the oxidative damage of the photosystems (Searle & Wessels,
1978; Telfer, 2005; Cazzaniga et al., 2012). When the ripening
process is initiated or the plants are exposed to stress, the photo-
system is dissembled, Chl is degraded, and the concentrations of
o- and B-carotene are reduced. This reduction in o- and B-
carotene is catalyzed by BCH or a nonenzymatic pathway
(Rodrigo eral., 2003, 2004). Consistent with these findings in
previous studies, we found that transient overexpression of
CrBCH2 dramatically promotes the degreening process in
tobacco leaves, which may result from the accelerated transforma-
tion of o- and B-carotene catalyzed by CrBCH2 (Fig. S5). Dur-
ing the ripening process, the transformation of o- and B-carotene
into xanthophylls was normally initiated in the flavedo of WT
and MT-WT (Figs 1c—e, 6¢), which is similar to what happens in
other citrus species (Rodrigo eral., 2003, 2004). However, in the
flavedo of MT, the reduction and transformation of o- and f-
carotene were significantly delayed (Figs 1c—e, 6¢). Several genes
have been identified to directly catalyze the transformation of o-
and B-carotene in A. thaliana and citrus (Arango ez al., 2014; Ma
eral., 2016). Among the homologous genes in citrus, only
CrBCH2 was expressed at significantly lower levels in MT relative
to both WT and MT-WT (Figs 2e, 6f). These data and the result
that the transient overexpression of CrBCHZ2 in tobacco leaves
induced Chl deficiencies indicate that lower expression of
CrBCH2 is at least partially responsible for the delay of the
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Fig. 6 Phenotypic characterization of Green Ougan (MT) and the revertant (Citrus reticulata) in different years. (a) The maturity index, (b) total Chl, (c)
exhibited the content of different carotenoids (such as a-carotene, B-carotene and zeaxananthin) in the flavedo of MT and the revertant (MT-WT), (d)
flavedo color on the tree at 240 d after flowering (DAF) in 2013, (e) endogenous ABA content, and (f) expression of CrMYB68, CrBCH2, and CrNCED5 in
the flavedo of MT and the revertant (MT-WT), were measured in different years. The samples were collected at 240 DAF in 2013 and at 210 DAF in 2015.
The values in each column are the means of three biological replicates. Error bars indicate the SD. The asterisks indicate statistically significant differences
determined by Student's t-test: *, P <0.05; **, P<0.01.

transformation of o- and B-carotene in the flavedo of MT. We  regulation of CrBCH2, because we found that the sequences of
conclude that the differences in the expression level of CyBCH2 ~ CrBCH2, including both the promoter and coding sequence,
between MT and WT are probably caused by differences in the ~ were identical in MT and WT.
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To date, only a few TFs, such as PIFI, RIN, and CpNACI, are
known to regulate the expression of genes that encode carotenoid
biosynthetic enzymes. All these TFs regulate the expression of the
genes that contribute only to the early steps of lycopene biosyn-
thesis. The TFs that directly regulate the expression of genes
responsible for the transformation of o- and P-branch
carotenoids remain unknown (Toledoortiz etal, 2010; Martel
etal, 2011; Fu etal, 2016). In MT, we observed an inverse cor-
relation in the expression of CrMYB68 and CrBCH?2 (Fig. 2¢,e).
The sequence analysis suggested that CrMYBG68 might be a tran-
scriptional repressor (Fig. S7). Additionally, the homolog of
CrMYBG68 from A. thaliana (AtMYBG6S) serves as a negative regu-
lator (Feng eral, 2004). These data are consistent with the
notion that CrMYB68 may negatively regulate the expression of
CrBCH2. Our results from the SAAB assay and EMSA indicate
that CtMYBG68 can bind directly to the promoter of CrBCH2.
Dual luciferase assay indicates that CrMYB68 can also signifi-
cantly repress the activity of the CrBCH2 promoter (Fig. 4b,d).
Moreover, the transient overexpression of CrMYBG68 in tobacco
leaves significantly inhibited the expression of N6bBCH?2 (Fig. 5a,
b). All these results indicate that CrMYBG68 can directly repress
the transformation of o- and B-carotene by negatively regulating
the expression of CrBCH2 (Fig. 7).

CrMYB68 regulates ABA biosynthesis

As a crucial hormone in the ripening process, ABA significantly
affects carotenoid metabolism in tomato, mango, watermelon, and
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Fig. 7 Model for the transcriptional regulation of carotenoid metabolism
by CrMYBG68. In addition to phytochrome-interacting factor 1 (PIF1),
RIPENING INHIBITOR (RIN) and CpNAC1, which regulate early lycopene
biosynthesis, CrMYB68 can significantly regulate carotenoid metabolism
by controlling the expression of the genes involved in the metabolism of
the a- and B-branch carotenoids. On the one hand, CrMYB68 can affect
the transformation of a- and B-carotene by directly repressing the
expression of CrBCH2. On the other hand, CrNCED5, which catalyzes the
transformation of the final carotenoid products of the B-branch, is also
regulated by CrMYB68. Moreover, ABA, the downstream product of the
CrNCEDS catalyzed reaction, feedback regulates carotenoid metabolism.
The details of this regulatory mechanism require further research.
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citrus fruits (Zhang etal, 2009, 2017; Zaharah etal, 2012; Bar-
ickman ez al., 2014; Wang et al., 2016a,b). Several important genes
involved in carotenoid metabolism, such as PSY3 from maize and
DSM?2, a BCH gene from rice, were significantly induced by ABA
treatments (Li ezal, 2008; Du eral., 2010). These results suggest
that ABA, a downstream product of the carotenoid pathway, is a
feedback regulator of carotenoid metabolism.

In the present study, we found that ABA was accumulated in
parallel with the increase in the CI in WT during the preharvest
stage (Fig. 1a,f), which is similar to the case in Citrus clementina
(Agusti et al., 2007). During the ripening process, the concentra-
tion of ABA was lower in MT flavedo than in WT and MT-WT
flavedos (Figs 1f, 6e). Moreover, in citrus, the expression of the
two genes which encode rate-limiting enzymes in ABA biosynthe-
sis (CsNCED3 and CceNCEDS) is induced during the color
change in the flavedo of C. sinensis (with CsNCED3 being more
important) and C. clementina (with CeNCEDS5 being more
important) during fruit ripening (Agusti ezal, 2007). Because
Ougan (C. reticulata cv Suavissima) shows greater similarity to
C. clementina than to C. sinensis (Federici et al., 1998), we infer
that CrNCEDS is probably the rate-limiting enzyme for ABA
biosynthesis in the flavedo of WT. In the present study, we found
that the expression of CrNCEDS5 was significantly lower in MT
flavedo than in the flavedos of both WT and MT-WT (Figs 2d,
6f). Moreover, the transient overexpression of CrNCEDYS signifi-
cantly induced the accumulation of ABA in tobacco leaves
(Fig. S5). All these results indicate that the low expression of
CrNCED5 may at least partially explain the low ABA concentra-
tion in the flavedo of MT.

As one of the most important genes in ABA biosynthesis, the
NCED:s gene is a hot topic in ABA metabolism research. Since
the function of NCEDs has been thoroughly elucidated, the tran-
scriptional regulation of this gene has become a new focus to
illustrate the vital role of this gene in ABA metabolism (Jiang
etal., 2012; Jensen et al., 2013; Zong et al., 2016). In the present
study, we found that the expression of CrNCED5 and CrMYBG68
was inversely correlated in the flavedo of MT during fruit devel-
opment (Fig. 2¢,d). Additionally, the SAAB assay and the EMSA
demonstrated that CtMYBG68 can bind directly to the AC-rich
domain (ACCAAA) in the promoter of CrNCED5 (Fig. 4b).
Moreover, the results of the dual luciferase assay indicated that
the activity of the CrNCED5 promoter was significantly repressed
by CrMYB68 (Fig. 4d). Furthermore, the transient overexpres-
sion of CrMYBG68 inhibited the expression of N6NCEDS5 in
tobacco leaves (Fig. 5a,b). These results indicate that CrMYB68
can indirectly affect carotenoid metabolism in MT fruits by
directly repressing the biosynthesis of ABA. Further studies are
needed for a more in-depth understanding of the regulation of
carotenoid metabolism by ABA (Fig. 7).

The colors of fruits are highly variable because of the differ-
ences in the pigments they accumulate, such as carotenoids,
anthocyanins and betalains (Barrett efal, 2010). In recent
decades, the MYB family of genes has been demonstrated to
directly regulate the biosynthesis of anthocyanins and betalains in
different species. Examples of MYB genes that regulate the accu-
mulation of anthocyanins include Production of anthocyanin
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pigments (PAPs) in A. thaliana, FaMYBI1 in Fragaria X ananasa,
Ruby in blood orange, and PpMYBIO.1 in Prunus persica.
BuvMYBI regulates the accumulation of betalains in Beta vulgaris
(Aharoni etal, 2001; Dubos etal, 2010; Butelli eral, 2012;
Maier etal, 2013; Hatlestad etal, 2015; Tuan etal, 2015).
Carotenoids also contribute to the beautiful colors of fruits and
flowers. An R2R3-MYB (RCPI) positively regulates the accumu-
lation of carotenoids in M. lewisii (Sagawa et al., 2016), although
the details of this regulatory mechanism remain unknown. In
summary, the clarification of the direct regulatory function of
CrMYBG68 in the present study not only contributes to the illus-
tration of the transcriptional regulation of carotenoid
metabolism, but also further expands our understanding of the
roles of MYB TFs in the regulation of pigment metabolism. In
nature, pigments play important roles in the appearance and
quality of fruits. Because of their high efficiency and effectiveness
in the regulation of pigment metabolism, TFs such as CrMYB68
should be thoroughly studied for the genetic breeding programs
aimed at producing more beautiful and health-promoting fruits.

Identification of bud mutants is one of the most important
approaches for developing valuable fruit cultivars for economi-
cally significant fruit crops, such as citrus, grape, apple and per-
simmon (Shamel & Pomeroy, 1932; Liu etal, 2007; Yamane
etal., 2008; Pelsy, 2010). Bud mutants may be caused by point
mutations, large deletions, and the insertions of retrotransposons.
In natural populations, bud mutants occur at rates ranging from
107> to 10~° (Shen & Lin, 1985; Yao ezal, 2001; Kobayashi
etal., 2004; Pelsy, 2010; Butelli ezal, 2012). In our case, the
bud mutant (MT, Green Ougan) was found in 2000. Then, the
orchardist reproduced >40 000 MT trees in a 17 ha orchard by
grafting. In 2013, a revertant branch was found on an MT tree
among the ¢. 800 000 branches of the 40 000 MT trees. In the
future, whole-genome sequencing of WT, MT, and MT-WT will
be used to identify the mutant allele responsible for the pheno-
types of MT and the revertant.
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