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Abstract

Proanthocyanidins (PAs; or condensed tannins) are a major class of flavonoids that contribute to citrus fruit quality.
However, the molecular mechanism responsible for PA biosynthesis and accumulation in citrus remains unclear. Here,
we identify a PH4-Noemi regulatory complex that regulates proanthocyanidin biosynthesis in citrus. Overexpression
of PH4 or Noemi in citrus calli activated the expression of PA biosynthetic genes and significantly increased the PA
content. Interestingly, Noemi was also shown to be up-regulated in CsPH4-overexpressing lines compared with wild-
type calli. Simultaneously, CsPH4 partially complemented the PA-deficient phenotype of the Arabidopsis {2 mutant
and promoted PA accumulation in the wild-type. Further analysis revealed that CsPH4 interacted with Noemi, and
together these proteins synergistically activated the expression of PA biosynthetic genes by directly binding to the
MYB-recognizing elements (MRE) of the promoters of these genes. Moreover, CsPH4 could directly bind to the pro-
moter of Noemi and up-regulate the expression of this gene. These findings explain how the CsPH4-Noemi regulatory
complex contributes to the activation of PA biosynthetic genes via a positive feedback loop and provide new insights
into the molecular mechanisms underlying PA biosynthesis, which can be effectively employed for metabolic engin-
eering to improve citrus fruit quality.
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Introduction

Proanthocyanidins (PAs) are prominent polyphenolic sec-
ondary metabolites that are synthesized via the flavonoid bio-
synthesis pathway (Winkel-Shirley, 2001). These metabolites
are usually present in different tissues of many plant species
(Dixon et al., 2005; de Rezende et al., 2009; Barbehenn and
Constabel, 2011). PAs play important roles in plant defence
against various forms of stress (Peters and Constabel, 2002;
Dixon et al., 2005; Koes et al., 2005; Shirley, 2008; Barbehenn
and Constabel, 2011; Hichri ef al., 2011), and in modulating
seed dormancy, longevity, and dispersion (Debeaujon et al.,

2000; Lepiniec et al., 2006; Jia et al.,2012; Oikawa et al.,2015).

In addition, PAs act as potential dietary antioxidants that have
beneficial effects on human health, including protection against
free radical-mediated injury and cardiovascular disease (Bagchi
et al.,2000; Ling et al., 2001; Goufo and Trindade, 2014).

PA biosynthesis is one branch of the flavonoid biosynthesis
pathway, which also produces anthocyanins and flavonols (see
Supplementary Fig. S1 at JXB online). The flavonoid biosyn-
thesis pathway has been extensively elucidated in many plant
species, such as maize (Zea mays), snapdragon (Antirrhinum
majus), Arabidopsis, apple (Malus domestica), grapevine (Vitis
vinifera), and poplar (Populus spp.) (Mol et al., 1998; Allan et al.,

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Experimental Biology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial

re-use, please contact journals.permissions@oup.com


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:xxdeng@mail.hzau.edu.cn?subject=
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz506#supplementary-data

Regulation of proanthocyanidin biosynthesis in citrus | 1307

2008; Tohge et al.,2017; Wang et al., 20174). Among flavonoid
biosynthetic genes, those encoding anthocyanidin reductase
(ANR) and leucoanthocyanidin reductase (LAR) are specific
to the PA branch of the pathway and produce flavan-3-ols, typ-
ically epicatechin and catechin, respectively (Abrahams et al.,
2003; Xie et al., 2003). Moreover, laccase 15 (TT10), MATE
transporter (1712), glutathione-S-transferase (17119/GST)
and H'-ATPase isoform 10 (AHA10) have been reported
to be involved in PA modification, transport, and oxidation
(Kitamura et al., 2004; Baxter et al., 2005; Pourcel et al., 2005;
Marinova et al., 2007).

The regulation of PA biosynthesis is co-ordinately induced
by many transcription factors (TFs), such as R2R3-MYB, basic
helix-loop—helix (bHLH), WD40-repeat proteins (WDRs),
MADS box, and WRKY (Johnson et al., 2002; Hichri et al.,
2011; Xu et al., 2017). In Arabidopsis, the TRANSPARENT
TESTA2 (TT2) gene, which encodes an R2R3-MYB pro-
tein, has been identified as a key regulator of the transcription
of ANR, DFR, and AHA10 (Nesi et al., 2001; Sharma and
Dixon, 2005; Lepiniec et al., 2006). In grapevine (17 vinifera),
three MYB-like TFs, namely V'vMYBPA1, V'vMYBPA2, and
1’'vMYB5b, are involved in the regulation of PA biosynthesis
via activation of VwLARI1, VvANS, VvE3 5 H, or V'vCHI in
developing grape berries (Bogs et al., 2007; Deluc et al., 2008;
Terrier et al., 2009). In poplar (P tomentosa), a TT2-like gene,
MYB115, which significantly enhanced the expression of
ANRT and LAR3, was isolated and characterized (Wang et al.,
2017a). The MYB-bHLH-WD40 (MBW) complex, formed
by MYB, bHLH, and WDR proteins, has been widely eluci-
dated in regulating PA biosynthesis (Schaart ef al., 2013; Xu
et al., 2014). The bHLH and WDR cofactors are adaptable
and are required for PA biosynthesis in many plant species,
interacting with PA-specific R2R3-MYDB proteins, such as
TT8 and TTG1 from Arabidopsis, VVMYC1 from grapevine,
M{(TT8 and MtWD40-1 from alfalfa, and OsRc from rice
(Walker et al., 1999; Nesi et al., 2000; Furukawa et al., 2007,
Hichri et al., 2011; Li et al., 2016).

The genus Citrus, comprising some of the most widely culti-
vated fruit crops in the world, provides an abundance of natural
variations in metabolites and an interesting system for analysis
of the evolution of fruit quality (Huang et al., 2018; Wu et al.,
2018). Similar to most fruit crops, citrus also accumulate large
amounts of flavonoids, which have significant effects on quality
(Kawnaii et al., 1999, 2000; Chen et al., 2015; Wang et al., 2016,
2017b). Blood oranges (Citrus sinensis) and purple pummelo
(C. grandis) accumulate considerable amounts of anthocyanins
in mature fruits, which give the fruit a striking colour (Butelli
et al., 2012; Huang et al., 2018). PAs, one of the most im-
portant determinants of quality in citrus fruit, are widely ac-
cumulated in the fruits, leaves, roots, and seeds (Wang et al.,
2017b). Previous studies have reported that TFs such as Ruby,
CsMYBF1 and Noemi play important roles in flavonoid bio-
synthesis in citrus (Butelli ef al., 2012; Liu et al., 2016; Butelli
et al.,2019; Huang et al., 2018). However, although our know-
ledge of flavonoid biosynthesis and accumulation in plants has
increased substantially, there remains much to learn about the
regulation of flavonoid biosynthesis in citrus, especially the
molecular mechanism responsible for PA biosynthesis.

‘Anliu’ (C. sinensis Osbeck cv. Anliu), 'Hong Anliu’ (C. sinensis
Osbeck cv. Hong Anliu, a bud mutant of ‘Anliv’) and ‘Succari’
(C. sinensis Osbeck cv. Succari), all of which are sweet orange
varieties, exhibit significant differences in major metabolite ac-
cumulation in fruit, providing an ideal set of resources for inves-
tigation of the regulatory mechanisms underlying the differences
in flavonoid biosynthesis (Pan et al., 2014; Chen et al.,2015; Guo
et al., 2016; Huang et al., 2016). ‘Hong Anliu” and ‘Succari’ are
two acidless varieties, with white seed, and these varieties do not
accumulate PAs in seeds (Guo et al.,2016; Huang et al., 2016). In
addition, ‘Hong Anliu’ exhibits high accumulation of lycopene
in the fruit juice sacs (Liu et al., 2007).‘Anliu’ accumulates cer-
tain organic acids, and the seeds of this variety accumulate PAs
and are brown in colour (Liu et al., 2007). A number of studies
have been performed at different levels to gain insight into high
lycopene accumulation and the acidless phenotype using these
three varieties (Liu et al., 2007; Guo et al., 2016; Huang et al.,
2016), whereas very little attention has been paid to the mo-
lecular mechanism underlying PA modulation.

Here, based on the RNA-seq analysis, we identified differ-
entially expressed genes putatively involved in PA metabolism.
Subsequent experiments identified the CsPH4-Noemi regu-
latory complex as a key regulator of PA biosynthesis in citrus.
Moreover, the CsPH4-Noemi regulatory complex also regu-
lates the expression of Noemi, thereby promoting PA accumu-
lation via a positive feedback loop. These results fill a gap in the
molecular mechanisms underlying the regulation of PA accu-
mulation in citrus.

Materials and methods

Plant materials and growth conditions

Fruit samples of ‘Anliu’, ‘Hong Anliu’, and ‘Succari’ were harvested from
three mature trees, with 10 representative fruits from each tree at 90 days
after lowering (DAF). The flavedos, pulps, and seeds were separately and
immediately frozen in liquid nitrogen, and stored at —80 °C until analysis.

The citrus callus used for genetic transformation was derived from
Marsh grapefruit (C. paradise Mact., ‘RM’), a citrus variety with low
concentration of anthocyanin and PA. The citrus callus was subcultured
on solid MT basal medium in darkness at 25 °C every 20 d. Tobacco
(Nicotiana benthamiana) was planted in a growth chamber under a 14 h
light—10 h dark photoperiod and 24 °C conditions. The wild-type (Col-
0) and 2 mutants (CS83) plants were planted in a growth chamber
under a 16 h light-8 h dark photoperiod and 21 °C conditions.

RNA isolation, transcriptome profile analysis and real-time
quantitative PCR analysis

All RNA samples were isolated as described by Lu et al. (2018). Three
biological replicates of seeds and pulps from ‘Anliv’, ‘Hong Anliu’,
and ‘Succari’ at 90 DAF were subjected to RNA-sequencing (RNA-
seq). RNA-seq libraries were constructed and sequenced on Illumina
HiSeq™. The RNA-seq data were aligned to the sweet orange reference
genome (http://citrus.hzau.edu.cn/orange/) using TopHat (v2.0.9). The
mapped reads from each sample were normalized to fragments per kilo-
base of exon model per million reads mapped (FPKM) mapped for each
predicted transcript using HTSeq v0.6.1 software in union mode (see
Supplementary Tables S1, S2; Trapnell et al., 2010). Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis were performed with the GOSeq R package and KOBAS soft-
ware using default parameters (Supplementary Tables S3, S4), respectively
(Mao et al., 2005;Young et al., 2010).
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Real-time quantitative PCR (qRT-PCR) was conducted according
to Bustin et al. (2009). Single-strand cDNA was synthesized using the
HiScript II 1st Strand ¢cDNA Synthesis Kit (+gDNA wiper) (Vazyme).
The primers used for qRT-PCR were from published articles (Huang
et al., 2018; Butelli et al., 2019; Strazzer et al., 2019), and listed in
Supplementary Table S5. The citrus Actin gene was used as an internal
control. qRT-PCR was performed with a Roche LightCycler® 480
system using the 2XLightCycler 480 SYBR Green Master Mix (Roche)
and a three-step programme: pre-incubation at 95 °C for 10 min; 40
cycles of amplification at 95 °C for 10 s, 60 °C for 10 s, and 72 °C for
20 s; followed by a melting curve at 95 °C for 5 s, 65 °C for 1 min, then
ramping at 0.11 °C s~ to 97 °C with continuous fluorescence meas-
urement. Fluorescence was measured at each extension step. Each run
contained a negative control (water in place of cDNA) and each reaction
was performed in triplicate. The reaction specificity was confirmed by
the negative control and a Tm Calling analysis. The gRT-PCR data were
analysed using 274 method.

Isolation and sequence analysis of CsPH4 and Noemi

The full-length coding sequences (CDs) of CsPH4 and Noemi were amp-
lified. The conserved domains were analysed using the NCBI Conserved
Domain Database (CDD, https://www.ncbi.nlm.nih.gov/cdd) and the
ExPASy PROSITE Database (http://prosite.expasy.org/) (Liu et al.,
2014b). Multiple sequence alignments were performed using the Clustal
W program and GeneDoc software. The neighbour-joining phylogen-
etic tree was constructed using MEGAG6.0 software with bootstrap values
from 1000 replicates.

Plasmid construction and plant transformation

The CDs of CsPH4 and Noemi were amplified and inserted into the PE3C
vector and subsequently recombined into the binary overexpression vec-
tors PK7WG2D (kanamycin resistance) and PH7WG2D  (hygromycin
resistance) to construct plasmids with a 3XHA tag fusion in the
C-terminus.Then, the plasmids were transtormed into Agrobacterium strain
GV3101 and EH105, respectively. Plant transformation was performed
using Agrobacterium-mediated methods described previously (Clough
and Bent, 1998; Lu et al., 2016). Citrus calli and Arabidopsis were in-
fected by recombinant A. tumefaciens and then putative transgenic plants
were selected on medium supplemented with 50 mg ™' hygromycin and
50 mg 1”! kanamycin, respectively. Seed phenotypes were observed in
progeny from T, transformants with a single copy of the transgene and
further screened for homozygotes after germination.

Subcellular localization assay

The CDs of CsPH4 and Noemi without the stop codon were amplified
and cloned into the PK7CWG2.0 vector, in frame with the cyan fluor-
escent protein (CFP) gene. For transient expression analysis, the fusion
constructs (CsPH4—CFP and Noemi—CFP) were co-transtormed with a
plasmid coding for a nuclear marker, VirD2NLS, fused to mCherry into
tobacco (N. benthamiana) leaves by A. tumefaciens infiltration based on a
previous description (Kumar and Kirti, 2010). Fluorescence signals were
observed with a confocal laser scanning microscope (Leica TCS SP2,
Leica) 60 h after infiltration.

Transient expression assay

A transient expression assay was performed as previously described
(Han et al., 2016; Lu et al., 2018). Briefly, for transcriptional activity
assay, the CDs of CsPH4 and Noemi were inserted into the pBD vector
to generate the effector vectors pBD-CsPH4 and pBD-Noemi. The
empty vector was used as the negative control (pBD), while vector
containing the VP16 activation domain was used as the positive con-
trol (pBD-VP16). The reporter vector contains a GAL4-LUC and an
internal control REN driven by the 35S promoter; GAL4-LUC con-
tains five copies of GAL4-binding element and TATA-box in front of
the LUC.

For the DNA-promoter interaction assay, the promoters of DFR, ANS,
ANR, LAR, UFGT2, and Noemi were amplified and cloned into the
pGreenlI 0800-LUC vector to yield reporter. The PK7-HA—CsPH4 and
PK7-HA—-Noemi constructs were used as effectors. The empty vector
pK7WG2D was used as the negative control (see Fig. 7A). Tobacco
(N. benthamiana) leaves were infiltrated by Agrobacterium cells containing
the effector and reporter using the agroinfiltration method described by
Hellens et al. (2005). Luciferase activity was detected 72 h after infiltra-
tion using the Dual-Luciferase Reporter Assay System (Promega) with an
Infinite200 Promicroplate reader (Tecan). Relative luciferase activity was
calculated as the ratio of LUC/REN.

Yeast two-hybrid analysis

Yeast two-hybrid (Y2H) assays were performed according to the
manufacturer’s instructions (Clontech, Palo Alto, CA, USA). The CDs
of CsPH4 and Noemi and the truncated CsPH4 peptide sequences
(CSPH4AC1, amino acids 1-326; CsPH4"“, amino acids 1-276) were
amplified and inserted into pGBKT7 and pGADT7 to construct BD—
CsPH4, DB-CsPH4*“!, DB-CsPH4*“%, DB-CsPH4"“*, BD-Noemi,
and AD—Noemi.The AD and BD fusion constructs were transformed or
co-transformed into yeast strain AH109 to examine self-activation and
the interaction between CsPH4 and Noemi, respectively. Transformants
were then screened on selection medium supplemented with SD base/—
Trp/—Leu/—His/—Ade in the presence of 5-bromo-4-chloro-3-indolyl-
a-D-galactopyranoside (X-0-Gal) to determine the interaction of
CsPH4 with Noemi.

Bimolecular fluorescence complementation assay

For bimolecular fluorescence complementation (BiFC) assays, the CDs
of CsPH4 without the stop codons were cloned into LI01YNE to gen-
erate the CsPH4-nYFP construct, and Noemi without the stop codons
was introduced into L101YCE to generate the Noemi—cYFP con-
struct. The resulting constructs were introduced into A. tumefaciens strain
GV3101 and then infiltrated into tobacco leaf epidermal cells according
to the previous description with appropriate modification (Walter et al.,
2004). After infiltration, plants were incubated for at least 48 h before
observation. The YFP fluorescence was imaged using a Confocal Spectral
Microscope Imaging System (Leica TCS SP5).

Recombinant protein purification and in vitro pull-down analysis

The CDs of CsPH4 and Noemi were amplified and inserted into
pGEX-6P-1 to generate glutathione S-transferase (GST)-tagged recom-
binant protein and into pET32a to generate His-tagged recombinant
protein. Pull-down assays were conducted according to the Pierce® GST
Spin Purification Kit protocol (Pierce, Rockford, USA). The protein
concentration of the eluted fractions was determined using the Pierce
BCA Protein Assay Kit (product no. 23227). GST-tagged protein was
eluted by adding elution bufter that contained glutathione, and the eluted
proteins were analysed by western blotting using anti-His and anti-GST
antibodies (Sangon Biotech, Shanghai, China).

Electrophoretic mobility shift assay

Electrophoretic mobility shift assays (EMSAs) were conducted as de-
scribed previously with some modifications (Huang et al., 2018; Lu ef al.,
2018). The CDs of CsPH4 without the stop codon was cloned into a
double-tagged expression vector to generate the recombinant vector
MBP-CsPH4—His. The 5’FAM-labelled oligonucleotide probes were
directly synthesized and labelled. Unlabelled probes with the same or
mutated oligonucleotides were used as cold competitors. The binding
was implemented with EMSA/Gel-shift Binding Buffer (Beyotime
Biotechnology, Shanghai, China, no. GS006). Purified protein and 1 pl of
the FAM-labelled probe (10 pmol ') were mixed together and incubated
at 4 °C for 30 min. For the competition assays, the unlabelled probe was
incubated with protein and binding buffer at 4 °C for 30 min. Next,
1 pl of the FAM-labelled probe (10 umol™") was added and incubated
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at 4°C for 30 min. The samples were loaded onto a pre-run 6% poly-
acrylamide gel. Electrophoresis was performed at 4 °C using 0.5X Tris—
borate—EDTA buffer in the dark for 1 h. Gel images were acquired using
the Amersham Imager 600 (GE Healthcare). Probes information is given
in Supplementary Table S5.

DMACA staining and quantification of PAs

Extraction and quantification of total soluble and insoluble PAs were
performed as previously described by Pang et al. (2008). Briefly, ap-
proximately 0.5 g of freeze-dried tissues was extracted using 5 ml of
70% acetone solution (v/v) containing 0.1% (w/v) ascorbic acid by
vortexing, and then sonicated at 4 °C in the dark for 1 h. For quantifi-
cation of soluble PAs, 1 ml of DMACA reagent (2% w/v p-dimethyl-
amino-cinnamaldehyde (DMACA) in methanol-3 M HCI) was added
to 1 ml of fluid under test. After reaction for 30 min, the total sol-
uble PA levels was calculated spectrophotometrically at 640 nm, with
(+)-catechin as the standard (Yuanye Bio-Technology, Shanghai, China).
Quantification of insoluble PAs (with butanol-HCI) was performed as
described previously (Pang et al., 2008). Absorbance values were con-
verted into PA equivalents with procyanidin B1 as a standard (Yuanye
Bio-Technology). The Arabidopsis seeds and citrus calli were stained
with 0.2% DMACA in methanol: 6 M HCI (1:1) for at least 30 min
and then washed in ethanol: acetic acid (75:25) for visualization of
PAs under UV light on a universal fluorescence microscope (Olympus
BX61, Tokyo, Japan).

Quantification of anthocyanins

Anthocyanin determinations were based largely on a previously reported
protocol with modifications (Huang et al., 2018).The freeze-dried tissues
were extracted using 2 ml of methanol and 1% (v/v) HCI for 30 min
at 4 °C with ultrasonic vibration. The supernatant was calculated spec-
trophotometrically at 530 nm and 657 nm. The (As3;—0.25XA45,)/dry
weight was considered anthocyanin content.

Accession humbers

The sequence data from this article can be found in the NCBI data-
base or in the genome databases of Citrus (http://citrus.hzau.edu.cn/or-
ange/) or Arabidopsis (http://www.arabidopsis.org/index.jsp). GenBank
accession numbers of the proteins are listed in Supplementary Table S6.

Results

Analysis of PA levels ‘Anliu’, ‘Hong Anliu’, and ‘Succari’
sweet oranges

PAs, a polymer of catechin and epicatehin, are often deposited
in the endothelial layer of the seed coat, leading to a brown
coloration in many species. According to the degree of poly-
merization, PAs are divided into soluble (oligomeric, dimer
and trimer polymerization) and insoluble (polymeric, tetramer
or more polymerization). As shown in Fig. 1A, the ‘Anliu’,
‘Hong Anliu’, and ‘Succari’ seeds showed significant differ-
ences in colour. The juice of ‘Anliu’ fruits is more acidic (pH
3.5910.13) than that of ‘Hong Anliu’ fruits (pH 5.64£0.06)
and ‘Succari’ fruits (pH 5.60+0.01) (see Supplementary Fig.
S2).The seed of ‘Anliu’ displayed higher concentrations of PA
(soluble, 42.82+2.36 mg g~ ' DW; insoluble, 38.05+0.39 pg g~
DW) than the seed of the ‘Hong Anliu’ (soluble, 0.85+0.09 mg
g ' DW; insoluble, 7.46%2.69 ug g~' DW) and ‘Succari’ (sol-
uble, 0.45+0.06 mg g~' DW; insoluble, 6.68%0.45 ug ¢~ DW)
(Fig. 1B, C). To further analyse the differences in PA content

among the three varieties, we examined PA levels in the
flavedos and pulps of these varieties. The soluble PA content in
the pulps of ‘Anliu’ (1.03+0.06 mg g~' DW) was higher than
that in the pulps of ‘Hong Anliu’ (0.5140.05 mg g~ ' DW) and
‘Succari’ (0.41£0.01 mg g~' DW) (Fig. 1D), while no signifi-
cant differences were observed for the insoluble PA content
(Fig. 1E). In addition, the three varieties contained comparable
amounts of both soluble and insoluble PAs in their flavedos
(Supplementary Fig. S3A, B).

Comparison of the transcriptomes of ‘Anliu’, ‘Hong
Anliu’, and ‘Succari’ sweet oranges

To identify the genes potentially associated with the pheno-
typic differences, seeds and pulps from the three varieties col-
lected at 90 DAF (Fig. 2A) were subjected to RNA-seq. Given
that the accumulation of PAs in ‘Anliu’ was significantly dif-
ferent from that in ‘Hong Anliu’ and ‘Succari’, while there was
almost no difference between ‘Hong Anliu’ and ‘Succari’, the
comparative transcriptomic analysis was performed between
‘Anliu’ and ‘Hong Anliu’, and between ‘Anliu’ and ‘Succari’.
Comparison of the dataset from seed samples led to the iden-
tification of 329 (144 up-regulated and 185 down-regulated,
‘Anliu’ versus ‘Hong Anliu’, corrected P-value <0.05, fold
change >1.5) and 2741 (1436 up-regulated and 1305 down-
regulated, ‘Anliu’ versus ‘Succari’, corrected P-value <0.05,
fold change >1.5) differentially expressed genes, among
which, genes involved in cellulose metabolism, glucan me-
tabolism, and TF activity were statistically over-represented.
Meanwhile, 462 (140 up-regulated and 322 down-regulated,
‘Anliv’ versus ‘Hong Anliu’, corrected P-value <0.05, fold
change >1.5) and 2457 (1414 up-regulated and 1043 down-
regulated, ‘Anliu’ versus ‘Succari’, corrected P-value <0.05,
fold change >1.5) differentially expressed transcripts were de-
tected from the pulp comparison group (see Supplementary
Fig. S4), and these genes showed marked enrichment of func-
tions associated with lipid metabolism, stimulus response and
TF activity (Supplementary Fig. S5). KEGG analysis revealed
a high percentage of differentially expressed transcripts re-
sponsible for the biosynthesis of secondary metabolites, hor-
mone signal transduction and phenylalanine metabolism
(Supplementary Fig. S6).

To further investigate the molecular processes and regula-
tory mechanism underlying PA accumulation in citrus, we
tocused on genes associated with the flavonoid biosynthesis
pathway. Interestingly, the expression of the four PA biosyn-
thetic genes, namely, DFR, ANS, ANR, and LAR, showed a
close association with PA accumulation in seeds and pulps (Fig.
2B, C). The TFs CsPH4 (Cs9¢03070) and Noemi (Cs5g31400)
were also co-ordinately expressed with PA accumulation in
both seeds and pulps (Fig. 2B, C; Supplementary Table S7).
Further, qRT-PCR analysis was performed to verify the results.
Consistent with the prediction, the five flavonoid biosynthetic
genes (CHS, DFR, ANS, ANR, and LAR) and two TFs were
expressed at significantly higher levels in ‘Anliu’ than in ‘Hong
Anliu’ and ‘Succar?’ (Fig. 2D, E; Supplementary Fig. S7). These
results indicated the regulatory potential of CsPH4 and Noemi
in citrus PA biosynthesis.
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Fig. 1. Characterization of PA levels in ‘Anliu’, ‘Hong Anliu’, and ‘Succari’ sweet oranges. (A) Mature seeds without testae from three sweet orange
varieties. Scale bar: 1 cm. (B) The contents and extracts after DMACA staining of soluble PAs in seeds. (C) The contents and extracts after DMACA
staining of insoluble PAs in seeds. (D) The contents and extracts after DMACA staining of soluble PAs in pulps. (E) The contents and extracts after
DMACA staining of insoluble PAs in pulps. (1) Blank control, (2) ‘Succari’, (3) ‘Hong Anliu’, (4) ‘Anliu’. DW, dry weight. Error bars represent the mean +SD

of three biological replicates. (This figure is available in colour at JXB online.)

Identification of CsPH4 and Noemi

To verity the two candidate genes controlling PA biosyn-
thesis in citrus, we isolated CsPH4 and Noemi from the seed
c¢DNA library of ‘Anliu’ by PCR using gene-specific primers
(see Supplementary Table S5). CsPH4, like other putative PA
regulators such as VvMYB5a, VVMYB5b, and MtMYB5, con-
tained the conserved R2R3 repeat domain, C1 and C3 motifs
(Supplementary Fig. S8A). Compared with other MYB proteins,
CsPH4 shared the highest sequence homology with VVvMYB5b
(61%), which was confirmed to regulate anthocyanin and PA
biosynthesis during grape berry development (Deluc et al.,
2008).A phylogenetic analysis of CsPH4 and other plant R2R 3-
MYB proteins associated with regulation of anthocyanidin and
PA biosynthesis indicated that CsPH4 was closely related to PA
regulators and distinct from anthocyanin regulators (Fig. 3A).
The PA regulator clades consisted of two subclades, PA clades
1 and 2, while CsPH4, VvMYB5a, VVMYB5b, and MtMYB5
belonged to clade 2 (Fig. 3A). Compared with other bHLH
proteins, Noemi, containing a conserved bHLH domain and an
MY B-interacting region, shared the highest sequence homology
with VVMYC1 (70% identity, 79% similarity) (Supplementary

Fig. S8B). Phylogenetic analysis indicated that Noemi was
closely related to PA and anthocyanin regulators and distinct
from anthocyanin-specific regulators (Fig. 3B).

Transient expression of CsPH4—CFP and Noemi—CFP
fusion protein in tobacco (N. benthamiana) epidermal cells
demonstrated that both the CsPH4—CFP and Noemi—CFP
proteins were localized in the nucleus (see Supplementary Fig.
S9A). Furthermore, the transcriptional activity assay indicated
that both CsPH4 and Noemi acted as transcriptional activators
(Supplementary Fig. S9B, C).

Overexpression of CsPH4 or Noemi induces PA
accumulation in citrus callus

To investigate the functions of CsPH4 and Noemi, the PK7-
HA-CsPH4 and PK7-HA-Noemi constructs were introduced
into citrus calli (Fig. 4A). Three independent lines with high
transcript and protein levels of CsPH4 and Noemi were chosen
for further analysis (Fig. 4B).To visualize differences in PA levels,
the transgenic calli and wild-type were stained with DMACA
reagent. As expected, histochemical staining showed that the PA
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levels were higher in the CsPH4-overexpressing (OE-CsPH4)
and Noemi-overexpressing (OE-Noemi) calli than in the wild-
type (RM) (Fig. 4C). Quantitative measurements showed that

the levels of PAs in the OE-CsPH4 (soluble, 1.36~1.69-fold
changes; insoluble, 1.89~2.77-fold changes) and OE-Noemi
(soluble, approximately 1.2-fold changes; insoluble, 1.31~1.62-
fold changes) calli were significantly higher than those in the
wild-type (Fig. 4D), but the content of anthocyanins did not
change significantly (see Supplementary Fig. S10A).

To analyse the effects of CsPH4 overexpression on the
transcription of flavonoid biosynthetic genes, qRT-PCR
analysis was performed. OE-CsPH4 calli exhibited signifi-
cantly up-regulated expression of CHS, F3H, ANS, LAR, and
UFGT2 compared with the wild-type (Fig. 4E). Interestingly,
the expression of Noemi was also significantly up-regulated
in the OE-CsPH4 calli (Fig. 4E). Similarly, the expression of
the flavonoid biosynthetic genes, including CHS, DFR, ANS,
ANR, LAR, and UFGT?2, was also up-regulated in OE-Noemi
calli compared with the wild-type (Fig. 4F). Overall, these re-
sults demonstrated that overexpression of CsPH4 and Noemi in
citrus calli could induce partially the expression of flavonoid
biosynthetic genes and promote the accumulation of PAs.

CsPH4 partially complements the Arabidopsis tt2
mutant phenotype and promotes the accumulation of
PAs in the Arabidopsis wild-type

AtMYB123 (T12) was reported to regulate PA biosynthesis in
the seed coat of Arabidopsis (Nesi ef al., 2001). To determine
whether CsPH4 had a similar function to TT2, the PK7-HA—
CsPH4 construct was introduced into the Arabidopsis 2 mu-
tant. The seeds of the 2 mutant appeared bright yellow due to
the lack of PAs, while the seeds of OE-CsPH4 lines with restored
PA production (approximately 9.3-fold changes) were similar to
those of the wild-type (Fig. 5A). The complementary phenotype
of Arabidopsis seeds was further verified via DMACA staining
(Fig. 5B).These results showed that CsPH4 could partially com-
plement the PA-deficient phenotype of the ##2 mutant.

To further analyse the function of CsPH4, we tested the
effect of CsPH4 overexpression on PA biosynthesis in the
Arabidopsis wild-type. Higher PA accumulation (approxi-
mately 1.7-fold change) was observed in the seeds of the
OE-CsPH4 lines than in those of the wild-type (Fig. 5A—C).
These results suggested that CsPH4 could promote the accu-
mulation of PAs in the Arabidopsis wild-type.

CsPH4 interacts with Noemi to form a regulatory
complex

MYB TFs were reported to interact with bHLH TFs to form a
regulatory complex (Allan ef al., 2008).To determine whether
CsPH4 and Noemi form a regulatory complex, Y2H assays
were performed. Because BD—CsPH4 exhibited transcriptional
self~activation in a prior investigation, the truncated CsPH4%¢?
was used (see Supplementary Fig. S11). The Y2H assays showed
that CsPH4"“? could interact with Noemi (Fig. 6A).

To further confirm the interaction between CsPH4 and
Noemi,a BiFC assay was performed in tobacco (N. benthamiana)
leaves. A yellow fluorescence signal was observed in the nu-
clei of tobacco cells co-transformed with CsPH4-nYFP and
Noemi—cYFP (Fig. 6B). No fluorescence signal was observed
in cells that were transformed with the empty vector nYFP


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz506#supplementary-data
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Fig. 4. Functional characterization of CsPH4 and Noemi overexpression in citrus calli. (A) Phenotypes of transgenic citrus calli. RM, wild-type citrus
callus; OE-CsPH4, CsPH4-overexpressing callus; OE-Noemi, Noemi-overexpressing callus. (B) Semi-quantitative RT-PCR and western blotting analysis
of CsPH4 and Noemi transcript and protein levels. An anti-HA antibody was used for immunoblotting. Actin, Actin gene (internal control). (C) DMACA
staining of transgenic citrus calli. (D) Quantification of soluble and insoluble PA levels in transgenic citrus calli. DW, dry weight. (E) Relative expression of
flavonoid biosynthetic genes in CsPH4-overexpressing calli. (F) Relative expression of flavonoid biosynthetic genes in Noemi-overexpressing calli. After
several rounds of subculture, stable transgenic callus lines were established on selectable media. Calli grown for 15 d were collected for each assay.
The gene expression data in ‘RM’ were normalized to 1. Error bars represent the mean +SD of three biological replicates. Asterisks indicate significant
differences using Student’s t-test: *P<0.05; **P<0.01. (This figure is available in colour at JXB online.)

plus CsPH4—cYFP or the empty vector cYFP plus Noemi—
nYFP. These results indicated that CsPH4 interacted physically
with Noemi in vivo (Fig. 6B).

In addition, an in vitro pull-down analysis was conducted
sequentially to further verify the interaction results. The re-
combinant GST-CsPH4 protein and the GST control were in-
cubated in vitro with the recombinant His—=Noemi protein. The
protein was eluted with glutathione and immunoblotted with
anti-GST and anti-His antibodies. GST-CsPH4 was pulled

down, but GST alone was not, suggesting that GST-CsPH4
interacted directly with the His—Noemi protein (Fig. 6C).

The CsPH4-Noemi complex activates the expression
of PA biosynthetic genes and Noemi by binding to the
promoters of these genes

As mentioned earlier, the transcript levels of flavonoid biosyn-
thetic genes, including DFR, ANS, ANR, LAR, and UFGT2,
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transformants. DW, dry weight. Error bars represent the mean +SD of three biological replicates. Asterisks indicate significant differences using Student’s
t-test: **P<0.01; n.s., no significant difference. (This figure is available in colour at JXB online.)

were significantly enhanced by CsPH4 and Noemi. The expres-
sion of Noemi was significantly up-regulated in OE-CsPH4
citrus calli. To further test whether CsPH4 and Noemi directly
regulated the expression of DFR, ANS, ANR, LAR, UFGT2,
and Noemi, a transient expression assay was performed using the
dual-luciferase system. We found that CsPH4 or Noemi alone
could not activate the expression of DFR, ANS, and ANR,
whereas co-expression of CsPH4 and Noemi significantly ac-
tivated the expression of these genes (Fig. 7B). Transient ex-
pression assays also revealed that CsPH4 alone could activate
the promoters of LAR and Noemi, while the ability to activate
the promoters of LAR and Noemi was significantly enhanced
after co-expression of CsPH4 and Noemi (Fig. 7B). However,
UFGT2 was not activated in any way (see Supplementary Fig.
S12).These results suggested that co-expression of CsPH4 and

Noemi significantly activated the promoters of DFR, ANS,
ANR, LAR, and Noemi but not UFGT?2.

Tobacco leaves are widely used as a transient expression
system for verifying gene function. To further determine
whether the CsPH4-Noemi regulatory complex promoted the
accumulation of PAs, CsPH4, Noemi, and CsPH4 plus Noemi
were transiently overexpressed in tobacco leaves. Quantitative
measurements showed that the soluble PA levels were signifi-
cantly higher in tobacco leaves overexpressing CsPH4 plus
Noemi than those overexpressing CsPH4, Noemi, or control,
whereas no significant difference was detected in anthocyanin
contents (see Supplementary Figs S10B, S13, S14). qRT-
PCR analysis showed that transient co-expression of CsPH4
and Noemi significantly induced the expression of flavonoid
biosynthetic genes (NtCHS, NtF3H, NtDFR, NtANS, and
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NtLAR) in tobacco leaves, while expression of the key antho-
cyanin biosynthetic gene NtUFGT was not significantly in-
duced (Fig. 7C).

The regulation of PA biosynthesis by the MBW complex
was mainly mediated by R2R3-MYB recognition of the con-
sensus MYB-recognizing element (MRE) (Zhu et al., 2015;
Zhai et al., 2016). By analysing the promoter sequences of

citrus PA biosynthetic genes and Noemi, we found that the
DFR, ANS, ANR, LAR, and Noemi promoters all contained
the consensus MRE site. To test the ability of CsPH4 to bind
the promoters of PA biosynthetic genes and Noemi, an EMSA
assay was performed. The results confirmed that CsPH4 could
bind to the MRE sites within the promoters of DFR, ANR,
LAR, and Noemi but not ANS (Fig. 7D).
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Discussion

The CsPH4-Noemi regulatory complex controls PA
biosynthesis via a positive feedback loop

Fruit secondary metabolites, such as carotenoids, vitamins, and
flavonoids, are important determinants of fruit quality (Goufo
and Trindade, 2014; Nisar et al., 2015). The tissue specificity of
secondary metabolite accumulation depends on the expression
of structural genes and their transcriptional regulation level. In
this study, the RINA-seq analysis showed that the differential
expression of PA biosynthetic genes (DFR, ANS, ANR, and
LAR) and several TFs (such as CsPH4, Noemi, CsIWWRKY44,
CsTRY, and CsMYB179) were highly correlated with PA
accumulation in both seeds and pulps (Fig. 2B, C). Previous
studies have shown that CsWRKY44 (T TG2-like) and CsTRY
(AtTRY-like) were involved in trichome and root hair pat-
terning development (Johnson et al., 2002; Schellmann et al.,
2002).The function of CsMYB196 (homologous to AtMYB6)
has hardly been reported so far. Then, our sequence analysis
revealed that CsPH#4 has a high homology with 'vMYB5a/b,
AtMYB5, and MtMYB5, and Noemi shared the highest se-
quence homology with I'vMYC1 (Fig. 3B). These homolo-
gous genes have been shown to modulate PA biosynthesis
(Deluc et al., 2006; Deluc et al., 2008; Verdier et al., 2012; Liu
et al., 2014a). Additionally, Butelli ef al. (2019) reported that
Noemi is essential for the production of citrus flavonoid pig-
ments, based on the natural variations of gene sequence and
flavonoid content among germplasms. These results indicated
that CsPH4 and Noemi are the most likely candidate regulators

of PA biosynthesis in citrus. Therefore, we choose these two
genes for further analysis, with the purpose of elucidating the
molecular mechanism underlying PA modulation.

Subsequent genetic evidence demonstrated that both
CsPH4 and Noemi are positive regulators that are involved
in PA accumulation by up-regulating flavonoid biosynthetic
genes in citrus calli and Arabidopsis. Consistent with the find-
ings in model species, CsPH4 interacts with Noemi to form
a CsPH4-Noemi regulatory complex and synergistically ac-
tivates the expression of PA biosynthetic genes in citrus. The
regulatory complex also directly induced the expression of
Noemi and further promoted the biosynthesis of PA via a posi-
tive feedback loop. Natural selection leads to increased preci-
sion of PA biosynthesis in citrus, and the tissue specificity of
PA accumulation has obviously evolved. Our data indicated
that PAs could be significantly accumulated in citrus only
when CsPH4 and Noemi were both highly expressed with
spatiotemporal specificity (e.g. in seeds of ‘Anliu’), while PAs
could not be accumulated at low expression levels of CsPH4
and Noemi or without spatiotemporal specificity (e.g. in seeds
and pulps of ‘Hong Anliu’ and ‘Succari’). Based on these results,
we proposed a model that was consistent with the molecular
mechanisms responsible for the regulation of PA biosynthesis
in citrus (Fig. 8).

Bud mutants caused by point mutations, large deletions, and
the insertions of retrotransposons are one of the most important
breeding approaches for developing valuable fruit crops, such
as citrus, grape, apple, and persimmon (Liu ef al.,2007;Yamane
et al., 2008; Pelsy, 2010). Using these mutations to develop mo-
lecular markers can effectively speed up the breeding process,
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Fig. 8. A proposed model of the mechanism by which the CsPH4-Noemi regulatory complex regulates PA biosynthesis. Top: under low-expression
conditions, neither CsPH4 nor Noemi can be translated to the corresponding protein and form the complex, resulting in the inability to induce PA
biosynthetic genes and Noemi expression; thus, PAs could not be effectively accumulated. Bottom: under high-expression conditions, CsPH4

interacts with the Noemi protein to form a regulatory complex, which is mediated by CsPH4 recognition by the consensus MRE site and induction of
the expression of PA biosynthetic genes and Noemi. Simultaneously, the regulatory complex provides further positive feedback, which regulates the
expression of Noemi, thereby enhancing the accumulation of PAs in citrus. The green parts represent the CsPH4 protein, and the purple parts represent

the Noemi protein. (This figure is available in colour at JXB online.)
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especially for perennial fruit crops. Previous studies reported
that the acidless phenotype of citrus is usually accompanied
by the three traits of low fruit acidity, white flowers and green
leaves, and seeds of light cream colour, and natural variation
or low expression of Noemi is an important determinant of
the phenotype (Butelli er al., 2019). Compared with ‘Anliu’,
‘Hong Anliu’ and ‘Succari’ are also two acidless varieties. Based
on this and our results, we speculated that the sequence vari-
ation of Noemi or CsPH4 might be the primary cause leading
to different PA accumulation among the three varieties.
Nevertheless, in this study, we mainly focused on elucidating a
common mechanism for the regulation of PA biosynthesis in
citrus. No attention has been paid to revealing the mutations
responsible for the phenotypes among these three genotypes.
Further work needs to be done to determine the contribution
of Noemi or CsPH4 sequence variants and molecular regula-
tory networks to both traits. The natural variation of CsPH4 or
Noemi holds out the prospect of developing molecular markers
for PA as well as acidless breeding of citrus fruits.

CsPH4 determines the functional specificity of the
CsPH4-Noemi complex in regulating PA biosynthesis

In this study, both seed and pulp of ‘Anliu’ versus ‘Hong Anliv’
showed fewer differentially regulated genes compared with
those of the comparison between ‘Anliu’ versus ‘Succari’,
which suggest that the phenotypic variation among the three
citrus varieties may be involved in the alteration of multiple
biological processes and metabolic pathways. The bHLH pro-
teins of the subgroup IIIf-1 (i.e. PhRANT, At TT8, MtTTS, IpIV'S,
and 'vMYC1) interact with various R2R3-MYBs to regulate
anthocyanin and PA biosynthesis and cell development (Allan
et al.,2008; Hichri et al.,2010,2011; Nesi et al.,2000). Our ana-
lysis found that Noemi belonged to subgroup IIIf-1 and shared
a highest sequence homology with I'vMYC1 (Fig. 3B). Recent
studies have shown that Noemi controls PA biosynthesis in seeds
and is also essential for the regulation of fruit acidity (Butelli
et al., 2019). These results indicated that Noemi not only regu-
late the biosynthesis of PAs, but also participate in other meta-
bolic pathways. It is a possibility that Noemi forms complexes
with different partners, such as CsPH4, Ruby, CsTRY (AtTRY-
like), and CsWRKY44 (TTG2-like), to regulate different meta-
bolic pathways and cell development (Johnson et al., 2002;
Schellmann et al., 2002; Butelli et al., 2012). By contrast, the
PA regulator clades of R2R3-MYB consisted of two subclades,
PA clades 1 and 2, and clade 2 was subdivided into two distinct
clusters (Fig. 3A), suggesting that members of R2R3-MYDB re-
sponsible for PA regulation varied significantly among different
species. PA biosynthesis is more specifically regulated by TT2,
V'vMYBPA2, MtPAR, and other genes, which clustered in clade
1. Conversely, VvMYB5a, AtMYB5, and MtMYB5, which be-
long to clade 2 (where CsPH4 clustered), are also in some way
involved in accumulation of other metabolites.

As previously reported, the co-expression of CitPH4 and
CitANT strongly induced CitPH1 and CitPHS5 expression to lead
to citric acid accumulation in citrus fruit (Li et al., 2015; Strazzer
etal.,2019). Our data indicated that both CsCAC16.5 (a protease-
like protein that may be involved in vacuolar acidification) and

CsPHS5 were consistently expressed at significantly lower levels
in seeds and pulps of ‘Hong Anliu’ and ‘Succari’ than in ‘Anliu’.
There was a tendency for co-expression between CsCAC16.5,
CsPH5, and CsPH4 (Fig. 2A), suggesting that CsPH4 poten-
tially regulates the expression of CsCAC16.5 and CsPH5.Thus,
CsPH4 not only regulates PA biosynthesis but also participates
in citric acid accumulation in citrus. Recent studies have shown
that T’vMYB)5 has similar functions to PhPH4 and AtMYBS5,
and is also involved in controlling vacuolar hyper-acidification
and trafficking in grapevine (Amato et al., 2019). These results
suggested that the regulator involved in PA accumulation had
obvious functional diversification, that is, the regulator of clade
1 more specifically regulated the biosynthesis of PAs, while the
regulator of clade 2 not only regulated the biosynthesis of PAs
but also regulated vacuolar acidification in plants.

The accumulation of anthocyanins and PAs shares the same
upstream metabolic pathway. In most cultivated citrus varieties,
the accumulation of anthocyanins is associated with the ac-
tivity of the transcriptional activator Ruby (Butelli ef al., 2017;
Huang ef al., 2018). However, our transcriptomic data showed
no obvious difference in Ruby expression among the three var-
ieties. Huang ef al. (2018) overexpressed Ruby in Arabidopsis
and found no significant changes in PA content (Huang ef al.,
2018).These results suggested that Ruby only participated in the
biosynthesis of anthocyanins, not PAs. Meanwhile, the CsPH4
protein was verified to directly bind to MRE sites (Fig. 7) and
provided DNA-binding specificity for the activation of target
genes to regulate PA biosynthesis in citrus. Compared with the
wild-type, the expression of UFGT2 in OE-CsPH4 calli was
significantly up-regulated, whereas no significant increase of
anthocyanin content detected. Also, the CsPH4-Noemi com-
plex could not activate the expression of UFGT?2 in the tran-
sient expression assays. Thus, the up-regulation of UFGT2 in
transgenic calli is more likely to be the result of positive feed-
back regulation. Collectively, it can be concluded that CsPH4
determines the functional specificity of the CsPH4-Noemi
complex in regulating PA biosynthesis, while Ruby is specific-
ally involved in anthocyanins.
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