Plant Physiology Preview. Published on February 20, 2018, as DOI:10.1104/pp.17.01830

© 00 N O Uu b~ W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

The citrus transcription factor CsSMADS6 modulates carotenoid metabolism by

directly regulating carotenogenic genes

Short title: Citrus CSMADSG regulates carotenoid metabolism

Suwen Lu, Yin Zhang, Kaijie Zhu, Wei Yang, Junli Ye, Lijun Chai, Qiang Xu, Xiuxin
Deng*

Key Laboratory of Horticultural Plant Biology (Ministry of Education), Huazhong
Agricultural University, Wuhan, China

One-sentence summary: Citrus CsSMADS6 coordinately and positively modulates
carotenoid metabolism by directly regulating the expression of LCYb1l and other
carotenogenic genes, including PSY, PDS, and CCDL.

Author Contributions:

X.X.D. conceived the project and supervised the experiments; S.W.L. designed and
performed most of the experiments; Y.Z., KJ.Z. and W.Y. assisted with the
experiments; S.W.L. analyzed the data and wrote the article with contributions from
all of the authors; Q.X., L.J.C., and J.L.Y. edited the manuscript.

Financial Sources:

This research was financially supported by the National Natural Science Foundation
of China (no. 31330066, 31521092 and 31630065), China Agriculture Research
System (CARS-27), and the 111 project (B13034).

* Corresponding author

Xiuxin Deng

Key Laboratory of Horticultural Plant Biology (Ministry of Education), Huazhong
Agricultural University, Wuhan, China

Email: xxdeng@mail.hzau.edu.cn

Tel number: +86-27-87286906, Fax number: +86-27-87281850

Downloaded from on February 20, 2018 - Published by www.plantphysiol.org
Copyright © 2018 American Society of Plant Biologists. All rights reserved.

Copyright 2018 by the American Society of Plant Biologists


http://www.plantphysiol.org

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Abstract

Although remarkable progress has been made towards understanding carotenoid
biosynthesis, the mechanisms that regulate the transcription of carotenogenic genes
remain poorly understood. Lycopene p-cyclases (LCYb) are critical enzymes located
at the branch point of the carotenoid biosynthetic pathway. Here, we used the
promoter sequence of LCYbl as bait in a yeast one-hybrid screen for
promoter-binding proteins from sweet orange (Citrus sinensis). This screen identified
a MADS transcription factor, CSMADS6, that was coordinately expressed with fruit
development and coloration. Acting as a nuclear-localized transcriptional activator,
CsMADSG6 directly bound the promoter of LCYbl and activated its expression.
Overexpression of CSMADSG in citrus calli increased carotenoid contents and induced
the expression of LCYb1 and other carotenogenic genes, including phytoene synthase
(PSY), phytoene desaturase (PDS), and carotenoid cleavage dioxygenase 1 (CCD1).
CsMADS6 up-regulated the expression of PSY, PDS, and CCD1 by directly binding
to their promoters, which suggested the multi-targeted regulation of carotenoid
metabolism by CsSMADS6. In addition, the ectopic expression of CSMADS6 in tomato
(Solanum lycopersicum) affected carotenoid contents and the expression of
carotenogenic genes. The sepals of CSMADS6-overexpressing tomato lines exhibited
dramatic changes in carotenoid profiles, accompanied by changes in plastid
ultrastructure. Global transcriptome analysis of transgenic sepals revealed that
CsMADSG regulates a series of pathways that promote increases in flux through the
carotenoid pathway. Overall, these findings establish that CsMADS6 directly
regulates LCYb1l and other carotenogenic genes to coordinately and positively
modulate carotenoid metabolism in plants, which may provide strategies to improve
the nutritional quality of crops.
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Introduction

Carotenoids are important secondary metabolites that are widely distributed and
play many vital roles in nature. In plants, carotenoids generally give flowers and fruits
distinct colors ranging from yellow and orange to red (Bartley and Scolnik, 1995).
They also participate in photosynthesis and photoprotection (Niyogi et al., 1997; Holt
et al., 2005), serve as precursors for phytohormones (Schwartz et al., 1997; Alder et
al., 2012), and promote the scavenging of reactive oxygen species (Di et al., 1989;
Edge et al.,, 1997). In humans, carotenoids serve as precursors for vitamin A
(DellaPenna and Pogson, 2006) and excellent antioxidants that prevent cancer and
other related diseases (Fraser and Bramley, 2004; Fiedor and Burda, 2014). The
carotenoid biosynthesis pathway has been studied extensively and genes underlying
most of the biosynthetic steps have been identified in many plants (Fraser et al., 1994;
Moise et al., 2014; Nisar et al., 2015). Previous studies have shown that the
coordinated expression of genes that encode carotenoid biosynthetic enzymes tightly
regulates carotenoid metabolism (Liu et al., 2015; Yuan et al., 2015). However,
although the carotenoid biosynthetic pathway and the expression patterns of
carotenogenic genes are well characterized, knowledge of the transcriptional
regulatory mechanisms that control the expression of these genes is rather limited.

Transcription factors (TFs) bind to promoters and directly regulate the
transcription of their target genes. A large number of TFs affect carotenoid
accumulation by regulating fruit ripening, ethylene biosynthesis, photomorphogenesis,
and other processes. These TFs include TAGL1 (TOMATO AGAMOUS-LIKE 1)
(Itkin et al., 2009; Vrebalov et al., 2009), ERF6 (ETHYLENE RESPONSE FACTOR
6) (Lee et al., 2012), GLK2 (Golden 2-like) (Powell et al., 2012), and CubHLH1
(Basic Helix-Loop-Helix 1) (Endo et al., 2016). However, only a few TFs have been
demonstrated to directly regulate the expression of carotenogenic genes and control
carotenoid metabolism. For example, PIF1 (phytochrome interacting factor 1), a
light-responsive TF, specially binds the PSY (phytoene synthase) promoter and
represses the expression of PSY and the accumulation of carotenoids in dark-grown
Arabidopsis (Arabidopsis thaliana) seedlings (Toledo-Ortiz et al., 2010) and tomato
(Solanum lycopersicum) fruits (Llorente et al.,, 2016). However, HY5 (LONG
HYPOCOTYL 5), a PIF antagonist, directly binds a common cis-element (G-box) in
the promoter of PSY and promotes the accumulation of carotenoids associated with
photosynthesis in response to light and temperature cues (Toledo-Ortiz et al., 2014).
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Welsch et al. (2007) identified the APETALA2 (AP2)/ethylene-response
element-binding protein RAP2.2, which binds the ATCTA element in the promoter of
PSY and regulates its expression in Arabidopsis. Tomato RIN (Ripening Inhibitor), a
MADS-box TF, promotes the accumulation of lycopene by directly regulating the
expression of PSY (Martel et al., 2011). Recently, papaya (Carica papaya) CoNAC1
has been shown to directly bind the NAC binding site (NACBS) in CpPDS2/4
(phytoene desaturase) promoters (Fu et al., 2016). CoNAC?2 interacts with CpEIN3a
and cooperatively regulates the expression of carotenoid biosynthesis-related genes
CpPDS2/4, CpLCY-e (lycopene e-cyclase), and CpCHY-b (f5-carotene hydroxylase)
during fruit ripening (Fu et al., 2017). Sweet osmanthus (Osmanthus fragrans)
OfWRKY3 binds the W-box palindrome motif in the OfCCD4 (carotenoid cleavage
dioxygenase 4) promoter and induces gene expression (Han et al., 2016). Zhu et al.
(2017) identified an R2R3-MYB transcription factor, CrMYBG68, that negatively
regulates the expression of CrBCH2 (f-carotene hydroxylase) and CrNCED5
(9-cis-epoxycarotenoid dioxygenase) in the flavedo of Citrus reticulata. MADS
proteins are one of the largest TF families in plants (Shore and Sharrocks, 1995;
Kaufmann et al., 2005). An increasing number of studies have recently shown that
these proteins participate in the regulation of fruit ripening and the carotenoid
biosynthesis that is associated with fruit ripening. For example, mutations in the
tomato MADS-box genes RIN, TAGL1, and FUL1/2 (FRUITFULL 1/2) result in fruit
ripening-defective phenotypes with repressed carotenoid accumulation (Vrebalov et
al.,, 2002, 2009; Itkin et al., 2009; Bemer et al., 2012; Wang et al., 2014).
Overexpression of either tomato TAGL1 or its homolog PpPLENA from peach
(Prunus persica) in tomato produces succulent sepals that accumulate substantial
levels of lycopene (ltkin et al., 2009; Tadiello et al., 2009; Vrebalov et al., 2009).
RNA interference-mediated suppression of the gene encoding SIMADSL, a negative
regulator, enhances both the expression of PSY1 and the accumulation of carotenoids
in tomato fruit (Dong et al., 2013). Most of the limited numbers of TFs that are known
to affect carotenoid biosynthesis directly regulate PSY, which encodes the enzyme
that catalyzes the first and rate-determining step of carotenoid biosynthesis. However,
knowledge of TFs that coordinately modulate carotenoid metabolism by directly
regulating other biosynthetic genes is still lacking, even in model plants.

Lycopene p-cyclases (LCYDb) catalyze the cyclization of red lycopene into
yellow-orange p-carotene at the branch point of the carotenoid biosynthesis pathway
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(Cunningham et al., 1996). The levels of LCYb expression change dramatically when
carotenoids accumulate during fruit development in a range of plant species (Pecker et
al., 1996; Yuan et al., 2015). Numerous studies have demonstrated that LCYb genes
are transcriptionally regulated by many factors such as phytohormones and
ripening-associated TFs. For example, during tomato fruit ripening, the expression of
LCYb genes is repressed by elevated levels of ethylene leading to the massive
accumulation of lycopene which is responsible for the red color of ripe fruit (Fraser et
al., 1994; Ronen et al., 2000; Alba et al., 2005). Repression of the MADS-box gene
TAGL1 or the ethylene signaling gene SIAP2a (APETALA2/ERF) up-regulates the
expression of LCYb, which could account for the significantly decreased lycopene and
increased f-carotene that is responsible for the orange-yellow phenotype of ripe fruit
(Vrebalov et al., 2009; Chung et al., 2010). Similarly, silencing of the auxin response
factor2 (SIARF2), which displays marked ripening-associated expression, suppresses
ethylene production and promotes the expression of SILCYB and SICYCB
(chromoplast-specific lycopene p-cyclase) (Hao et al., 2015). However, the
mechanisms used by these ripening-associated regulators to regulate the expression of
LCYb remain unknown.

Citrus is a non-climacteric fruit that accumulates high levels of carotenoids
(Fanciullino et al., 2006; Xu et al 2006; Matsumoto et al., 2007). In citrus fruits that
predominantly accumulate p,5-xanthophylls (i.e., violaxanthin and g-cryptoxanthin),
the transcriptional regulation of the LCYb genes during ripening has a remarkable
influence on the carotenoid profile. High-level expression of LCYb genes shifts the
flux of the pathway to the S-branch during the orange stage (Kato et al., 2004; Zhang
et al., 2012; Rodrigo et al., 2013). Additionally, reductions in the transcript levels of a
chromoplast-specific LCYb gene are responsible for the substantial accumulation of
lycopene in the pulp of sweet orange (Citrus sinensis) (Lu et al., 2016b) and
grapefruit (Citrus paradisi) (Alquézar et al., 2009; Mendes et al., 2011). However,
whether and how the expression of the citrus LCYb genes is regulated by the
ripening-associated regulators that are mentioned above is not clear. We previously
identified two LCYb genes (LCYbl and LCYb2) from sweet orange and successfully
identified critical regulatory elements in their promoters (Lu et al., 2016a, b). In this
study, we used the promoter sequences of these LCYb genes as bait to screen a sweet
orange fruit cDNA library and identified a MADS TF. Based on this cDNA sequence,
this gene was identical to a gene that has been previously isolated from mandarin
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(Citrus unshiu) named CitMADS6 (Endo et al., 2006). However, whether and how
CitMADS6 modulates carotenoid metabolism is currently unknown. Here, we
identified CSMADS6 in sweet orange and found that it induced increases in carotenoid
metabolism by directly regulating the expression of LCYb1 and other carotenogenic
genes. lIts roles in regulating the carotenoid metabolism of fruit were subsequently
characterized in transgenic tomato. Finally, multiple regulatory functions of
CsMADSG6 in reprogramming transcriptional networks that support the biosynthesis
and accumulation of carotenoids are discussed. These findings advance our
understanding of the complex transcriptional regulation of carotenoid metabolism in
plants.

Results
Yeast one-hybrid screening and sequence analysis of CSMADS6

To identify TFs that regulate carotenoid metabolism, we performed a yeast
one-hybrid (Y1H) screen. The promoter sequences of LCYb1 and LCYDb2 were used as
bait to screen a citrus fruit cDNA library. After Y1H screening, we successfully
obtained several clones (Supplemental Table S1). One clone encoding a protein
belonging to the large MADS TF superfamily attracted our attention because an
increasing number of studies have demonstrated that MADS protein(s) play important
roles in fruit development (Giovannoni, 2004). A BLAST search of the NCBI
database revealed that this MADS sequence was identical to a previously isolated
gene, CitMADSG, from mandarin (Endo et al., 2006). Thus, we named this apparently
orthologous gene from sweet orange CsMADS6. We successfully obtained its
full-length coding sequence, which encoded a protein of 257 amino acids with a
calculated molecular mass of 29.64 kDa and a predicted pl of 9.37.

To understand the relationship of this CSMADS6 protein to other MADS proteins,
we generated a phylogenetic tree with CSMADSG6 and other C-type MADS proteins. A
paralogous gene, CsSMADS1 (corresponding to the CitMADS1 from mandarin),
encoding a protein with 69% amino acid sequence similarity to CSMADS6, was also
included in this analysis. The analysis indicated that CSMADS6 and CsMADS1
grouped with AGAMOUS-like and AGAMOUS sub-clades, respectively. CSMADS6
was closely linked with Arabidopsis AtSHP2 and tomato TAGL1 (Figure 1A). A
multiple sequence alignment of CsMADS6, CsSMADS1 and their homologs from
Arabidopsis and tomato indicated that these proteins contained four typical plant
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MADS regions (the M-domain, I-region, K-box, and C-terminal domain). The
sequences from the conserved M-domain were highly similar, followed by the less
similar sequences from the I-region and the K-box. The C-terminal domain generally
varied (Figure 1B).

Expression of CSMADSG6 increases with fruit development and coloration

To understand the spatial and temporal expression patterns of CsMADS6, we
determined its relative transcript levels in different tissues and during the different
stages of fruit development in sweet orange. CSMADS6 was predominantly expressed
in the flower and fruit tissues. We observed low levels of expression in roots, stems,
and leaves. During fruit development, the transcript levels of CSMADS6 gradually
increased, peaking at 180 days after flowering (DAF) (breaker stage) and declining at
220 DAF (senescence stage) (Figure 2A).

We used immunoblotting to determine the levels of the CSMADSG6 protein in
citrus fruits at different stages of ripening. Actin (Act) was used as a loading control.
The protein levels of CSMADSG6 increased gradually during fruit development (Figure
2B). This result agreed well with the analysis of mMRNA levels. Based on these data,
we concluded that the expression of CSMADS6 increased with thecoloration of citrus
fruit and the accumulation of carotenoids (Liu et al., 2007).

CsMADSG localizes to the nucleus and functions as a transcriptional activator

To test the subcellular localization of CsMADS6, we generated a
CsMADS6-GFP (green fluorescent protein) fusion construct and co-expressed it with
the nuclear marker OsGhd7-CFP (cyan fluorescent protein) in citrus protoplasts.
Using fluorescence microscopy, we found that the GFP signals overlapped extensively
with the CFP signals, indicating that the CSMADS6-GFP fusion protein co-localized
with the OsGhd7-CFP nuclear marker in vivo (Figure 3A). These data indicated that
CsMADSG protein localized to the nucleus.

To assess the transcriptional activity of CSMADSG6 in vivo, we used a transient
expression assay system in Nicotiana benthamiana leaves. The reporter vector
contained 5x GAL4 activation domains upstream of the LUC (Firefly luciferase) gene.
In the effector vector, the CsSMADS6 gene was fused to the GAL4 DNA-binding
domain (pBD-CsMADSG6). Transactivation of the LUC gene was measured relative to
the REN (Renilla luciferase) gene under the control of the constitutive Cauliflower
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mosaic virus 35S (CaMV35S) promoter (Figure 3B). These constructs were
co-expressed in N. benthamiana leaves, and luciferase activity was quantified. The
results showed that, compared with the negative control (pBD), luciferase activity
significantly increased when the LUC-containing construct was co-expressed with
pBD-CsMADSS6, reaching levels similar to those of the positive control (pBD-VP16)
(Figure 3C). These data provided evidence that CSMADS6 may function as a
transcriptional activator.

CsMADSG6 directly binds and activates the promoter of LCYb1

To test the interaction between the CSMADSG protein and the LCYb1 promoter,
we first performed a Y1H assay. Bait yeast cells co-transformed with the control
vector (AD) or the fusion vector (AD-CsAMDS6) grew well on synthetic dropout
medium without leucine (SD/-Leu). However, only the yeast cells co-transformed
with the fusion vector AD-CsMADS6 could survive on the selective medium
supplemented with 400 ng mL™ of Aureobasidin A (SD/-Leu/AbA*®) (Figure 4A).
These data indicated that the CSMADS6 protein interacted with the LCYb1 promoter
in the yeast system.

Plant MADS-box proteins bind to specific DNA sequences known as CArG
elements [CArG-element sequences: C(C/T)(A/T)s(A/G)G, C(A/T)sG and
C(CIT)(AIT)G(AIT)4(AI/G)G] (Ito et al., 2008; Fujisawa et al., 2011). We found two
possible CArG elements in the LCYb1 promoter (Figure 4B and Supplemental Table
S2). We performed an electrophoretic mobility shift assay (EMSA) to test whether the
CsMADSG6 protein could bind the LCYb1 promoter at these potential binding sites.
Recombinant MBP-CsMADSG6-His shifted a band with the labeled DNA probes (P1
or P2), presumably by generating a protein-DNA complex. In contrast, the MBP-His
control did not affect the mobility of the labeled DNA probes. After an excess of
unlabeled DNA probe was added, the shifted band completely disappeared. In contrast,
when an excess of mutated unlabeled DNA probe was added, MBP-CsMADS6-His
still reduced the mobility of the labeled DNA probe (Figure 4C). We obtained similar
results with two different DNA probes from the LCYb1 promoter, indicating that the
CsMADSS protein specifically bound each CArG element in the LCYb1 promoter.

Thus, we found that CsSMADS6 directly bound to the LCYb1 promoter in vivo
and in vitro. We used a dual-luciferase assay to investigate the effect of CSMADS6
binding on promoter activity. The full-length promoter of LCYb1 was divided into five
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fragments (LP1 to LP5), relative to the two CArG elements by successively deleting
sequences from the 5'-end. The promoter activity of each fragment was measured to
identify the region(s) that interacted with CSMADS6 (Figure 4D). As shown in Figure
4E, the relative luciferase expression driven by the promoter fragment of LP1 was
significantly higher in the presence of CSMADS6 than the control, suggesting that
CsMADSEG activated the promoter activity of LP1. A deletion from LP1 to LP2 led to
a high level of activation by CSMADS6, whereas a further deletion to LP3, LP4 or
LP5 actually diminished activation. Taken together, the above data indicated that
CsMADSG6 protein activated the promoter activity of LCYb1 by interacting with the
two CArG elements that are located in the LP1 and LP2 fragments.

CsMADS6 increases carotenoid biosynthesis and affects the expression of
carotenoid-associated genes

CsMADS6 was first transformed into citrus calli to examine whether it
modulates carotenoid metabolism. Positive transformants from several independent
lines were recovered. Most of the transgenic lines (Ox-M6) were slightly more yellow
than the control (Rm) during culture. We selected one representative transgenic line
that showed color change and accumulated high levels of CsSMADS6 transcript and
protein for further carotenoid analysis (Figure 5A and 5B). Violaxanthin, lutein,
a-carotene and p-carotene were identified as the predominant carotenoids in these
citrus calli and were quantified using HPLC. The concentrations of the other
carotenoids were below the detection limit. The levels of violaxanthin significantly
increased, contributing to the high levels of total -carotenoids in the
CsMADS6-overexpressing calli (Figure 5C).

The transcript levels of carotenoid biosynthetic genes were monitored in three
independent transgenic lines. Notably, LCYb1 expression was significantly induced in
the overexpressing lines, consistent with CSMADS6 up-regulating the transcription of
LCYb1. We analyzed the expression of other important biosynthetic genes, including
PSY, PDS, CRTISO (carotenoid isomerase), LCYe, LCYb2, HYD (a/p-carotene
hydroxylase), ZEP (zeaxanthin epoxidase), and CCD1. Using RT-gPCR, we observed
a marked increase in the expression of PSY, PDS, CRTISO, LCYb2, HYD and CCD1
in the CsMADS6-overexpressing lines. The transcript levels of PSY, PDS and CCD1
increased 4-, 12-, and 2-fold in Ox-M6 lines, respectively. In contrast, the transcript
levels of LCYe were repressed and ZEP expression did not change significantly in
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Ox-M6 lines (Figure 5D). Taken together, these results indicated that the
overexpression of CSMADS6 increased carotenoid biosynthesis in transgenic calli and
induced the expression of LCYb1 and other carotenogenic genes, including PSY, PDS
and CCDL1.

We also quantified the expression of the TFs that are known to play a regulatory
role in carotenoid metabolism, such as HY5, PIF1, and RAP2.2 (Welsch et al., 2007;
Toledo-Ortiz et al.,, 2010, 2014), in transgenic citrus calli. We found that the
expression of HY5 and RAP2.2 significantly increased, and that the expression of
PIF1 was notably reduced in the CsMADS6-overexpressing lines (Supplemental
Figure S1). Moreover, RIN and FUL, two major ripening-associated MADS TF genes,
were not expressed in citrus calli and were not expressed at significantly different

levels in the transgenic lines and the control (data not shown).

CsMADS6 directly binds and activates the promoters of PSY, PDS, and CCD1

Because the transcript levels of carotenoid biosynthetic genes other than LCYb1,
such as PSY, PDS, and CCD1, were significantly induced when CsMADS6 was
overexpressed in citrus calli, we decided to investigate whether these genes were
direct targets of CSMADSG6. We first cloned the promoter regions of PSY (1589 bp of
accession no. MG594039), PDS (987 bp of accession no. MG594040), and CCD1
(1295 bp of accession no. MG594041) from sweet orange and discovered at least one
putative CArG element in each of their promoter regions (Figure 6A and
Supplemental Table S2). EMSAs were then performed to test whether the CSMADS6
protein binds these promoters. Due to the incomplete annealing of long probe
sequences, we observed bands representing the free probes of PDS and CCDL1 that did
not influence the binding of CSMADS6 to the promoter fragments. When the labeled
probes were incubated with the purified CSMADS6 protein, a specific shifted band
was detected for each probe. After an excess of unlabeled probe was added, the
shifted bands disappeared, suggesting that CSMADS6 specifically bound to these
DNA fragments (Figure 6B).

We used a dual-luciferase assay to evaluate the interactions between the
CsMADSG6 protein and the promoters of PSY, PDS and CCDL1 in vivo. The promoter
sequences of PSY, PDS, and CCD1 were successfully fused to the LUC reporter gene
(Figure 6C). As shown in Figure 6D, CsMADS6 strongly activated these three
promoters, especially the CCD1 promoter (approximately 7-fold). Thus, in addition to

10
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activating the promoter of LCYb1, CSMADSG6 also directly bound and activated the
promoters of PSY, PDS, and CCD1.

CsMADSG6 affects carotenoid profiles, plastid ultrastructure, and carotenogenic
gene expression in transgenic tomato

To better understand the function of CSMADSG6 in the carotenoid metabolism of
fruit, we ectopically overexpressed it in tomato, which is an optimal model system for
this study because tomato is easily transformed and can produce fleshy fruit within a
relatively short life cycle. Phenotypic characterization revealed that the transgenic
sepals were fused, succulent, and exhibited the characteristics of fruit development
with the color changing from green to orange and, ultimately, to red (Figure 7A).
Three independent single-copy transgenic lines (Ox-61, Ox-62, and Ox-65) that
accumulated high levels of CSMADSG6 transcript and protein were chosen for further
investigation (Figure 7B).

The major carotenoid in ripening tomato fruits is lycopene, followed by
[S-carotene and then lutein (Ronen et al., 2000; Burns et al., 2003). Tomato fruit
pericarps from the CsMADS6-overexpressing lines exhibited decreased levels of
lutein, increased levels of p-carotene, and no changes in the levels of lycopene and
total carotenoids relative to the control (Figure 7C). In addition, we compared the
carotenoid profiles of the sepals from the CsSMADS6-overexpressing lines to the wild
type (WT). Lutein is a photosynthetic pigment that accounts for the major fraction of
carotenoids in the tomato sepal. In contrast to significantly reduced lutein and
[-carotene content, lycopene levels in transgenic sepals dramatically increased to
much higher levels than the trace amounts found in the WT sepals. Indeed, the
carotenoid profiles of the transgenic sepals were similar to those of the pericarps from
the WT or the transgenic lines (Figure 7D). Chlorophylls, which typically accumulate
to high levels in WT sepals, were reduced to trace levels in the
CsMADSG6-overexpressing sepals (Supplemental Figure S2). Based on these data, we
concluded that the increased lycopene and decreased chlorophyll content was
responsible for the red appearance of the transgenic sepals, which had carotenoid
profiles similar to those of the fruit pericarps.

Carotenoids are stored in plastids, especially in chromoplasts (Vishnevetsky et al.,
1999; Li and Yuan, 2013). We used transmission electron microscopy (TEM) to
observe the plastid ultrastructure of transgenic tomato fruit. No significant differences

11
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were discovered in the ultrastructure of plastids from the pericarps of WT (Figure 8A
and 8E) and transgenic (Figure 8B and 8F) tomato fruit. However, remarkable
changes in plastid ultrastructure were observed in the sepals of the transgenic plants
overexpressing CsMADSG6. Instead of the spindle-shaped chloroplasts found in the
WT sepals (Figure 8C and 8G), the plastids in the sepals of CsSMADS6-overexpressing
lines were small, round, contained numerous plastoglobuli (Figure 8D and 8H), and
thus resembled chromoplasts from the pericarps of the WT and the transgenic lines.
This type of plastid ultrastructure was consistent with the accumulation of red
lycopene to high levels in the sepals of CSMADSG6-overexpressing lines.

The expression of carotenoid biosynthetic genes in WT and transgenic tomato
fruit pericarps was further examined by RT-qPCR. The results showed that in the
CsMADS6-overexpressing lines, the expression levels of LCYb1, PSY, PDS, CRTISO,
CYCB (the second functional LCYb gene in tomato fruits), BCH, ECH (a-carotene
hydroxylase), and CCD1 were all significantly up-regulated relative to the WT.
However, the mRNA levels of LCYe were repressed and the expression of ZEP was
not significantly altered in the transgenic lines (Figure 9A). We also determined the
transcript levels of LCYb1 and other carotenoid biosynthetic genes in the transgenic
sepals of CsSMADS6. We found that the mRNA levels of PSY in the transgenic sepals
were approximately 100-fold greater than in the WT (Figure 9B). The mRNA levels
of both CRTISO and CCD1 increased sharply, and the mRNA levels of PDS were also
elevated in the transgenic sepals. In contrast, the expression of LCYe, LCYb1, ECH
and ZEP was significantly down-regulated in the transgenic sepals. The transcript
levels of CYCB and BCH were not significantly different from their controls. The
above analyses indicated that CsMADS6 affected carotenoid profiles and
carotenogenic gene expression in transgenic tomato pericarps and sepals and also
significantly promoted plastid development and chromoplast formation in transgenic
tomato sepals.

Global transcriptome changes contribute to the dramatic carotenoid changes in
transgenic tomato sepals

Since the carotenoid profiles and carotenogenic gene expression in transgenic
tomato sepals dramatically changed, we performed RNA-seq analysis to investigate
the global transcriptome changes caused by CsMADS6 overexpression. The
transcriptome of the transgenic sepals was compared with that of the WT sepals
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(M6SvsWTS) and the WT pericarps (M6SvSWTR). A total of 4435 differentially
expressed genes (DEGs) were found in the M6SvSWTS comparison. A total of 2983
DEGs were identified in the M6SvSWTR comparison (Supplemental Figure S3). A
full list of DEGs can be found in Supplemental Table S3. A correlation analysis
revealed a high degree of consistency between the transcript abundance determined by
RT-gPCR and RNA-seq (Supplemental Figure S4). Hierarchical clustering analysis
indicated that the expression patterns were classified into seven groups and the
expression profiles in M6S were more similar to those of WTR than to the expression
profiles of WTS (Supplemental Figure S5). GO and KEGG analyses showed that the
DEGs from the M6SvsWTS comparison were largely involved in metabolism, and
that the DEGs from the M6SvSWTR comparison were principally associated with
photosynthesis (Supplemental Figure S6). For subsequent analysis, we mainly
focused on the DEGs that were identified from the M6SvsSWTS comparison. A
shortlist of DEGs, which is discussed below, is provided in Supplemental Table S4.
The expression changes are provided in Figure 10A. Transcriptional regulation by the
overexpression of CSMADS6 at a global level is schematically represented in Figure
10B.

In accordance with the preceding RT-gPCR analysis, the RNA-seq data revealed
significantly high levels of PSY and CRTISO transcripts and low levels of LCYe
transcripts in transgenic sepals. The expression levels of LCYbl (Solyc049g040190)
were not found (NA) due to the method that we used to quantify the RNA-seq data.
The nucleotide sequence of LCYb2 (Solyc10g079480) shares 85% similarity with
LCYbl and the expression levels of LCYb2 were significantly down-regulated in
transgenic sepals as determined by RNA-seq. Moreover, the expression levels of
several late carotenoid metabolic genes that are involved in the enzymatic degradation
of carotenoids for the production of abscisic acid (ABA) and strigolactones (SLs),
such as NCED and D27 (beta-carotene isomerase D27), were greatly reduced in the
transgenic sepals. The expression of genes involved in pathways other than the
carotenoid biosynthetic pathway was also significantly affected by the overexpression
of CsMADSG6. For example, two predominant genes, PFK (6-phosphofructokinase)
and PK (pyruvate kinase), which encode enzymes involved in carbohydrate
metabolisms and that produce pyruvate, were significantly up-regulated in the
M6SvsWTS comparison. PDH (pyruvate dehydrogenase), which encodes an enzyme
that catalyzes the decarboxylation of pyruvate to eventually produce acetyl-CoA for
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the citrate cycle (TCA cycle), was significantly down-regulated. Low transcript levels
of ADH (alcohol dehydrogenase), which is involved in anaerobic respiration, were
observed. Moreover, the transcript levels of many genes involved in secondary
metabolic pathways other than the carotenoid biosynthetic pathway notably changed
in the M6SvsWTS comparison. For example, the transcript abundances of two
phenylpropanoid related genes, PAL (phenylalanine ammonia-lyase) and 4CL
(4-coumarate-CoA ligase), were substantially repressed. The mevalonate (MVVA) and
methylerythritol 4-phosphate (MEP) pathways provide necessary precursors
(isopentenyl pyrophosphate, IPP; dimethylallyl diphosphate, DMAPP; geranylgeranyl
pyrophosphate, GGPP) for the biosynthesis of many secondary metabolites, including
carotenoids, chlorophyll, plastoquinone and tocopherol. The transcript levels of key
genes, including MPD (mevalonate disphosphate decarboxylase), DXS
(1-D-deoxyxylulose 5-phosphate synthase), CMK
(4-diphosphocytidyl-2-C-methyl-D-erythritol kinase) and GGPS (geranylgeranyl
pyrophosphate synthase), which encode enzmes involved in the biosynthesis of IPP,
DMAPP and GGPP were significantly increased. We also determined that the
expression of genes associated with many secondary metabolic pathways that are
located downstream of the MVVA and MEP pathways were significantly repressed. For
example, the transcript levels of the genes encoding IPT (tRNA dimethylallyl
transferase), which is involved in catalyzing the biosynthesis of DMAPP into zeatin,
and MNR (neomenthol dehydrogenase), which is involved in catalyzing the
conversion of IPP into monoterpenoid, were both reduced. Additionally, genes that
encode enzymes that are critical for utilizing GGPP for the synthesis of other
metabolites were also significantly down-regulated in transgenic sepals; these genes
include GA2o0x (gibberellin 2-oxidase, responsible for GA biosynthesis), PORA
(protochlorophyllide oxidoreductase, chlorophyll biosynthesis), ICS (isochorismate
synthase, phylloguinone biosynthesis), and MPHQMT
(methyl-6-phytyl-1,4-benzoquinone methyltransferase, plastoquinol and tocopherol
biosynthesis). These results indicated that the main carotenoid biosynthesis pathway,
which proceeds through IPP and GGPP, was active and that the synthesis of other
metabolites was partially blocked by the overexpression of CSMADS6.

Plant hormones, as a class of small molecules present in low abundance, play
important roles at various points in the life cycles of plants. RNA-seq data showed
that the transcript levels of genes involved in hormone biosynthesis were significantly
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changed. For example, the transcript levels of ACO1
(1-aminocyclopropane-1-carboxylate oxidase 1) and ACS2/4
(1-aminocyclopropane-1-carboxylate synthase 2/4), which encode enzymes for
ethylene biosynthesis, and CYP85A (Dwarf, brassinosteroid-6-oxidase), which
encodes an enzyme involved in brassinosteroid biosynthesis, were expressed at much
higher levels in transgenic sepals than in the controls.

Many DEGs that were annotated as transcription factors and regulators were
differentially expressed in the M6SvsWTS comparison. The most differentially
expressed regulatory genes belonged to the AP2/ERF, MADS, MYB, bHLH, and
WRKY families (Supplemental Figure S7). The expression levels of many fruit
ripening-related TFs, such as RIN, FUL, and NOR (non-ripening) were significantly
up-regulated in the transgenic sepals. We also observed the down-regulation of other
fruit ripening-related TFs such as HB-1 (HD-Zip homeobox) and GLK1 (Golden
2-like). The expression of TAGL1, a CsSMADS6 homolog in tomato, did not vary

significantly.

Discussion

Carotenoids are important secondary metabolites in plants. LCYb1 is known to
play an important role in plant carotenoid metabolism, but the transcriptional
regulation of LCYb1 is not well understood. Citrus fruit is rich in carotenoids. Thus,
understanding the mechanisms that regulate carotenoid metabolism is of great
significance to the citrus industry. In this study, we identified a citrus MADS TF,
CsMADS6, with potential roles in regulating the expression of LCYbl and the
accumulation of carotenoids. CSMADS6 belongs to the AGAMOUS-like subfamily
and is homologous to the TAGL1 protein from tomato (Figure 1). Previous studies
have reported that the carotenoid profiles and the transcript levels of biosynthetic
genes are significantly influenced by the overexpression or suppression of tomato
TAGL1 (Itkin et al., 2009; Vrebalov et al., 2009). In addition, we found that CSMADS6
was strongly expressed in a ripening-specific manner (i.e., associated with the
accumulation of carotenoids in citrus fruit) (Figure 2) (Liu et al., 2007). These data
are consistent with CsMADS6 contributing to carotenoid metabolism. We

subsequently obtained direct evidence to support this idea.

CsMADSE is a direct and positive regulator of LCYbl
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Using a variety of approaches (i.e., Y1H, EMSA, and dual-luciferase assay), we
first demonstrated that CSMADS6 directly binds to the promoter of LCYbl and
activates the promoter activity of LCYb1l (Figure 4). In addition, we found that
transcript abundance of LCYb1 was significantly higher in CSMADS6-overexpressing
citrus calli (Figure 5D) and CsMADS6-overexpressing tomato pericarps (Figure 9A)
than that in the controls, which provided more evidence that CSMADS6 induced the
expression of LCYb1. Previous studies have reported that the expression of LCYb
genes is higher in tomato TAGL1-RNA interference lines, which is consistent with
TAGL1 negatively regulating the expression of LCYb (Vrebalov et al., 2009).
However, in this study, the transcript levels of LCYb genes were higher in
CsMADSG6-overexpressing tomato pericarps than those in the control (Figure 9A),
which is consistent with CSMADSG6 positively regulating the expression of LCYb in
tomato pericarps. These findings indicated that CSMADSG6 and its homolog (TAGL1)
both regulated the expression of LCYb in the pericarp of tomato, but the nature of
their regulatory activity was distinct. Citrus fruits mainly accumulate xanthophylls,
such as violaxanthin and S-cryptoxanthin, but rarely accumulate lycopene (Kato et al.,
2004; Fanciullino et al., 2006). During the development of citrus fruit, the transcript
levels of LCYb genes gradually increases and the expression patterns of LCYb and
CsMADS6 were similar (Kato et al., 2004; Liu et al., 2007; Lu et al., 2016). In
contrast, during the development of tomato fruit, the expression of LCYb genes was
gradually down-regulated and the expression patterns of LCYb and TAGL1 were
inversely associated. The down-regulation of LCYb expression is followed by the
accumulation of large quantities of lycopene in fruit (Pecker et al., 1996; Ronen et al.,
1999, 2000). It is therefore reasonable to suggest that LCYb expression is positively
regulated by CsMADS6 and negatively regulated by TAGL1, showing the
species-specific regulation of LCYb expression by AGAMOUS-like MADS TFs.

CsMADS6 promotes carotenoid metabolism by directly regulating the expression
of LCYDb1 and other carotenogenic genes, including PSY, PDS, and CCD1

This study found that the overexpression of CsSMADS6 resulted in increased
[S-branch carotenoid content in both transgenic citrus calli (Figure 5C) and tomato
pericarps (Figure 7C). It is difficult to suppress fruit-specific MADS genes in citrus,
which are perennial woody trees. However, previous studies have reported that
silencing its homolog in tomato leads to significantly lower amounts of carotenoids in
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fruit, and these changes correlate with reduction in the transcript levels of PSY and
other biosynthetic genes (Itkin et al., 2009; Vrebalov et al., 2009). Collectively, these
findings indicate that CSMADS6 positively modulates carotenoid metabolism. This
study discovered that many carotenogenic genes other than LCYb1, such as PSY, were
affected by the overexpression of CSMADS6 (Figure 5D and 9A). PSY is generally
accepted as a key determinant of total carotenoids in a number of fruits, such as
tomato (Fraser et al., 1994; Bramley, 2004) and citrus fruits (Kato et al., 2004; Tao et
al., 2007). In this study, we found that the levels of total carotenoids were consistently
enhanced when the transcript levels of PSY were enhanced in the
CsMADSG6-overexpressing lines. The high levels of LCYb1, LCYb2 and HYD, together
with the reduced levels of LCYe, directed lycopene into the g-branch of carotenoid
synthesis, resulting in elevated levels of violaxanthin in CsMADS6-overexpressing
citrus calli (Figure 5C), which resembles the carotenogenesis that occurs in the
ripening fruit of sweet orange (Kato et al., 2004; Liu et al., 2007). In transgenic
tomato, the altered expression levels of carotenoid biosynthetic genes similarly
increased the levels of the p-branch carotenoids in CsMADS6-overexpressing lines
(Figure 7C). In contrast to the greatly increased transcript levels from the biosynthetic
genes, especially PSY and PDS, carotenoid profiles changed little in transgenic calli.
Latari et al. (2015) determined that the unchanged carotenoid levels in the leaves of
Arabidopsis AtPSY-overexpressing lines were due to CCD4 cleaving specific
xanthophyll molecules to yield high levels of Cy3 apocarotenoid glycosides. Thus, the
discordance produced by this study may be partially explained by the increased
transcript levels of CCD1, which catalyzes the enzymatic degradation of carotenoids
to yield volatile compounds such as g-cyclocitral or other apocarotenoids (Simkin et
al., 2004). It is difficult to detect these derivatives because of their low content in
citrus calli.

Overexpressing CsSMADS6 in tomato sepals dramatically altered the carotenoid
profiles and the expression of many carotenoid-associated genes (Figure 7D and 9B).
Similar phenomena have been reported by previous studies of homologous genes from
tomato and peach, which is consistent with the conservation of transcriptional control
of fruit ripening by the AGAMOUS-like MADS regulators in climacteric and
non-climacteric species (Itkin et al., 2009; Tadiello et al., 2009; Vrebalov et al., 2009).
The extent of the changes was relatively greater in the transgenic sepals than in the
transgenic pericarps. We also discovered that overexpression of CsSMADS6 had
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different effects on gene expression in transgenic pericarps and sepals (Figure 9). For
example, tomato LCYb1 was significantly up-regulated in transgenic pericarps but
down-regulated in transgenic sepals. These findings are consistent with the tissue type
influencing the transcriptional regulation by CSMADS6. Jinseo et al. (2010) reported
that the number of genes up-regulated by OsNAC10 in rice (Oryza sativa) is different
in roots and leaves and that the expression of only four genes is up-regulated in both
organs. Alternatively, Bovy (2002) reported that the LC/C1 TF effect on flavonoid
gene expression is much more modest in leaves than in fruit because the flavonoid
pathway is already active in WT leaves. Similarly, the moderate changes in transgenic
tomato pericarps may be due to the high activity of the carotenoid biosynthetic
pathway in tomato pericarps. We cannot rule out the possibility that this expression in
tomato sepals and the significantly different expression of other ripening-related TFs,
that were revealed by RNA-seq data, are coordinately regulated (Figure 10).

Further investigation demonstrated that CSMADS6 could bind directly to the
promoters and up-regulate the expression of PSY, PDS, and CCD1 (Figure 6). In the
dual-luciferase assays, we found that CSMADS6 induced higher levels of activation of
the CCD1 promoter than those of the PSY and PDS promoters (Figure 6D). Espley
(2009) demonstrated that in the presence of the MYB10 effector, the expression of the
LUC reporter increases when the number of cis-acting elements in the promoter
increases. The numbers of the predicted CArG elements in the promoter of CCD1 (5)
were more than those of PSY (2) and PDS (3) (Supplemental Table S2), possibly
suggesting a positive correlation between the number of CArG elements and the
activation of the promoter by CsMADS6. Our results of the dual-luciferase assays
displayed the ability of CSMADSG6 to activate the two promoter fragments of LCYb1
(LP1 and LP2). However, a deletion from LP1 to LP2 decreased the numbers of
CArG elements, leading to high levels of activation by CsSMADS6. These data imply
that the sequence context locating from LP1 to LP2 may affect the binding affinity or
activation of CsSMADS6 to the promoter of LCYbl. The increased expression of
CRTISO, LCYb2 and HYD in transgenic lines may also be regulated by CsSMADS6
through the possible CArG elements discovered in their promoters (Supplemental
Table S2). Hu et al. (2015) identified a HD-ZIP TF, SIHZ24, that modulates ascorbate
levels by targeting the genes encoding three members of the D-mannose/L-galactose
(D-Man/L-Gal) biosynthetic pathway. ChIP-seq analyses indicate that the tomato FUL
homologs generally regulate carotenoid metabolism and that RIN specially regulates
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the accumulation of lycopene (Fujisawa et al., 2013; 2014). This study clearly shows
that, similar to the FUL homologs, CsSMADSG6 affects carotenoid metabolism by
directly regulating the expression of multiple genes that contribute to carotenoid
biosynthesis.

In this study, we found that the expression of HY5, RAP2.2 and PIF1
significantly changed in transgenic citrus calli (Supplemental Figure S1). We propose
that CSMADS6 may directly target the genes encoding these three TFs because of the
presence of CArG elements in their promoters (Supplemental Table S2). Previous
studies demonstrate that PIF1 binds directly to PSY and down-regulates its expression.
In contrast, HY5 acts antagonistically to activate PSY expression (Toledo-Ortiz et al.,
2010, 2014). In the Arabidopsis root-derived calli, the decrease in AtRAP2.2 transcript
levels in a T-DNA insertion line leads to the down-regulated expression of PSY and
PDS, which have the AtRAP2.2-binding motif in their promoters (Welsch et al., 2007).
Based on these data, we suggest that the high expression of PSY and PDS, which have
the binding sites for HY5, RAP2.2 and PIF1 in their promoters (Supplemental Table
S2), is synergistically enhanced by the elevated expression of both HY5 and RAP2.2
and the repression of PIF1 in transgenic citrus calli. Moreover, previous studies
reported that carotenoids and their derivatives, such as p-cyclocitral and
dihydroactinidiolide, act as retrograde signals to regulate the expression of genes in
the nucleus (Ramel et al., 2012; Shumbe et al., 2014). Expression of a Daucus carota
DcLCYDb1 in tobacco (Nicotiana tabacum) induces a positive feedback affecting the
expression of key carotenogenic genes, NtPSY1, NtPSY2 and NtLCYb (Moreno et al.,
2016). These data permit us to propose that the significantly increased transcript
levels of PSY and PDS that are a consequence of CsSMADS6 expression may result
from positive feedback regulation, mediated by a molecule produced by the increased
expression of CCD1, which cleaves f-carotene and violaxanthin (Figure 5C and 5D).

Based on the results presented here and elsewhere, we propose a model to
elucidate the transcriptional regulation of carotenoid metabolism by CsMADS6
(Figure 11). CsSMADSG6 coordinately and positively modulates carotenoid metabolism
by directly regulating the expression of LCYbl, PSY, PDS, and CCD1. The
up-regulated expression of PSY, PDS, and LCYbl, together with the altered
expression of other carotenogenic genes, induces carotenoid biosynthesis and directs
flux into the p-branch, consequently forming more p,f-carotenoids in the transgenic
lines. The up-regulated expression of CCD1 balances carotenoid content and
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composition and also permits the production of apocarotenoids, such as S-cyclocitral,
which may act as retrograde signal(s) that regulate the expression of carotenogenic
genes. Moreover, CSMADS6 probably induces the notably high expression of PSY
and PDS by an indirect mechanism that involves regulating the expression of HY5,
RAP2.2 and PIF1. The feedback regulation by apocarotenoids and the indirect
regulation by other TFs (indicated with dashed lines) remains to be determined. This
model enriches our understanding of the complex transcriptional regulation of
carotenoid metabolism in plants.

CsMADSG6 reprograms transcriptional networks to direct metabolic flux into the
carotenoid pathway

Global transcriptome analysis of transgenic tomato sepals identified many genes
whose expression was significantly affected by CsMADS6 overexpression
(Supplemental Table S3). Consistent with the observed phenotypic changes, genes
related to chlorophyll metabolism and photosynthesis were significantly
down-regulated, while the expression of genes associated with carotenoid
biosynthesis was dramatically increased. The transcript levels of key genes, such as
NCED and D27, involved in the enzymatic degradation of carotenoids were
significantly repressed in the sepals of transgenic tomato. Sun et al. (2012) reported
that suppression of SINCED1 produces deep-red fruit with increased accumulation of
lycopene and f-carotene. We propose that the notably increased lycopene content in
transgenic sepals could not only be a result of enhanced carbon flow to carotenoid
production but also the inhibition of carotenoid degradation. Furthermore, this study
found that the plastids in transgenic sepals developed into chromoplast structures
(Figure 8), which are responsible for the attractive colors of fruits and flowers
(Vishnevetsky et al., 1999; Li and Yuan, 2013). Considering these results, the
CsMADSG6 protein is involved in three processes, promoting biosynthesis, repressing
degradation, and stabilizing storage, to facilitate specific carotenoid (lycopene)
accumulation in transgenic tomato sepals.

Large-scale transcriptome analysis identified many DEGs involved in other
biological processes and metabolic pathways (Figure 10 and Supplemental Table S4).
For example, two key genes, PK and PFK, which are involved in primary metabolism
were significantly up-regulated, resulting in the production of pyruvate, an important
intermediate linking primary and secondary metabolism. The expression of genes
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encoding enzymes that catabolize pyruvate by anaerobic respiration or through the
TCA cycle was repressed. In contrast, the expression of genes that contribute to the
MVA and MEP pathways, which supply precursors for the biosynthesis of secondary
metabolites, was significantly induced. The expression of genes associated with the
pathways of secondary metabolism other than the carotenoid biosynthetic pathway
was significantly repressed. These findings indicate that CSMADS6 can regulate the
expression of carotenoid biosynthetic genes and reprogram carbon flux towards
carotenoid synthesis. Similarly, Zhang et al. (2015) showed that the AtMYB12 TF not
only increased flavonoid biosynthesis but also increased primary metabolism to fuel
the phenylalanine biosynthesis, thus enabling effective production of
phenylpropanoids in transgenic tomato fruit. Previous studies reported that
phytohormones, such as ethylene (Klee and Giovannoni, 2011) and brassinosteroids
(Lanahan et al., 1994; Liu et al., 2014), and TFs could act cooperatively and
independently to promote carotenoid biosynthesis (Giovannoni, 2007; Gapper et al.,
2013). This study showed that the expression of key genes involved in ethylene and
brassinosteroid biosynthesis significantly increased. Moreover, the expression of
many fruit ripening-related genes that encode TFs, such as RIN, NOR, FUL1 and
FULZ2, changed in transgenic sepals. These findings indicate that the increased levels
of ethylene and brassinosteroid biosynthetic genes, as well as those of the fruit
ripening-related TFs, may assist in the accumulation of carotenoids. A previous study
reported that the endogenous activity of TAGL1 might be interfered by the ectopic
expression of peach PpPLENA (a TAGL1 homolog) (Tadiello et al., 2009). The
current study found that TAGL1 expression was not significantly altered in transgenic
tomato, implying that the transcriptional changes in transgenic sepals are regulated by
CsMADS6 and not its homolog from tomato. However, the roles of other TFs that
were affected by CsMADS6 overexpression certainly cannot be excluded. Later, we
will conduct transcriptome analysis of transgenic citrus calli to avoid the possibly
indirect effects caused by these ripening regulators and to deeply understand the
transcriptional regulatory functions of citrus CSMADS6.

Based on the above analysis, we provide a schematic of a global view of the
transcriptional regulation by CsMADS6 (Figure 10B). This view states that
CsMADSG6 coordinately regulates a series of pathways, including primary pathways,
secondary pathways, and phytohormone and TF levels, to synergistically promote the
accumulation of large amounts of a specific carotenoid (lycopene) in transgenic sepals.
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The multiple regulatory functions of CSMADS6 indicate that it plays important roles
in the reprogramming of transcriptional networks to direct metabolic flux into the

carotenoid pathway.

Conclusions

In conclusion, we identified a citrus MADS TF named CsMADSG6 that regulates
carotenoid metabolism by directly regulating the expression of carotenogenic genes.
Moreover, CSMADS6 coordinates many other metabolic pathways to synergistically
promote the biosynthesis and accumulation of carotenoids. The manipulation of
CsMADS6 expression may therefore be useful for manipulating the carotenoid content
in citrus and other fruits. Thus, this study describes a new MADS regulon that enables
our understanding of the physiological relevance of MADS proteins in carotenoid
metabolism. In the future, we will combine transcriptome analysis with ChIP assays to
thoroughly identify the direct targets of CSMADSG to better understand carotenoid
metabolism in plants. Moreover, we will attempt to analyze sequence polymorphisms
and expression of CSMADS6 among different citrus varieties that exhibit different
fruit colors and use CRISPR/Cas9 to knock down CsMADSG in citrus to learn more

about its role in the regulation of carotenoid metabolism in citrus fruit.

Materials and Methods
Plant materials

The citrus materials used in this study were from the ‘Hong Anliu’ sweet orange
(Citrus sinensis). Roots (R), stems (S) and leaves (L) were sampled from six-leaf
stage plantlets. Fruits at six developmental stages (60, 90, 120, 150, 180, and 220
DAF) were collected from mature trees growing in the orchard of the National Citrus
Breeding Center at Huazhong Agricultural University (Wuhan, China). All samples
were immediately frozen in liquid nitrogen and stored at -80°C until they were used.

Gene isolation and sequence analysis

The full-length coding sequence (CDS) of CsSMADS6 was amplified using PCR
with the primers listed in Supplemental Table S5. The conserved domains were
analyzed using the NCBI  Conserved Domain  Database @ (CDD,
https://www.ncbi.nlm.nih.gov/cdd) and the ExPASy prosite  Database
(http://prosite.expasy.org/). A set of associated MADS protein sequences was
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downloaded from GenBank or other genome databases. Multiple sequence alignments
were prepared using ClustalX and visualized in GeneDoc. A phylogenetic tree was
constructed using MEGA software with the neighbor-joining method. The reliability
of the nodes in the tree was evaluated by boot-strapping with 1000 replicates.

RNA extraction and RT-gPCR

Total RNA was extracted from all samples using the TRIzol Reagent (Life
Technologies). First-strand cDNA was synthesized using the HiScript Il 1st Strand
cDNA Synthesis Kit (+gDNA wiper) (Vazyme). Reverse transcription quantitative
PCR (RT-gPCR) was performed with a Roche LightCycler 480 system using the 2 X
LightCycler 480 SYBR Green master mix (Roche) and a three-step program:
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 measurement.
Gene-specific primers used for RT-qPCR were designed using the PrimerExpress
software. Actin (Act) was chosen as the endogenous control. 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 T, Calling analysis. The data were
analyzed using LightCycler 480 software release 1.5.0 (Roche).

Protein extraction and immunoblotting

The CsMADS6 protein was detected in extracts prepared from ‘Hong Anliu’
sweet orange fruits at six developmental stages (60, 90, 120, 150, 180, and 220 DAF).
Anti-CsMADS6 polyclonal antibody was commissioned from Frdbio company
(Wuhan). Protein extraction and immunoblotting were performed using the methods
described by Pan et al. (2009) and Cao et al. (2012) with minor modifications.

Subcellular localization

The CDS from CsMADS6 without the stop codon was amplified using PCR and
cloned into the PM999 vector, in frame with the GFP gene. Citrus leaf protoplasts
were co-transformed with the plasmid encoding CsSMADS6-GFP and a plasmid
encoding a nuclear marker, OsGhd7-CFP, using a PEG-based method. Florescence
signals were observed with a confocal laser scanning microscope (Leica TCS SP2,
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Leica) 20 h after transformation.

Yeast one-hybrid

Y1H screening was performed using the Matchmaker Gold Yeast One-Hybrid
Library Screening System (Clotech). The promoter fragments from citrus LCYb1 and
LCYb2 were cloned into the pAbAi vector to produce the bait constructs
pADbAI-LCYDb1l and pADbAI-LCYDb2, respectively. The bait plasmids were then
linearized and integrated into the Y1HGold yeast (Saccharomyces cerevisiae) genome
to create bait strains. A citrus fruit cDNA library was constructed using SMART
cDNA synthesis technology. The cDNA library was then transformed into the bait
yeast cells and selected on synthetic dropout minimal medium (SD) plates lacking
leucine with or without AbA. The prey fragments from the positive colonies were
identified by DNA sequencing (Augct, Wuhan).

For the Y1H assay, different promoter fragments or three copies of the CArG
element were cloned into the pAbAi vector to create bait constructs, respectively. The
CDS of CsMADS6 was fused to the GAL4 activation domain (AD) in the pGADT7
vector to generate a prey construct, AD-CsSMADS6. The prey vector and the empty
vector (AD), serving as the negative control were then transformed into yeast cells
containing bait constructs, respectively. The transformed yeast cells were diluted with
a 10x dilution series and dotted on the SD plates lacking leucine with or without
antibiotic. The cells that grew on both media contained prey proteins and the bait
sequences that interacted.

Electrophoretic mobility shift assay

The CDS of CsMADS6 without the stop codon was cloned into a double-tagged
expression vector to generate the recombinant vector MBP-CSMADS6-His.
Escherichia coli BL21 (DE3) was transformed with this construct for the expression
of recombinant protein. The recombinant protein was expressed and purified using
Ni-NTA agarose columns. The promoter fragments containing the CArG elements or
three copies of the potential CArG elements were synthesized and labeled with FAM
or Cy5 luciferase. Complementary oligonucleotides were annealed and used as EMSA
probes. Unlabeled probes with the same or mutated oligonucleotides were used as
cold competitors. EMSA binding reactions were performed according to the
manufacturer’s instructions (LightShift EMSA Kit, Thermo Scientific). Cold

24

Downloaded from on February 20, 2018 - Published by www.plantphysiol.org
Copyright © 2018 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839

competitor DNA was added to at least a 20-fold excess relative to the labeled probe.
The binding complexes were then loaded onto a pre-running native 6%
polyacrylamide gel and electrophoresis was performed at a low temperature using
0.5x TBE (Tris-borate EDTA) buffer at 100 V for 1 h. Gel images were captured
using the Amersham Imager 600 (GE Healthcare).

Transient expression assay

For the transcriptional activity assay, the reporter vector, a derivative of pGreenll
0800-LUC, containing five copies of the GAL4 activation domain upstream of the
minimal CaMV35S promoter and the LUC gene. For an internal control, the
expression of the REN gene was driven by the CaMV35S promoter in a reporter
vector. The CDS of CsSMADS6 was inserted upstream of the GAL4 DNA-binding
domain in the pBD vector to generate an effector vector named pBD-CsMADS6. The
empty vector was used as the negative control (pBD), while the vector containing the
VP16 activation domain was used as the positive control (pBD-VP16).

For the DNA-promoter interaction assay, promoter sequences were amplified
from genomic DNA using PCR and inserted upstream of the LUC CDS in pGreen
0800-LUC to yield the promoter-LUC reporter vectors. The CDS of CSMADS6 was
cloned into the pK2GW?7 destination vector using the Gateway Cloning System
(Invitrogen, Carlsbad, CA), to create an overexpression construct named
pK2-CsMADSG6. The empty vector pK2GW?7 was used as the negative control (pK2).

All resulting constructs were introduced into the Agrobacterium tumefaciens
strain EHAL105 using the freeze-thaw method or GV3101 by electroporation.
Transient expression in Nicotiana benthamiana was performed according to the
method described by Hellens et al. (2005). Luciferase activity was detected using the
Dual-luciferase Reporter Assay System (Promega) with an Infinite200 Pro microplate
reader (Tecan). Expression was expressed as the ratio of LUC to REN activity and
normalized to the negative control.

Transformation of citrus calli and tomato plants

An Agrobacterium strain containing the overexpression vectors pK2 or
pK2-CsMADS6 was used in the plant transformation experiment. The transformation
of citrus calli and growth conditions were conducted as described previously (Lu et al.,
2016a). The transformation of tomato (Solanum lycopersicum cv. Ailsa Craig) was
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performed as described by Sun et al. (2006) with minor modifications by Bee Lynn
Chew and Yu Pan (University of Nottingham). After their roots were established, the
transgenic plants were transferred to soil and grown in a glasshouse alongside
untransformed control tomato plants. Genomic PCR using specific primers for both
the antibiotic resistance gene and the target gene was performed to verify positive
transformations. Expression levels were examined by RT-PCR and immunoblotting.
Insertions at single loci were identified using quantitative real-time PCR. Transgene
copy numbers were estimated by reference to the endogenous single-copy ELIP (early
light-inducible protein) gene. Overexpression of CSMADS6 affected the reproductive
development and reduced both the fruit set and seed numbers per fruit. Therefore, the
subsequent physiological and biochemical determinations were carried out in the T1
generation. Tomato fruit samples were collected from the T1 progeny of three
independent transgenic lines that contained single-copy transgene insertions and had
high expression of CSMADS6 and were analyzed further.

Quantitation of carotenoid and chlorophyll levels

Lyophilized samples were used for physiological measurement. Carotenoid
extraction and determination were performed as described previously (Cao et al.,
2012). Carotenoids were analyzed using reverse phase HPLC, which was performed
in a Waters liquid chromatography system equipped with a model 1525 solvent
delivery system, a model 2998 photodiode array detection (PAD) system, a model
2707 plus auto-sampler, and an Empower Chromatography Manager. The carotenoids
were eluted from a Cjzy carotenoid column (250%4.6 mm; YMC, Japan). Carotenoids
were identified by their characteristic absorption spectra and retention times based on
the literature and standards purchased from CaroteNature (Lupsingen, Switzerland).
Carotenoids were quantified using calibration curves that were prepared for
violaxanthin (Vio), lutein (Lut), p-carotene (f-car), and lycopene (Lyc). The levels of
a-carotene (a-car) in citrus calli were calculated with the peak area [peak area x
volume (uL)] / (weight (g) x 10°). The peak areas of lycopene were quantified at the
wavelength of 471 nm, while those of other carotenoids were quantified at 450 nm.
The UV spectra for all of the carotenoids identified in this study are provided in the
Supplemental Figure S8.

Chlorophyll extraction and determination were performed as described by
Wellburn (1994). The absorbance at 663 nm (A663) and 645 nm (A645) was
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determined using the Infinite200 Pro microplate reader (Tecan). We used the
following formula: total Chl (mg/g) = (8.04A663 + 20.2A645) x volume (L) / dry
weight (g); Chl a (mg/g) = (12.72A663 — 2.69A645) x volume (L) / dry weight (g);
Chl b (mg/g) = (22.89A645 — 4.68A663) x volume (L) / dry weight (g).

Transmission electron microscopy

TEM was performed as described previously (Cao et al., 2012, 2015). Fruit
sepals and pericarps were collected from the WT and transgenic tomato plants at the
mature fruit stage. All samples were hand-dissected into small squares. Excised
tissues were then immediately immersed in fixative solutions and sent to the electron
microscopy platform of Huazhong Agricultural University for subsequent
manipulations and procedures. TEM was imaged with a HITA-CHI H-7650
transmission electron microscope at 80 KV and a Gatan 832 CCD camera.

RNA library construction and sequencing

Three groups were sequenced (wild-type sepals, WTS; wild-type pericarps, WTR;
CsMADSG6-overexpressing sepals, M6S). For each group, three independent
biological replicates were subjected to RNA-sequencing (RNA-seq). All samples were
collected at the Br+5 stage of fruit development. The RNA library construction and
sequencing were conducted by Novogene Bioinformatics Technology Co. Ltd.
(Beijing, China) using Illumina HiSeq. HTSeq v0.6.1 software in union mode was
used to count the read numbers mapped to each gene (Anders et al., 2015). The gene
expression levels were calculated using the commonly used FPKM (expected number
of fragments per kilobase of transcript sequence per million base pairs sequenced)
method (Trapnell et al., 2010). The RNA-seq quality and read numbers are
summarized in Supplemental Table S6. The criterion of an adjusted P-value < 0.05
was used to search DEGs, which are listed in Supplemental Table S3. Gene Ontology
(GO) and KEGG enrichment analyses were implemented using the GOseq R package
and KOBAS software, respectively (Mao et al., 2005; Young et al., 2010). Heml 1.0
software was used for the hierarchical clustering analysis and heatmap illustration
(Deng et al., 2014). The CArG element in the promoter was searched using the
Softberry Nsite-PL program (http://linux1.softberry.com/). Raw data were deposited
in the NCBI database under the accession number PRINA432771.
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Statistical analysis

The data are presented as a mean = SD of at least three independent experiments.
Statistical analyses were conducted using the one-way ANOVA test with the
Microsoft Excel program (Microsoft Office, 2010). Statistically significant differences
are indicated with either * or lowercase letters ( P < 0.05) and ** or uppercase letters
(P <0.01).

Accession numbers

Sequence data from this article can be found in the NCBI database or in the

genome databases of citrus (http://citrus.hzau.edu.cn/orange/) or Arabidopsis
(http://www.arabidopsis.org/index.jsp) under the following accession numbers: Citrus
sinensis CSMADS6 (MG594037), CsMADS1 (MG594038); Arabidopsis thaliana
AtAG (AT4G18960), AtSHP1 (AT3G58780), AtSHP2 (AT2G42830), AtFUL
(AT5G60910); Antirrhinum majus AmFAR (CAB42988), AmMPLENA (BAI68391);
Solanum lycopersicum SITAG1(AAA34197), SITAGL1 (NP_001300859), SIRIN
(AAM15775); Nicotiana tabacum NtAG1l (AAA17033), NtSHP (AFK13160); Vitis
vinifera VVMADS1 (AAK58564); Prunus persica PpPLENA (ACL31234); Fragaria
x ananassa FaSHP (AGU92563). The accession numbers of the genes in the RT-gPCR
analysis were provided in Supplemental Table S5.

Supplemental Data

Figure S1. Relative expression levels of HY5, RAP2.2 and PIF1 in transgenic citrus
calli.

Figure S2. Chlorophyll content in transgenic tomato sepals at the Br+5 stage of fruit
development.

Figure S3. Wolcano plots showing the whole distribution of DEGs in the M6SVSWTS
and M6SvsWTR comparisons.

Figure S4. Correlation analysis of DEGs obtained from RNA-Seq (x-axis) and
RT-gPCR assays (y-axis).

Figure S5. Hierarchical clustering analysis of transcript levels obtained by RNA-seq
in WTS, M6S and WTR.

Figure S6. GO terms and KEGG classifications of DEGs in the M6SvsWTS and
M6SVSWTR comparisons.

Figure S7. Transcription factor families of DEGs in the M6SvsWTS (A) and
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M6SvSWTR (B) comparisons.

Figure S8. HPLC analysis of carotenoids in CSMADS6-overexpressing lines.

Table S1. A list of interacting factors identified by Y 1H screening.

Table S2. Related cis-elements predicted in the promoters of several
carotenoid-associated genes from citrus.

Table S3. DEGs from the M6SvsWTS and M6SvsWTR comparisons.

Table S4. Selected carotenoid-associated DEGs from the M6SvSWTS comparison.
Table S5. Primers and probes used in this study.

Table S6. Summary of read numbers based on the RNA-seq data.
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Figure legends

Figure 1. Sequence analysis of CSMADSS.

(A) Phylogenetic analysis of CSMADS6 and related proteins from other plant species.
The scale bar represents 0.1 substitutions per site. The red circle and triangle indicate
CsMADS6 and CsMADS]I, respectively. Arabidopsis AtFUL and tomato SIRIN were
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used as outgroups. (B) Multiple sequence alignment of CsMADS6 and related
proteins from Arabidopsis and tomato. The horizontal lines mark the four conserved
domains.

Figure 2. Transcript and protein levels of CSMADSG in citrus.

(A) Relative expression levels of CSMADSG in different tissues and at different stages
of fruit ripening. The data are expressed as the mean + SD of three replications. DAF,
days after flowering. (B) Protein levels of CSMADS6 at different stages of fruit

ripening. Act, actin protein (internal reference).

Figure 3. Subcellular localization and transcriptional activity of CSMADS6.

(A) Subcellular localization of CSMADSG in citrus protoplasts. CSMADS6-GFP was
co-transformed with OsGhd7-CFP, which was used as a nuclear marker.
CsMADS6-GFP, GFP signal; OsGhd7-CFP, CFP signal; Bright field, white light;
Merged, combined GFP and CFP signals. Scale bar, 10 um. (B) Schematic diagrams
of vectors used for the transcriptional activity assay. pBD-CsMADS6, the vector
containing CsMADS6; pBD and pBD-VP16 served as the negative and positive
control, respectively. (C) Transcriptional activity of CSMADS6. The transcriptional
activity of CSMADS6 was quantified using a luciferase assay. The data are expressed
as the mean + SD from six biological replicates. Asterisks indicate significant
differences relative to the empty vector control by one-way ANOVA tests (**, P <
0.01).

Figure 4. Interaction of CSMADSG6 protein with the promoter of LCYb1.

(A) Y1H assay showing the binding of CSMADS6 to the LCYb1 promoter. AD, an
empty vector used as the negative control; AD-CsMADSG, the prey vector containing
CsMADS6. SD/-Leu, SD medium without Leu; SD/-Leu/AbA*®, SD medium without
Leu supplemented with AbA at the concentration of 400 ng mL™. Transformed yeast
cells were dotted at 10 dilutions on the selective medium. (B) Probes used for EMSA.
P1 and P2, two Cy5-labeled probes containing three copies of the CArG elements
present in the LCYb1 promoter. Mut, P1 and P2 mutant probes; the mutated sites are
surrounded by red boxes. (C) EMSA showing the binding of CSMADSG to the LCYb1
promoter. The ‘+’ and ‘—’ indicate the presence and absence of the indicated probe or
protein. The ‘20x’ indicates a 20-fold excess of unlabeled probe or mutant (Mut.)
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unlabeled probe. Red arrows indicate the positions of protein-DNA complexes or free
probes. (D) Schematic diagrams of vectors used for the dual-luciferase assay. The
reporter vector contained different promoter fragments of LCYb1 fused to LUC. Red
asterisks indicate the positions of the two CArG elements. pK, the empty vector;
pK-CsMADSS6, the overexpression vector containing CsMADS6. (E) Dual-luciferase
assay showing relative CsSMADS6 activation of different promoter fragments of
LCYb1l. The data are expressed as the mean + SD from at least four biological
replicates. Asterisks indicate significant differences relative to the empty vector
control by one-way ANOVA tests (*, P <0.05; **, P < 0.01).

Figure 5. Effects of CSMADS6 overexpression in citrus calli.

(A) Phenotypes of transgenic citrus calli. Rm, wild type; Ox-M6,
CsMADSG6-overexpressing citrus calli. (B) RT-PCR and immunoblotting analysis of
CsMADSG6 transcript and protein levels. Act, Actin gene (internal reference). (C)
Carotenoid content in transgenic citrus calli. Vio, Violaxanthin; Lut, lutein; a-Car,
a-carotene; [3-Car, S-carotene; Total, total carotenoids. DW, dry weight. (D) Relative
expression levels of carotenoid biosynthetic genes in transgenic citrus calli. The name
of the pertinent gene is indicated on each panel. Data are represented as means = SD
of three replicates. Asterisks indicate significant differences relative to the control by
one-way ANOVA tests (*, P < 0.05; **, P <0.01).

Figure 6. Interaction of CSMADSG6 protein with the promoters of PSY, PDS and
CCD1.

(A) Probes used for EMSA. The predicted CArG elements are underlined in red.
Numbers indicate the position relative to the ATG start codon. (B) EMSA showing the
binding of CSMADSG6 to the promoters of PSY, PDS and CCD1. The ‘+’ and ‘-’
indicate the presence and absence, respectively, of a probe or protein. The ‘20x’ and
*30x’ indicate 20-fold and 30-fold excess, respectively, of unlabeled probes. Red
arrows indicate the positions of protein-DNA complexes or free probes. (C)
Schematic diagrams of vectors used for the dual-luciferase assay. In the reporter
vectors, the promoters from PSY, PDS and CCDL1 are fused to the LUC reporter gene.
pK, the empty vector; pK-CsMADS6, the CsMADS6 overexpression vector. (D)
Dual-luciferase assay showing relative CSMADSG6 activation of the PSY, PDS and
CCD1 promoters. The data are expressed as the mean + SD from at least four
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biological replicates. Asterisks indicate significant differences relative to the empty
vector control by one-way ANOVA tests (**, P < 0.01).

Figure 7. Effects of CSMADSG6 overexpression in tomato fruits.

(A) Phenotypes of transgenic tomato fruits. WT, wild type; Ox-61, Ox-62, and Ox-65,
three independent CsMADSG6-overexpressing lines; MG, mature green; Br+10, ten
days after breaker stage. Note the succulent sepals in the transgenic lines. Scale bar, 1
cm. (B) RT-PCR and immunoblotting analysis of CSMADS6 expression. Act, Actin
gene (internal reference). (C-D) Carotenoid content in transgenic tomato pericarps (C)
and sepals (D) at the Br+5 stage of fruit development. Lut, lutein; B-Car, S-carotene;
Lyc, lycopene; Total, total carotenoids. DW, dry weight. The data are expressed as the
mean = SD from three biological replicates. Statistically significant differences are
indicated with either * or lowercase letters (P < 0.05) and ** or uppercase letters (P <
0.01) by one-way ANOVA tests. Different letters within each column indicate

significant differences.

Figure 8. Transmission electron microscopy of plastid ultrastructures from
transgenic tomato fruits.

(A) and (E) Wild-type (WT) pericarps showing disrupted plastid envelopes. (B) and
(F) Transgenic pericarps exhibiting disorganized membrane systems. (C) and (G) WT
sepals showing spindle-shaped plastids with many thylakoid plexuses and few
plastoglobuli. (D) and (H) Transgenic sepals with globular plastids with numerous
plastoglobuli and intact envelopes. E-H are the magnified views of A-D, respectively.
Scale bar in A and C-D, 5 um; scale bar in B, 10 um; scale bar in E-H, 0.5 pum.
Abbreviations / symbols: Chl, chloroplast (arrow); Chr, chromoplast (arrow); CW, cell
wall (arrow); PM, plasma membrane; V, vacuole; T, thylakoid plexus; P, plastoglobuli
(arrowheads); E, plastid envelope (arrow); Cr, carotenoid crystal remnant (asterisks);
sms, special membrane structure.

Figure 9. Relative expression levels of carotenoid biosynthetic genes in transgenic
tomato.

(A-B) Gene expression from tomato pericarps (A) and sepals (B) at the Br+5 stage of
fruit development. WT, wild type; Ox-61, Ox-62, and Ox-65, three independent
CsMADSG6-overexpressing lines. The name of the pertinent gene is indicated on each

32

Downloaded from on February 20, 2018 - Published by www.plantphysiol.org
Copyright © 2018 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111

panel. Data are represented as means = SD from three replicates. Asterisks indicate
significant differences relative to the control by one-way ANOVA tests (*, P < 0.05;
** P <0.01).

Figure 10. Transcriptome effects induced by CsMADS6 overexpression in
transgenic tomato sepals.

(A) Heat map of selected carotenoid-associated DEGs from the MG6SvSWTS
comparison.  The  column represents  the  comparison of  MG6S
(CsMADSG6-overexpressing sepals) to WTS (wild-type sepals) and each row
represents individual genes. Intensity of Log2 (FoldChange) is visualized using colors:
red, up-regulated; blue, down-regulated. Gene IDs and names are indicated at the left
of each row. (B) A schematic of the global transcriptional regulation by CsSMADS6.
Solid or dashed arrows indicate direct or indirect reaction flows in the pathway,
respectively. The carotenoid-associated DEGs encoding enzymes that catalyze the
reaction are shown at the side of the arrows. Red and blue texts denote the expression
levels with significant increases and decreases (P-value < 0.05), respectively. Yellow
boxes highlight the critical intermediates in the metabolic pathways. The thick red and
blue arrows indicate up- and down-regulation of the metabolic flux, respectively.
Other processes, including primary pathways, secondary pathways, and
phytohormone and TF levels (highlighted with yellow ovals), and their relation to
accumulation of large amounts of a specific carotenoid (lycopene) in the transgenic
sepals are indicated.

Figure 11. A proposed model for the transcriptional regulation of carotenoid
metabolism by CsSMADS6.

Thick gray arrows indicate the simplified reaction flows in the pathway. The
biosynthetic genes encoding enzymes that catalyze the reactions are shown at the
sides of the arrows. CSMADS6 coordinately and positively modulates carotenoid
metabolism by directly regulating the expression of LCYb1, PSY, PDS and CCD1.
The up-regulated expression of PSY, PDS, and LCYb1, together with the altered
expression of other carotenogenic genes, induces carotenoid biosynthesis and directs
flux into the B-branch, consequently forming more p,f-carotenoids in the transgenic
lines. The up-regulated expression of CCD1 balances carotenoid content and
composition and also permits the production of apocarotenoids, such as S-cyclocitral,
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which may act as retrograde signal(s) that regulate the expression of carotenogenic
genes. Moreover, CSMADSG6 probably induces the notably high expression of PSY
and PDS by an indirect mechanism that involves regulating the expression of HY5,
RAP2.2 and PIF1. The feedback regulation by apocarotenoids and the indirect
regulation by other TFs (indicated with dashed lines) remains to be determined. This
model enriches our understanding of the complex transcriptional regulation of
carotenoid metabolism in plants.
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Figure 1. Sequence analysis of CSMADS6.

(A) Phylogenetic analysis of CSMADS6 and related proteins from other plant species.
The scale bar represents 0.1 substitutions per site. The red circle and triangle indicate
CsMADS6 and CsMADS]1, respectively. Arabidopsis AtFUL and tomato SIRIN were
used as outgroups. (B) Multiple sequence alignment of CsSMADS6 and related
proteins from Arabidopsis and tomato. The horizontal lines mark the four conserved
domains.
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Figure 2. Transcript and protein levels of CsSMADSG in citrus.

(A) Relative expression levels of CSMADS6 in different tissues and at different stages
of fruit ripening. The data are expressed as the mean +=SD of three replications. DAF,
days after flowering. (B) Protein levels of CSMADS6 at different stages of fruit
ripening. Act, actin protein (internal reference).
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Figure 3. Subcellular localization and transcriptional activity of CSMADS6.

(A) Subcellular localization of CSMADSS6 in citrus protoplasts. CSMADS6-GFP was
co-transformed with OsGhd7-CFP, which was wused as a nuclear
CsMADS6-GFP, GFP signal; OsGhd7-CFP, CFP signal; Bright field, white light;
Merged, combined GFP and CFP signals. Scale bar, 10 um. (B) Schematic diagrams

marker.

of vectors used for the transcriptional activity assay. pBD-CSMADSS6, the vector
containing CsMADS6; pBD and pBD-VP16 served as the negative and positive
control, respectively. (C) Transcriptional activity of CSMADS6. The transcriptional
activity of CSMADS6 was quantified using a luciferase assay. The data are expressed
as the mean =+ SD from six biological replicates. Asterisks indicate significant
differences relative to the empty vector control by one-way ANOVA tests (**, P <
0.01).
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Figure 4. Interaction of CSMADSG6 protein with the promoter of LCYb1.

(A) Y1H assay showing the binding of CSMADS6 to the LCYb1l promoter. AD, an
empty vector used as the negative control; AD-CsMADSS, the prey vector containing
CsMADS6. SD/-Leu, SD medium without Leu; SD/-Leu/AbA*®, SD medium without
Leu supplemented with AbA at the concentration of 400 ng mL™. Transformed yeast
cells were dotted at 10 dilutions on the selective medium. (B) Probes used for
EMSA. P1 and P2, two Cy5-labeled probes containing three copies of the CArG
elements present in the LCYb1 promoter. Mut, P1 and P2 mutant probes; the mutated
sites are surrounded by red boxes. (C) EMSA showing the binding of CSMADS6 to
the LCYbl promoter. The ‘+’ and ‘—’ indicate the presence and absence of the
indicated probe or protein. The 20 indicates a 20-fold excess of unlabeled probe or
mutant (Mut.) unlabeled probe. Red arrows indicate the positions of protein-DNA
complexes or free probes. (D) Schematic diagrams of vectors used for the
dual-luciferase assay. The reporter vector contained different promoter fragments of
LCYDb1 fused to LUC. Red asterisks indicate the positions of the two CArG elements.
pK, the empty vector; pK-CsMADS6, the overexpression vector containing
CsMADS6. (E) Dual-luciferase assay showing relative CsSMADS6 activation of
different promoter fragments of LCYb1. The data are expressed as the mean *+ SD
from at least four biological replicates. Asterisks indicate significant differences
relative to the empty vector control by one-way ANOVA tests (*, P < 0.05; **, P <
0.01).
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Figure 5. Effects of CSMADSG6 overexpression in citrus calli.

(A) Phenotypes of transgenic citrus calli. Rm, wild type; Ox-M6,
CsMADSG6-overexpressing citrus calli. (B) RT-PCR and immunoblotting analysis of
CsMADSG6 transcript and protein levels. Act, Actin gene (internal reference). (C)
Carotenoid content in transgenic citrus calli. Vio, Violaxanthin; Lut, lutein; a-Car,
a-carotene; B-Car, p-carotene; Total, total carotenoids. DW, dry weight. (D) Relative
expression levels of carotenoid biosynthetic genes in transgenic citrus calli. The name
of the pertinent gene is indicated on each panel. Data are represented as means =SD
of three replicates. Asterisks indicate significant differences relative to the control by
one-way ANOVA tests (*, P < 0.05; **, P <0.01).
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Figure 6. Interaction of CSMADS6 protein with the promoters of PSY, PDS and
CCD1.

(A) Probes used for EMSA. The predicted CArG elements are underlined in red.
Numbers indicate the position relative to the ATG start codon. (B) EMSA showing the
binding of CsSMADSG6 to the promoters of PSY, PDS and CCD1. The ‘+’ and ‘-’

indicate the presence and absence, respectively, of a probe or protein. The ‘20% and
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[ 84
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‘30> indicate 20-fold and 30-fold excess, respectively, of unlabeled probes. Red
arrows indicate the positions of protein-DNA complexes or free probes. (C)
Schematic diagrams of vectors used for the dual-luciferase assay. In the reporter
vectors, the promoters from PSY, PDS and CCD1 are fused to the LUC reporter gene.
pK, the empty vector; pK-CsMADS6, the CsSMADS6 overexpression vector. (D)
Dual-luciferase assay showing relative CSMADSG6 activation of the PSY, PDS and
CCD1 promoters. The data are expressed as the mean =+ SD from at least four
biological replicates. Asterisks indicate significant differences relative to the empty
vector control by one-way ANOVA tests (**, P < 0.01).
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Figure 7. Effects of CSMADSG overexpression in tomato fruits.

(A) Phenotypes of transgenic tomato fruits. WT, wild type; Ox-61, Ox-62, and Ox-65,
three independent CsMADSG6-overexpressing lines; MG, mature green; Br+10, ten
days after breaker stage. Note the succulent sepals in the transgenic lines. Scale bar, 1
cm. (B) RT-PCR and immunoblotting analysis of CSMADS6 expression. Act, Actin
gene (internal reference). (C-D) Carotenoid content in transgenic tomato pericarps (C)
and sepals (D) at the Br+5 stage of fruit development. Lut, lutein; B-Car, S-carotene;
Lyc, lycopene; Total, total carotenoids. DW, dry weight. The data are expressed as the
mean £ SD from three biological replicates. Statistically significant differences are
indicated with either * or lowercase letters (P < 0.05) and ** or uppercase letters (P <
0.01) by one-way ANOVA tests. Different letters within each column indicate
significant differences.
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Figure 8. Transmission electron microscopy of plastid ultrastructures from
transgenic tomato fruits.

(A) and (E) Wild-type (WT) pericarps showing disrupted plastid envelopes. (B) and
(F) Transgenic pericarps exhibiting disorganized membrane systems. (C) and (G) WT
sepals showing spindle-shaped plastids with many thylakoid plexuses and few
plastoglobuli. (D) and (H) Transgenic sepals with globular plastids with numerous
plastoglobuli and intact envelopes. E-H are the magnified views of A-D, respectively.
Scale bar in A and C-D, 5 um; scale bar in B, 10 um; scale bar in E-H, 0.5 um.
Abbreviations / symbols: Chl, chloroplast (arrow); Chr, chromoplast (arrow); CW,
cell wall (arrow); PM, plasma membrane; V, vacuole; T, thylakoid plexus; P,
plastoglobuli (arrowheads); E, plastid envelope (arrow); Cr, carotenoid crystal
remnant (asterisks); sms, special membrane structure.
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Figure 9. Relative expression levels of carotenoid biosynthetic genes in transgenic
tomato.

(A-B) Gene expression from tomato pericarps (A) and sepals (B) at the Br+5 stage of
fruit development. WT, wild type; Ox-61, Ox-62, and Ox-65, three independent
CsMADSG6-overexpressing lines. The name of the pertinent gene is indicated on each
panel. Data are represented as means =SD from three replicates. Asterisks indicate
significant differences relative to the control by one-way ANOVA tests (*, P < 0.05;
** P <0.01).
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Figure 10. Transcriptome effects induced by CsMADS6 overexpression in
transgenic tomato sepals.

(A) Heat map of selected carotenoid-associated DEGs from the MG6SVSWTS
The the M6S

(CsMADS6-overexpressing sepals) to WTS (wild-type sepals) and each row

comparison. column represents comparison  of
represents individual genes. Intensity of Log2 (FoldChange) is visualized using colors:
red, up-regulated; blue, down-regulated. Gene 1Ds and names are indicated at the left
of each row. (B) A schematic of the global transcriptional regulation by CsSMADS6.
Solid or dashed arrows indicate direct or indirect reaction flows in the pathway,
respectively. The carotenoid-associated DEGs encoding enzymes that catalyze the
reaction are shown at the side of the arrows. Red and blue texts denote the expression
levels with significant increases and decreases (P-value < 0.05), respectively. Yellow
boxes highlight the critical intermediates in the metabolic pathways. The thick red and
blue arrows indicate up- and down-regulation of the metabolic flux, respectively.
Other

phytohormone and TF levels (highlighted with yellow ovals), and their relation to

processes, including primary pathways, secondary pathways, and

accumulation of large amounts of a specific carotenoid (lycopene) in the transgenic
sepals are indicated.
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Figure 11. A proposed model for the transcriptional regulation of carotenoid
metabolism by CSMADS6.

Thick gray arrows indicate the simplified reaction flows in the pathway. The
biosynthetic genes encoding enzymes that catalyze the reactions are shown at the
sides of the arrows. CSMADSG6 significantly modulates carotenoid metabolism by
directly and positively regulating the expression of LCYb1, PSY, PDS and CCD1. The
up-regulated expression of PSY, PDS, and LCYbl, together with the altered
expression of other carotenogenic genes, induces carotenoid biosynthesis and directs
flux into the pg-branch, consequently forming more g, S-carotenoids in the transgenic
lines. The up-regulated expression of CCD1 balances carotenoid content and
composition and also permits the production of apocarotenoids, such as g-cyclocitral
which may act as retrograde signal(s) that regulate the expression of carotenogenic
genes. Moreover, CSMADS6 probably induces the notably high expression of PSY
and PDS by an indirect mechanism that involves regulating the expression of HY5,
RAP2.2 and PIF1. The feedback regulation by apocarotenoids and the indirect
regulation by other TFs (indicated with dashed lines) remains to be determined. This
model enriches our understanding of the complex transcriptional regulation of

carotenoid metabolism in plants.
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