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Abstract 33 

Although remarkable progress has been made towards understanding carotenoid 34 

biosynthesis, the mechanisms that regulate the transcription of carotenogenic genes 35 

remain poorly understood. Lycopene β-cyclases (LCYb) are critical enzymes located 36 

at the branch point of the carotenoid biosynthetic pathway. Here, we used the 37 

promoter sequence of LCYb1 as bait in a yeast one-hybrid screen for 38 

promoter-binding proteins from sweet orange (Citrus sinensis). This screen identified 39 

a MADS transcription factor, CsMADS6, that was coordinately expressed with fruit 40 

development and coloration. Acting as a nuclear-localized transcriptional activator, 41 

CsMADS6 directly bound the promoter of LCYb1 and activated its expression. 42 

Overexpression of CsMADS6 in citrus calli increased carotenoid contents and induced 43 

the expression of LCYb1 and other carotenogenic genes, including phytoene synthase 44 

(PSY), phytoene desaturase (PDS), and carotenoid cleavage dioxygenase 1 (CCD1). 45 

CsMADS6 up-regulated the expression of PSY, PDS, and CCD1 by directly binding 46 

to their promoters, which suggested the multi-targeted regulation of carotenoid 47 

metabolism by CsMADS6. In addition, the ectopic expression of CsMADS6 in tomato 48 

(Solanum lycopersicum) affected carotenoid contents and the expression of 49 

carotenogenic genes. The sepals of CsMADS6-overexpressing tomato lines exhibited 50 

dramatic changes in carotenoid profiles, accompanied by changes in plastid 51 

ultrastructure. Global transcriptome analysis of transgenic sepals revealed that 52 

CsMADS6 regulates a series of pathways that promote increases in flux through the 53 

carotenoid pathway. Overall, these findings establish that CsMADS6 directly 54 

regulates LCYb1 and other carotenogenic genes to coordinately and positively 55 

modulate carotenoid metabolism in plants, which may provide strategies to improve 56 

the nutritional quality of crops.  57 
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Introduction 58 

Carotenoids are important secondary metabolites that are widely distributed and 59 

play many vital roles in nature. In plants, carotenoids generally give flowers and fruits 60 

distinct colors ranging from yellow and orange to red (Bartley and Scolnik, 1995). 61 

They also participate in photosynthesis and photoprotection (Niyogi et al., 1997; Holt 62 

et al., 2005), serve as precursors for phytohormones (Schwartz et al., 1997; Alder et 63 

al., 2012), and promote the scavenging of reactive oxygen species (Di et al., 1989; 64 

Edge et al., 1997). In humans, carotenoids serve as precursors for vitamin A 65 

(DellaPenna and Pogson, 2006) and excellent antioxidants that prevent cancer and 66 

other related diseases (Fraser and Bramley, 2004; Fiedor and Burda, 2014). The 67 

carotenoid biosynthesis pathway has been studied extensively and genes underlying 68 

most of the biosynthetic steps have been identified in many plants (Fraser et al., 1994; 69 

Moise et al., 2014; Nisar et al., 2015). Previous studies have shown that the 70 

coordinated expression of genes that encode carotenoid biosynthetic enzymes tightly 71 

regulates carotenoid metabolism (Liu et al., 2015; Yuan et al., 2015). However, 72 

although the carotenoid biosynthetic pathway and the expression patterns of 73 

carotenogenic genes are well characterized, knowledge of the transcriptional 74 

regulatory mechanisms that control the expression of these genes is rather limited.  75 

Transcription factors (TFs) bind to promoters and directly regulate the 76 

transcription of their target genes. A large number of TFs affect carotenoid 77 

accumulation by regulating fruit ripening, ethylene biosynthesis, photomorphogenesis, 78 

and other processes. These TFs include TAGL1 (TOMATO AGAMOUS-LIKE 1) 79 

(Itkin et al., 2009; Vrebalov et al., 2009), ERF6 (ETHYLENE RESPONSE FACTOR 80 

6) (Lee et al., 2012), GLK2 (Golden 2-like) (Powell et al., 2012), and CubHLH1 81 

(Basic Helix-Loop-Helix 1) (Endo et al., 2016). However, only a few TFs have been 82 

demonstrated to directly regulate the expression of carotenogenic genes and control 83 

carotenoid metabolism. For example, PIF1 (phytochrome interacting factor 1), a 84 

light-responsive TF, specially binds the PSY (phytoene synthase) promoter and 85 

represses the expression of PSY and the accumulation of carotenoids in dark-grown 86 

Arabidopsis (Arabidopsis thaliana) seedlings (Toledo-Ortiz et al., 2010) and tomato 87 

(Solanum lycopersicum) fruits (Llorente et al., 2016). However, HY5 (LONG 88 

HYPOCOTYL 5), a PIF antagonist, directly binds a common cis-element (G-box) in 89 

the promoter of PSY and promotes the accumulation of carotenoids associated with 90 

photosynthesis in response to light and temperature cues (Toledo-Ortiz et al., 2014). 91 
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Welsch et al. (2007) identified the APETALA2 (AP2)/ethylene-response 92 

element-binding protein RAP2.2, which binds the ATCTA element in the promoter of 93 

PSY and regulates its expression in Arabidopsis. Tomato RIN (Ripening Inhibitor), a 94 

MADS-box TF, promotes the accumulation of lycopene by directly regulating the 95 

expression of PSY (Martel et al., 2011). Recently, papaya (Carica papaya) CpNAC1 96 

has been shown to directly bind the NAC binding site (NACBS) in CpPDS2/4 97 

(phytoene desaturase) promoters (Fu et al., 2016). CpNAC2 interacts with CpEIN3a 98 

and cooperatively regulates the expression of carotenoid biosynthesis-related genes 99 

CpPDS2/4, CpLCY-e (lycopene ε-cyclase), and CpCHY-b (β-carotene hydroxylase) 100 

during fruit ripening (Fu et al., 2017). Sweet osmanthus (Osmanthus fragrans) 101 

OfWRKY3 binds the W-box palindrome motif in the OfCCD4 (carotenoid cleavage 102 

dioxygenase 4) promoter and induces gene expression (Han et al., 2016). Zhu et al. 103 

(2017) identified an R2R3-MYB transcription factor, CrMYB68, that negatively 104 

regulates the expression of CrBCH2 (β-carotene hydroxylase) and CrNCED5 105 

(9-cis-epoxycarotenoid dioxygenase) in the flavedo of Citrus reticulata. MADS 106 

proteins are one of the largest TF families in plants (Shore and Sharrocks, 1995; 107 

Kaufmann et al., 2005). An increasing number of studies have recently shown that 108 

these proteins participate in the regulation of fruit ripening and the carotenoid 109 

biosynthesis that is associated with fruit ripening. For example, mutations in the 110 

tomato MADS-box genes RIN, TAGL1, and FUL1/2 (FRUITFULL 1/2) result in fruit 111 

ripening-defective phenotypes with repressed carotenoid accumulation (Vrebalov et 112 

al., 2002, 2009; Itkin et al., 2009; Bemer et al., 2012; Wang et al., 2014). 113 

Overexpression of either tomato TAGL1 or its homolog PpPLENA from peach 114 

(Prunus persica) in tomato produces succulent sepals that accumulate substantial 115 

levels of lycopene (Itkin et al., 2009; Tadiello et al., 2009; Vrebalov et al., 2009). 116 

RNA interference-mediated suppression of the gene encoding SlMADS1, a negative 117 

regulator, enhances both the expression of PSY1 and the accumulation of carotenoids 118 

in tomato fruit (Dong et al., 2013). Most of the limited numbers of TFs that are known 119 

to affect carotenoid biosynthesis directly regulate PSY, which encodes the enzyme 120 

that catalyzes the first and rate-determining step of carotenoid biosynthesis. However, 121 

knowledge of TFs that coordinately modulate carotenoid metabolism by directly 122 

regulating other biosynthetic genes is still lacking, even in model plants. 123 

Lycopene β-cyclases (LCYb) catalyze the cyclization of red lycopene into 124 

yellow-orange β-carotene at the branch point of the carotenoid biosynthesis pathway 125 
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(Cunningham et al., 1996). The levels of LCYb expression change dramatically when 126 

carotenoids accumulate during fruit development in a range of plant species (Pecker et 127 

al., 1996; Yuan et al., 2015). Numerous studies have demonstrated that LCYb genes 128 

are transcriptionally regulated by many factors such as phytohormones and 129 

ripening-associated TFs. For example, during tomato fruit ripening, the expression of 130 

LCYb genes is repressed by elevated levels of ethylene leading to the massive 131 

accumulation of lycopene which is responsible for the red color of ripe fruit (Fraser et 132 

al., 1994; Ronen et al., 2000; Alba et al., 2005). Repression of the MADS-box gene 133 

TAGL1 or the ethylene signaling gene SlAP2a (APETALA2/ERF) up-regulates the 134 

expression of LCYb, which could account for the significantly decreased lycopene and 135 

increased β-carotene that is responsible for the orange-yellow phenotype of ripe fruit 136 

(Vrebalov et al., 2009; Chung et al., 2010). Similarly, silencing of the auxin response 137 

factor2 (SlARF2), which displays marked ripening-associated expression, suppresses 138 

ethylene production and promotes the expression of SlLCYB and SlCYCB 139 

(chromoplast-specific lycopene β-cyclase) (Hao et al., 2015). However, the 140 

mechanisms used by these ripening-associated regulators to regulate the expression of 141 

LCYb remain unknown. 142 

Citrus is a non-climacteric fruit that accumulates high levels of carotenoids 143 

(Fanciullino et al., 2006; Xu et al 2006; Matsumoto et al., 2007). In citrus fruits that 144 

predominantly accumulate β,β-xanthophylls (i.e., violaxanthin and β-cryptoxanthin), 145 

the transcriptional regulation of the LCYb genes during ripening has a remarkable 146 

influence on the carotenoid profile. High-level expression of LCYb genes shifts the 147 

flux of the pathway to the β-branch during the orange stage (Kato et al., 2004; Zhang 148 

et al., 2012; Rodrigo et al., 2013). Additionally, reductions in the transcript levels of a 149 

chromoplast-specific LCYb gene are responsible for the substantial accumulation of 150 

lycopene in the pulp of sweet orange (Citrus sinensis) (Lu et al., 2016b) and 151 

grapefruit (Citrus paradisi) (Alquézar et al., 2009; Mendes et al., 2011). However, 152 

whether and how the expression of the citrus LCYb genes is regulated by the 153 

ripening-associated regulators that are mentioned above is not clear. We previously 154 

identified two LCYb genes (LCYb1 and LCYb2) from sweet orange and successfully 155 

identified critical regulatory elements in their promoters (Lu et al., 2016a, b). In this 156 

study, we used the promoter sequences of these LCYb genes as bait to screen a sweet 157 

orange fruit cDNA library and identified a MADS TF. Based on this cDNA sequence, 158 

this gene was identical to a gene that has been previously isolated from mandarin 159 
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(Citrus unshiu) named CitMADS6 (Endo et al., 2006). However, whether and how 160 

CitMADS6 modulates carotenoid metabolism is currently unknown. Here, we 161 

identified CsMADS6 in sweet orange and found that it induced increases in carotenoid 162 

metabolism by directly regulating the expression of LCYb1 and other carotenogenic 163 

genes. Its roles in regulating the carotenoid metabolism of fruit were subsequently 164 

characterized in transgenic tomato. Finally, multiple regulatory functions of 165 

CsMADS6 in reprogramming transcriptional networks that support the biosynthesis 166 

and accumulation of carotenoids are discussed. These findings advance our 167 

understanding of the complex transcriptional regulation of carotenoid metabolism in 168 

plants. 169 

 170 

Results 171 

Yeast one-hybrid screening and sequence analysis of CsMADS6 172 

To identify TFs that regulate carotenoid metabolism, we performed a yeast 173 

one-hybrid (Y1H) screen. The promoter sequences of LCYb1 and LCYb2 were used as 174 

bait to screen a citrus fruit cDNA library. After Y1H screening, we successfully 175 

obtained several clones (Supplemental Table S1). One clone encoding a protein 176 

belonging to the large MADS TF superfamily attracted our attention because an 177 

increasing number of studies have demonstrated that MADS protein(s) play important 178 

roles in fruit development (Giovannoni, 2004). A BLAST search of the NCBI 179 

database revealed that this MADS sequence was identical to a previously isolated 180 

gene, CitMADS6, from mandarin (Endo et al., 2006). Thus, we named this apparently 181 

orthologous gene from sweet orange CsMADS6. We successfully obtained its 182 

full-length coding sequence, which encoded a protein of 257 amino acids with a 183 

calculated molecular mass of 29.64 kDa and a predicted pI of 9.37.  184 

To understand the relationship of this CsMADS6 protein to other MADS proteins, 185 

we generated a phylogenetic tree with CsMADS6 and other C-type MADS proteins. A 186 

paralogous gene, CsMADS1 (corresponding to the CitMADS1 from mandarin), 187 

encoding a protein with 69% amino acid sequence similarity to CsMADS6, was also 188 

included in this analysis. The analysis indicated that CsMADS6 and CsMADS1 189 

grouped with AGAMOUS-like and AGAMOUS sub-clades, respectively. CsMADS6 190 

was closely linked with Arabidopsis AtSHP2 and tomato TAGL1 (Figure 1A). A 191 

multiple sequence alignment of CsMADS6, CsMADS1 and their homologs from 192 

Arabidopsis and tomato indicated that these proteins contained four typical plant 193 
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MADS regions (the M-domain, I-region, K-box, and C-terminal domain). The 194 

sequences from the conserved M-domain were highly similar, followed by the less 195 

similar sequences from the I-region and the K-box. The C-terminal domain generally 196 

varied (Figure 1B). 197 

 198 

Expression of CsMADS6 increases with fruit development and coloration 199 

To understand the spatial and temporal expression patterns of CsMADS6, we 200 

determined its relative transcript levels in different tissues and during the different 201 

stages of fruit development in sweet orange. CsMADS6 was predominantly expressed 202 

in the flower and fruit tissues. We observed low levels of expression in roots, stems, 203 

and leaves. During fruit development, the transcript levels of CsMADS6 gradually 204 

increased, peaking at 180 days after flowering (DAF) (breaker stage) and declining at 205 

220 DAF (senescence stage) (Figure 2A).  206 

We used immunoblotting to determine the levels of the CsMADS6 protein in 207 

citrus fruits at different stages of ripening. Actin (Act) was used as a loading control. 208 

The protein levels of CsMADS6 increased gradually during fruit development (Figure 209 

2B). This result agreed well with the analysis of mRNA levels. Based on these data, 210 

we concluded that the expression of CsMADS6 increased with thecoloration of citrus 211 

fruit and the accumulation of carotenoids (Liu et al., 2007). 212 

 213 

CsMADS6 localizes to the nucleus and functions as a transcriptional activator 214 

To test the subcellular localization of CsMADS6, we generated a 215 

CsMADS6-GFP (green fluorescent protein) fusion construct and co-expressed it with 216 

the nuclear marker OsGhd7-CFP (cyan fluorescent protein) in citrus protoplasts. 217 

Using fluorescence microscopy, we found that the GFP signals overlapped extensively 218 

with the CFP signals, indicating that the CsMADS6-GFP fusion protein co-localized 219 

with the OsGhd7-CFP nuclear marker in vivo (Figure 3A). These data indicated that 220 

CsMADS6 protein localized to the nucleus. 221 

To assess the transcriptional activity of CsMADS6 in vivo, we used a transient 222 

expression assay system in Nicotiana benthamiana leaves. The reporter vector 223 

contained 5× GAL4 activation domains upstream of the LUC (Firefly luciferase) gene. 224 

In the effector vector, the CsMADS6 gene was fused to the GAL4 DNA-binding 225 

domain (pBD-CsMADS6). Transactivation of the LUC gene was measured relative to 226 

the REN (Renilla luciferase) gene under the control of the constitutive Cauliflower 227 
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mosaic virus 35S (CaMV35S) promoter (Figure 3B). These constructs were 228 

co-expressed in N. benthamiana leaves, and luciferase activity was quantified. The 229 

results showed that, compared with the negative control (pBD), luciferase activity 230 

significantly increased when the LUC-containing construct was co-expressed with 231 

pBD-CsMADS6, reaching levels similar to those of the positive control (pBD-VP16) 232 

(Figure 3C). These data provided evidence that CsMADS6 may function as a 233 

transcriptional activator. 234 

 235 

CsMADS6 directly binds and activates the promoter of LCYb1 236 

To test the interaction between the CsMADS6 protein and the LCYb1 promoter, 237 

we first performed a Y1H assay. Bait yeast cells co-transformed with the control 238 

vector (AD) or the fusion vector (AD-CsAMDS6) grew well on synthetic dropout 239 

medium without leucine (SD/-Leu). However, only the yeast cells co-transformed 240 

with the fusion vector AD-CsMADS6 could survive on the selective medium 241 

supplemented with 400 ng mL
-1

 of Aureobasidin A (SD/-Leu/AbA
400

) (Figure 4A). 242 

These data indicated that the CsMADS6 protein interacted with the LCYb1 promoter 243 

in the yeast system.  244 

Plant MADS-box proteins bind to specific DNA sequences known as CArG 245 

elements [CArG-element sequences: C(C/T)(A/T)6(A/G)G, C(A/T)8G and 246 

C(C/T)(A/T)G(A/T)4(A/G)G] (Ito et al., 2008; Fujisawa et al., 2011). We found two 247 

possible CArG elements in the LCYb1 promoter (Figure 4B and Supplemental Table 248 

S2). We performed an electrophoretic mobility shift assay (EMSA) to test whether the 249 

CsMADS6 protein could bind the LCYb1 promoter at these potential binding sites. 250 

Recombinant MBP-CsMADS6-His shifted a band with the labeled DNA probes (P1 251 

or P2), presumably by generating a protein-DNA complex. In contrast, the MBP-His 252 

control did not affect the mobility of the labeled DNA probes. After an excess of 253 

unlabeled DNA probe was added, the shifted band completely disappeared. In contrast, 254 

when an excess of mutated unlabeled DNA probe was added, MBP-CsMADS6-His 255 

still reduced the mobility of the labeled DNA probe (Figure 4C). We obtained similar 256 

results with two different DNA probes from the LCYb1 promoter, indicating that the 257 

CsMADS6 protein specifically bound each CArG element in the LCYb1 promoter. 258 

Thus, we found that CsMADS6 directly bound to the LCYb1 promoter in vivo 259 

and in vitro. We used a dual-luciferase assay to investigate the effect of CsMADS6 260 

binding on promoter activity. The full-length promoter of LCYb1 was divided into five 261 
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fragments (LP1 to LP5), relative to the two CArG elements by successively deleting 262 

sequences from the 5'-end. The promoter activity of each fragment was measured to 263 

identify the region(s) that interacted with CsMADS6 (Figure 4D). As shown in Figure 264 

4E, the relative luciferase expression driven by the promoter fragment of LP1 was 265 

significantly higher in the presence of CsMADS6 than the control, suggesting that 266 

CsMADS6 activated the promoter activity of LP1. A deletion from LP1 to LP2 led to 267 

a high level of activation by CsMADS6, whereas a further deletion to LP3, LP4 or 268 

LP5 actually diminished activation. Taken together, the above data indicated that 269 

CsMADS6 protein activated the promoter activity of LCYb1 by interacting with the 270 

two CArG elements that are located in the LP1 and LP2 fragments. 271 

 272 

CsMADS6 increases carotenoid biosynthesis and affects the expression of 273 

carotenoid-associated genes 274 

CsMADS6 was first transformed into citrus calli to examine whether it 275 

modulates carotenoid metabolism. Positive transformants from several independent 276 

lines were recovered. Most of the transgenic lines (Ox-M6) were slightly more yellow 277 

than the control (Rm) during culture. We selected one representative transgenic line 278 

that showed color change and accumulated high levels of CsMADS6 transcript and 279 

protein for further carotenoid analysis (Figure 5A and 5B). Violaxanthin, lutein, 280 

α-carotene and β-carotene were identified as the predominant carotenoids in these 281 

citrus calli and were quantified using HPLC. The concentrations of the other 282 

carotenoids were below the detection limit. The levels of violaxanthin significantly 283 

increased, contributing to the high levels of total carotenoids in the 284 

CsMADS6-overexpressing calli (Figure 5C).  285 

The transcript levels of carotenoid biosynthetic genes were monitored in three 286 

independent transgenic lines. Notably, LCYb1 expression was significantly induced in 287 

the overexpressing lines, consistent with CsMADS6 up-regulating the transcription of 288 

LCYb1. We analyzed the expression of other important biosynthetic genes, including 289 

PSY, PDS, CRTISO (carotenoid isomerase), LCYe, LCYb2, HYD (a/β-carotene 290 

hydroxylase), ZEP (zeaxanthin epoxidase), and CCD1. Using RT-qPCR, we observed 291 

a marked increase in the expression of PSY, PDS, CRTISO, LCYb2, HYD and CCD1 292 

in the CsMADS6-overexpressing lines. The transcript levels of PSY, PDS and CCD1 293 

increased 4-, 12-, and 2-fold in Ox-M6 lines, respectively. In contrast, the transcript 294 

levels of LCYe were repressed and ZEP expression did not change significantly in 295 
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Ox-M6 lines (Figure 5D). Taken together, these results indicated that the 296 

overexpression of CsMADS6 increased carotenoid biosynthesis in transgenic calli and 297 

induced the expression of LCYb1 and other carotenogenic genes, including PSY, PDS 298 

and CCD1. 299 

We also quantified the expression of the TFs that are known to play a regulatory 300 

role in carotenoid metabolism, such as HY5, PIF1, and RAP2.2 (Welsch et al., 2007; 301 

Toledo-Ortiz et al., 2010, 2014), in transgenic citrus calli. We found that the 302 

expression of HY5 and RAP2.2 significantly increased, and that the expression of 303 

PIF1 was notably reduced in the CsMADS6-overexpressing lines (Supplemental 304 

Figure S1). Moreover, RIN and FUL, two major ripening-associated MADS TF genes, 305 

were not expressed in citrus calli and were not expressed at significantly different 306 

levels in the transgenic lines and the control (data not shown). 307 

 308 

CsMADS6 directly binds and activates the promoters of PSY, PDS, and CCD1 309 

Because the transcript levels of carotenoid biosynthetic genes other than LCYb1, 310 

such as PSY, PDS, and CCD1, were significantly induced when CsMADS6 was 311 

overexpressed in citrus calli, we decided to investigate whether these genes were 312 

direct targets of CsMADS6. We first cloned the promoter regions of PSY (1589 bp of 313 

accession no. MG594039), PDS (987 bp of accession no. MG594040), and CCD1 314 

(1295 bp of accession no. MG594041) from sweet orange and discovered at least one 315 

putative CArG element in each of their promoter regions (Figure 6A and 316 

Supplemental Table S2). EMSAs were then performed to test whether the CsMADS6 317 

protein binds these promoters. Due to the incomplete annealing of long probe 318 

sequences, we observed bands representing the free probes of PDS and CCD1 that did 319 

not influence the binding of CsMADS6 to the promoter fragments. When the labeled 320 

probes were incubated with the purified CsMADS6 protein, a specific shifted band 321 

was detected for each probe. After an excess of unlabeled probe was added, the 322 

shifted bands disappeared, suggesting that CsMADS6 specifically bound to these 323 

DNA fragments (Figure 6B).  324 

We used a dual-luciferase assay to evaluate the interactions between the 325 

CsMADS6 protein and the promoters of PSY, PDS and CCD1 in vivo. The promoter 326 

sequences of PSY, PDS, and CCD1 were successfully fused to the LUC reporter gene 327 

(Figure 6C). As shown in Figure 6D, CsMADS6 strongly activated these three 328 

promoters, especially the CCD1 promoter (approximately 7-fold). Thus, in addition to 329 
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activating the promoter of LCYb1, CsMADS6 also directly bound and activated the 330 

promoters of PSY, PDS, and CCD1. 331 

 332 

CsMADS6 affects carotenoid profiles, plastid ultrastructure, and carotenogenic 333 

gene expression in transgenic tomato 334 

To better understand the function of CsMADS6 in the carotenoid metabolism of 335 

fruit, we ectopically overexpressed it in tomato, which is an optimal model system for 336 

this study because tomato is easily transformed and can produce fleshy fruit within a 337 

relatively short life cycle. Phenotypic characterization revealed that the transgenic 338 

sepals were fused, succulent, and exhibited the characteristics of fruit development 339 

with the color changing from green to orange and, ultimately, to red (Figure 7A). 340 

Three independent single-copy transgenic lines (Ox-61, Ox-62, and Ox-65) that 341 

accumulated high levels of CsMADS6 transcript and protein were chosen for further 342 

investigation (Figure 7B).  343 

The major carotenoid in ripening tomato fruits is lycopene, followed by 344 

β-carotene and then lutein (Ronen et al., 2000; Burns et al., 2003). Tomato fruit 345 

pericarps from the CsMADS6-overexpressing lines exhibited decreased levels of 346 

lutein, increased levels of β-carotene, and no changes in the levels of lycopene and 347 

total carotenoids relative to the control (Figure 7C). In addition, we compared the 348 

carotenoid profiles of the sepals from the CsMADS6-overexpressing lines to the wild 349 

type (WT). Lutein is a photosynthetic pigment that accounts for the major fraction of 350 

carotenoids in the tomato sepal. In contrast to significantly reduced lutein and 351 

β-carotene content, lycopene levels in transgenic sepals dramatically increased to 352 

much higher levels than the trace amounts found in the WT sepals. Indeed, the 353 

carotenoid profiles of the transgenic sepals were similar to those of the pericarps from 354 

the WT or the transgenic lines (Figure 7D). Chlorophylls, which typically accumulate 355 

to high levels in WT sepals, were reduced to trace levels in the 356 

CsMADS6-overexpressing sepals (Supplemental Figure S2). Based on these data, we 357 

concluded that the increased lycopene and decreased chlorophyll content was 358 

responsible for the red appearance of the transgenic sepals, which had carotenoid 359 

profiles similar to those of the fruit pericarps. 360 

Carotenoids are stored in plastids, especially in chromoplasts (Vishnevetsky et al., 361 

1999; Li and Yuan, 2013). We used transmission electron microscopy (TEM) to 362 

observe the plastid ultrastructure of transgenic tomato fruit. No significant differences 363 
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were discovered in the ultrastructure of plastids from the pericarps of WT (Figure 8A 364 

and 8E) and transgenic (Figure 8B and 8F) tomato fruit. However, remarkable 365 

changes in plastid ultrastructure were observed in the sepals of the transgenic plants 366 

overexpressing CsMADS6. Instead of the spindle-shaped chloroplasts found in the 367 

WT sepals (Figure 8C and 8G), the plastids in the sepals of CsMADS6-overexpressing 368 

lines were small, round, contained numerous plastoglobuli (Figure 8D and 8H), and 369 

thus resembled chromoplasts from the pericarps of the WT and the transgenic lines. 370 

This type of plastid ultrastructure was consistent with the accumulation of red 371 

lycopene to high levels in the sepals of CsMADS6-overexpressing lines. 372 

The expression of carotenoid biosynthetic genes in WT and transgenic tomato 373 

fruit pericarps was further examined by RT-qPCR. The results showed that in the 374 

CsMADS6-overexpressing lines, the expression levels of LCYb1, PSY, PDS, CRTISO, 375 

CYCB (the second functional LCYb gene in tomato fruits), BCH, ECH (α-carotene 376 

hydroxylase), and CCD1 were all significantly up-regulated relative to the WT. 377 

However, the mRNA levels of LCYe were repressed and the expression of ZEP was 378 

not significantly altered in the transgenic lines (Figure 9A). We also determined the 379 

transcript levels of LCYb1 and other carotenoid biosynthetic genes in the transgenic 380 

sepals of CsMADS6. We found that the mRNA levels of PSY in the transgenic sepals 381 

were approximately 100-fold greater than in the WT (Figure 9B). The mRNA levels 382 

of both CRTISO and CCD1 increased sharply, and the mRNA levels of PDS were also 383 

elevated in the transgenic sepals. In contrast, the expression of LCYe, LCYb1, ECH 384 

and ZEP was significantly down-regulated in the transgenic sepals. The transcript 385 

levels of CYCB and BCH were not significantly different from their controls. The 386 

above analyses indicated that CsMADS6 affected carotenoid profiles and 387 

carotenogenic gene expression in transgenic tomato pericarps and sepals and also 388 

significantly promoted plastid development and chromoplast formation in transgenic 389 

tomato sepals. 390 

 391 

Global transcriptome changes contribute to the dramatic carotenoid changes in 392 

transgenic tomato sepals 393 

Since the carotenoid profiles and carotenogenic gene expression in transgenic 394 

tomato sepals dramatically changed, we performed RNA-seq analysis to investigate 395 

the global transcriptome changes caused by CsMADS6 overexpression. The 396 

transcriptome of the transgenic sepals was compared with that of the WT sepals 397 
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(M6SvsWTS) and the WT pericarps (M6SvsWTR). A total of 4435 differentially 398 

expressed genes (DEGs) were found in the M6SvsWTS comparison. A total of 2983 399 

DEGs were identified in the M6SvsWTR comparison (Supplemental Figure S3). A 400 

full list of DEGs can be found in Supplemental Table S3. A correlation analysis 401 

revealed a high degree of consistency between the transcript abundance determined by 402 

RT-qPCR and RNA-seq (Supplemental Figure S4). Hierarchical clustering analysis 403 

indicated that the expression patterns were classified into seven groups and the 404 

expression profiles in M6S were more similar to those of WTR than to the expression 405 

profiles of WTS (Supplemental Figure S5). GO and KEGG analyses showed that the 406 

DEGs from the M6SvsWTS comparison were largely involved in metabolism, and 407 

that the DEGs from the M6SvsWTR comparison were principally associated with 408 

photosynthesis (Supplemental Figure S6). For subsequent analysis, we mainly 409 

focused on the DEGs that were identified from the M6SvsWTS comparison. A 410 

shortlist of DEGs, which is discussed below, is provided in Supplemental Table S4. 411 

The expression changes are provided in Figure 10A. Transcriptional regulation by the 412 

overexpression of CsMADS6 at a global level is schematically represented in Figure 413 

10B. 414 

In accordance with the preceding RT-qPCR analysis, the RNA-seq data revealed 415 

significantly high levels of PSY and CRTISO transcripts and low levels of LCYe 416 

transcripts in transgenic sepals. The expression levels of LCYb1 (Solyc04g040190) 417 

were not found (NA) due to the method that we used to quantify the RNA-seq data. 418 

The nucleotide sequence of LCYb2 (Solyc10g079480) shares 85% similarity with 419 

LCYb1 and the expression levels of LCYb2 were significantly down-regulated in 420 

transgenic sepals as determined by RNA-seq. Moreover, the expression levels of 421 

several late carotenoid metabolic genes that are involved in the enzymatic degradation 422 

of carotenoids for the production of abscisic acid (ABA) and strigolactones (SLs), 423 

such as NCED and D27 (beta-carotene isomerase D27), were greatly reduced in the 424 

transgenic sepals. The expression of genes involved in pathways other than the 425 

carotenoid biosynthetic pathway was also significantly affected by the overexpression 426 

of CsMADS6. For example, two predominant genes, PFK (6-phosphofructokinase) 427 

and PK (pyruvate kinase), which encode enzymes involved in carbohydrate 428 

metabolisms and that produce pyruvate, were significantly up-regulated in the 429 

M6SvsWTS comparison. PDH (pyruvate dehydrogenase), which encodes an enzyme 430 

that catalyzes the decarboxylation of pyruvate to eventually produce acetyl-CoA for 431 
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the citrate cycle (TCA cycle), was significantly down-regulated. Low transcript levels 432 

of ADH (alcohol dehydrogenase), which is involved in anaerobic respiration, were 433 

observed. Moreover, the transcript levels of many genes involved in secondary 434 

metabolic pathways other than the carotenoid biosynthetic pathway notably changed 435 

in the M6SvsWTS comparison. For example, the transcript abundances of two 436 

phenylpropanoid related genes, PAL (phenylalanine ammonia-lyase) and 4CL 437 

(4-coumarate-CoA ligase), were substantially repressed. The mevalonate (MVA) and 438 

methylerythritol 4-phosphate (MEP) pathways provide necessary precursors 439 

(isopentenyl pyrophosphate, IPP; dimethylallyl diphosphate, DMAPP; geranylgeranyl 440 

pyrophosphate, GGPP) for the biosynthesis of many secondary metabolites, including 441 

carotenoids, chlorophyll, plastoquinone and tocopherol. The transcript levels of key 442 

genes, including MPD (mevalonate disphosphate decarboxylase), DXS 443 

(1-D-deoxyxylulose 5-phosphate synthase), CMK 444 

(4-diphosphocytidyl-2-C-methyl-D-erythritol kinase) and GGPS (geranylgeranyl 445 

pyrophosphate synthase), which encode enzmes involved in the biosynthesis of IPP, 446 

DMAPP and GGPP were significantly increased. We also determined that the 447 

expression of genes associated with many secondary metabolic pathways that are 448 

located downstream of the MVA and MEP pathways were significantly repressed. For 449 

example, the transcript levels of the genes encoding IPT (tRNA dimethylallyl 450 

transferase), which is involved in catalyzing the biosynthesis of DMAPP into zeatin, 451 

and MNR (neomenthol dehydrogenase), which is involved in catalyzing the 452 

conversion of IPP into monoterpenoid, were both reduced. Additionally, genes that 453 

encode enzymes that are critical for utilizing GGPP for the synthesis of other 454 

metabolites were also significantly down-regulated in transgenic sepals; these genes 455 

include GA2ox (gibberellin 2-oxidase, responsible for GA biosynthesis), PORA 456 

(protochlorophyllide oxidoreductase, chlorophyll biosynthesis), ICS (isochorismate 457 

synthase, phylloquinone biosynthesis), and MPHQMT 458 

(methyl-6-phytyl-1,4-benzoquinone methyltransferase, plastoquinol and tocopherol 459 

biosynthesis). These results indicated that the main carotenoid biosynthesis pathway, 460 

which proceeds through IPP and GGPP, was active and that the synthesis of other 461 

metabolites was partially blocked by the overexpression of CsMADS6.  462 

Plant hormones, as a class of small molecules present in low abundance, play 463 

important roles at various points in the life cycles of plants. RNA-seq data showed 464 

that the transcript levels of genes involved in hormone biosynthesis were significantly 465 
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changed. For example, the transcript levels of ACO1 466 

(1-aminocyclopropane-1-carboxylate oxidase 1) and ACS2/4 467 

(1-aminocyclopropane-1-carboxylate synthase 2/4), which encode enzymes for 468 

ethylene biosynthesis, and CYP85A (Dwarf, brassinosteroid-6-oxidase), which 469 

encodes an enzyme involved in brassinosteroid biosynthesis, were expressed at much 470 

higher levels in transgenic sepals than in the controls.  471 

Many DEGs that were annotated as transcription factors and regulators were 472 

differentially expressed in the M6SvsWTS comparison. The most differentially 473 

expressed regulatory genes belonged to the AP2/ERF, MADS, MYB, bHLH, and 474 

WRKY families (Supplemental Figure S7). The expression levels of many fruit 475 

ripening-related TFs, such as RIN, FUL, and NOR (non-ripening) were significantly 476 

up-regulated in the transgenic sepals. We also observed the down-regulation of other 477 

fruit ripening-related TFs such as HB-1 (HD-Zip homeobox) and GLK1 (Golden 478 

2-like). The expression of TAGL1, a CsMADS6 homolog in tomato, did not vary 479 

significantly.  480 

 481 

Discussion 482 

Carotenoids are important secondary metabolites in plants. LCYb1 is known to 483 

play an important role in plant carotenoid metabolism, but the transcriptional 484 

regulation of LCYb1 is not well understood. Citrus fruit is rich in carotenoids. Thus, 485 

understanding the mechanisms that regulate carotenoid metabolism is of great 486 

significance to the citrus industry. In this study, we identified a citrus MADS TF, 487 

CsMADS6, with potential roles in regulating the expression of LCYb1 and the 488 

accumulation of carotenoids. CsMADS6 belongs to the AGAMOUS-like subfamily 489 

and is homologous to the TAGL1 protein from tomato (Figure 1). Previous studies 490 

have reported that the carotenoid profiles and the transcript levels of biosynthetic 491 

genes are significantly influenced by the overexpression or suppression of tomato 492 

TAGL1 (Itkin et al., 2009; Vrebalov et al., 2009). In addition, we found that CsMADS6 493 

was strongly expressed in a ripening-specific manner (i.e., associated with the 494 

accumulation of carotenoids in citrus fruit) (Figure 2) (Liu et al., 2007). These data 495 

are consistent with CsMADS6 contributing to carotenoid metabolism. We 496 

subsequently obtained direct evidence to support this idea. 497 

 498 

CsMADS6 is a direct and positive regulator of LCYb1 499 
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Using a variety of approaches (i.e., Y1H, EMSA, and dual-luciferase assay), we 500 

first demonstrated that CsMADS6 directly binds to the promoter of LCYb1 and 501 

activates the promoter activity of LCYb1 (Figure 4). In addition, we found that 502 

transcript abundance of LCYb1 was significantly higher in CsMADS6-overexpressing 503 

citrus calli (Figure 5D) and CsMADS6-overexpressing tomato pericarps (Figure 9A) 504 

than that in the controls, which provided more evidence that CsMADS6 induced the 505 

expression of LCYb1. Previous studies have reported that the expression of LCYb 506 

genes is higher in tomato TAGL1-RNA interference lines, which is consistent with 507 

TAGL1 negatively regulating the expression of LCYb (Vrebalov et al., 2009). 508 

However, in this study, the transcript levels of LCYb genes were higher in 509 

CsMADS6-overexpressing tomato pericarps than those in the control (Figure 9A), 510 

which is consistent with CsMADS6 positively regulating the expression of LCYb in 511 

tomato pericarps. These findings indicated that CsMADS6 and its homolog (TAGL1) 512 

both regulated the expression of LCYb in the pericarp of tomato, but the nature of 513 

their regulatory activity was distinct. Citrus fruits mainly accumulate xanthophylls, 514 

such as violaxanthin and β-cryptoxanthin, but rarely accumulate lycopene (Kato et al., 515 

2004; Fanciullino et al., 2006). During the development of citrus fruit, the transcript 516 

levels of LCYb genes gradually increases and the expression patterns of LCYb and 517 

CsMADS6 were similar (Kato et al., 2004; Liu et al., 2007; Lu et al., 2016). In 518 

contrast, during the development of tomato fruit, the expression of LCYb genes was 519 

gradually down-regulated and the expression patterns of LCYb and TAGL1 were 520 

inversely associated. The down-regulation of LCYb expression is followed by the 521 

accumulation of large quantities of lycopene in fruit (Pecker et al., 1996; Ronen et al., 522 

1999, 2000). It is therefore reasonable to suggest that LCYb expression is positively 523 

regulated by CsMADS6 and negatively regulated by TAGL1, showing the 524 

species-specific regulation of LCYb expression by AGAMOUS-like MADS TFs. 525 

 526 

CsMADS6 promotes carotenoid metabolism by directly regulating the expression 527 

of LCYb1 and other carotenogenic genes, including PSY, PDS, and CCD1 528 

This study found that the overexpression of CsMADS6 resulted in increased 529 

β-branch carotenoid content in both transgenic citrus calli (Figure 5C) and tomato 530 

pericarps (Figure 7C). It is difficult to suppress fruit-specific MADS genes in citrus, 531 

which are perennial woody trees. However, previous studies have reported that 532 

silencing its homolog in tomato leads to significantly lower amounts of carotenoids in 533 
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fruit, and these changes correlate with reduction in the transcript levels of PSY and 534 

other biosynthetic genes (Itkin et al., 2009; Vrebalov et al., 2009). Collectively, these 535 

findings indicate that CsMADS6 positively modulates carotenoid metabolism. This 536 

study discovered that many carotenogenic genes other than LCYb1, such as PSY, were 537 

affected by the overexpression of CsMADS6 (Figure 5D and 9A). PSY is generally 538 

accepted as a key determinant of total carotenoids in a number of fruits, such as 539 

tomato (Fraser et al., 1994; Bramley, 2004) and citrus fruits (Kato et al., 2004; Tao et 540 

al., 2007). In this study, we found that the levels of total carotenoids were consistently 541 

enhanced when the transcript levels of PSY were enhanced in the 542 

CsMADS6-overexpressing lines. The high levels of LCYb1, LCYb2 and HYD, together 543 

with the reduced levels of LCYe, directed lycopene into the β-branch of carotenoid 544 

synthesis, resulting in elevated levels of violaxanthin in CsMADS6-overexpressing 545 

citrus calli (Figure 5C), which resembles the carotenogenesis that occurs in the 546 

ripening fruit of sweet orange (Kato et al., 2004; Liu et al., 2007). In transgenic 547 

tomato, the altered expression levels of carotenoid biosynthetic genes similarly 548 

increased the levels of the β-branch carotenoids in CsMADS6-overexpressing lines 549 

(Figure 7C). In contrast to the greatly increased transcript levels from the biosynthetic 550 

genes, especially PSY and PDS, carotenoid profiles changed little in transgenic calli. 551 

Lätari et al. (2015) determined that the unchanged carotenoid levels in the leaves of 552 

Arabidopsis AtPSY-overexpressing lines were due to CCD4 cleaving specific 553 

xanthophyll molecules to yield high levels of C13 apocarotenoid glycosides. Thus, the 554 

discordance produced by this study may be partially explained by the increased 555 

transcript levels of CCD1, which catalyzes the enzymatic degradation of carotenoids 556 

to yield volatile compounds such as β-cyclocitral or other apocarotenoids (Simkin et 557 

al., 2004). It is difficult to detect these derivatives because of their low content in 558 

citrus calli.  559 

Overexpressing CsMADS6 in tomato sepals dramatically altered the carotenoid 560 

profiles and the expression of many carotenoid-associated genes (Figure 7D and 9B). 561 

Similar phenomena have been reported by previous studies of homologous genes from 562 

tomato and peach, which is consistent with the conservation of transcriptional control 563 

of fruit ripening by the AGAMOUS-like MADS regulators in climacteric and 564 

non-climacteric species (Itkin et al., 2009; Tadiello et al., 2009; Vrebalov et al., 2009). 565 

The extent of the changes was relatively greater in the transgenic sepals than in the 566 

transgenic pericarps. We also discovered that overexpression of CsMADS6 had 567 
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different effects on gene expression in transgenic pericarps and sepals (Figure 9). For 568 

example, tomato LCYb1 was significantly up-regulated in transgenic pericarps but 569 

down-regulated in transgenic sepals. These findings are consistent with the tissue type 570 

influencing the transcriptional regulation by CsMADS6. Jinseo et al. (2010) reported 571 

that the number of genes up-regulated by OsNAC10 in rice (Oryza sativa) is different 572 

in roots and leaves and that the expression of only four genes is up-regulated in both 573 

organs. Alternatively, Bovy (2002) reported that the LC/C1 TF effect on flavonoid 574 

gene expression is much more modest in leaves than in fruit because the flavonoid 575 

pathway is already active in WT leaves. Similarly, the moderate changes in transgenic 576 

tomato pericarps may be due to the high activity of the carotenoid biosynthetic 577 

pathway in tomato pericarps. We cannot rule out the possibility that this expression in 578 

tomato sepals and the significantly different expression of other ripening-related TFs, 579 

that were revealed by RNA-seq data, are coordinately regulated (Figure 10). 580 

Further investigation demonstrated that CsMADS6 could bind directly to the 581 

promoters and up-regulate the expression of PSY, PDS, and CCD1 (Figure 6). In the 582 

dual-luciferase assays, we found that CsMADS6 induced higher levels of activation of 583 

the CCD1 promoter than those of the PSY and PDS promoters (Figure 6D). Espley 584 

(2009) demonstrated that in the presence of the MYB10 effector, the expression of the 585 

LUC reporter increases when the number of cis-acting elements in the promoter 586 

increases. The numbers of the predicted CArG elements in the promoter of CCD1 (5) 587 

were more than those of PSY (2) and PDS (3) (Supplemental Table S2), possibly 588 

suggesting a positive correlation between the number of CArG elements and the 589 

activation of the promoter by CsMADS6. Our results of the dual-luciferase assays 590 

displayed the ability of CsMADS6 to activate the two promoter fragments of LCYb1 591 

(LP1 and LP2). However, a deletion from LP1 to LP2 decreased the numbers of 592 

CArG elements, leading to high levels of activation by CsMADS6. These data imply 593 

that the sequence context locating from LP1 to LP2 may affect the binding affinity or 594 

activation of CsMADS6 to the promoter of LCYb1. The increased expression of 595 

CRTISO, LCYb2 and HYD in transgenic lines may also be regulated by CsMADS6 596 

through the possible CArG elements discovered in their promoters (Supplemental 597 

Table S2). Hu et al. (2015) identified a HD-ZIP TF, SlHZ24, that modulates ascorbate 598 

levels by targeting the genes encoding three members of the D-mannose/L-galactose 599 

(D-Man/L-Gal) biosynthetic pathway. ChIP-seq analyses indicate that the tomato FUL 600 

homologs generally regulate carotenoid metabolism and that RIN specially regulates 601 
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the accumulation of lycopene (Fujisawa et al., 2013; 2014). This study clearly shows 602 

that, similar to the FUL homologs, CsMADS6 affects carotenoid metabolism by 603 

directly regulating the expression of multiple genes that contribute to carotenoid 604 

biosynthesis.  605 

In this study, we found that the expression of HY5, RAP2.2 and PIF1 606 

significantly changed in transgenic citrus calli (Supplemental Figure S1). We propose 607 

that CsMADS6 may directly target the genes encoding these three TFs because of the 608 

presence of CArG elements in their promoters (Supplemental Table S2). Previous 609 

studies demonstrate that PIF1 binds directly to PSY and down-regulates its expression. 610 

In contrast, HY5 acts antagonistically to activate PSY expression (Toledo-Ortiz et al., 611 

2010, 2014). In the Arabidopsis root-derived calli, the decrease in AtRAP2.2 transcript 612 

levels in a T-DNA insertion line leads to the down-regulated expression of PSY and 613 

PDS, which have the AtRAP2.2-binding motif in their promoters (Welsch et al., 2007). 614 

Based on these data, we suggest that the high expression of PSY and PDS, which have 615 

the binding sites for HY5, RAP2.2 and PIF1 in their promoters (Supplemental Table 616 

S2), is synergistically enhanced by the elevated expression of both HY5 and RAP2.2 617 

and the repression of PIF1 in transgenic citrus calli. Moreover, previous studies 618 

reported that carotenoids and their derivatives, such as β-cyclocitral and 619 

dihydroactinidiolide, act as retrograde signals to regulate the expression of genes in 620 

the nucleus (Ramel et al., 2012; Shumbe et al., 2014). Expression of a Daucus carota 621 

DcLCYb1 in tobacco (Nicotiana tabacum) induces a positive feedback affecting the 622 

expression of key carotenogenic genes, NtPSY1, NtPSY2 and NtLCYb (Moreno et al., 623 

2016). These data permit us to propose that the significantly increased transcript 624 

levels of PSY and PDS that are a consequence of CsMADS6 expression may result 625 

from positive feedback regulation, mediated by a molecule produced by the increased 626 

expression of CCD1, which cleaves β-carotene and violaxanthin (Figure 5C and 5D). 627 

Based on the results presented here and elsewhere, we propose a model to 628 

elucidate the transcriptional regulation of carotenoid metabolism by CsMADS6 629 

(Figure 11). CsMADS6 coordinately and positively modulates carotenoid metabolism 630 

by directly regulating the expression of LCYb1, PSY, PDS, and CCD1. The 631 

up-regulated expression of PSY, PDS, and LCYb1, together with the altered 632 

expression of other carotenogenic genes, induces carotenoid biosynthesis and directs 633 

flux into the β-branch, consequently forming more β,β-carotenoids in the transgenic 634 

lines. The up-regulated expression of CCD1 balances carotenoid content and 635 
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composition and also permits the production of apocarotenoids, such as β-cyclocitral, 636 

which may act as retrograde signal(s) that regulate the expression of carotenogenic 637 

genes. Moreover, CsMADS6 probably induces the notably high expression of PSY 638 

and PDS by an indirect mechanism that involves regulating the expression of HY5, 639 

RAP2.2 and PIF1. The feedback regulation by apocarotenoids and the indirect 640 

regulation by other TFs (indicated with dashed lines) remains to be determined. This 641 

model enriches our understanding of the complex transcriptional regulation of 642 

carotenoid metabolism in plants. 643 

 644 

CsMADS6 reprograms transcriptional networks to direct metabolic flux into the 645 

carotenoid pathway 646 

Global transcriptome analysis of transgenic tomato sepals identified many genes 647 

whose expression was significantly affected by CsMADS6 overexpression 648 

(Supplemental Table S3). Consistent with the observed phenotypic changes, genes 649 

related to chlorophyll metabolism and photosynthesis were significantly 650 

down-regulated, while the expression of genes associated with carotenoid 651 

biosynthesis was dramatically increased. The transcript levels of key genes, such as 652 

NCED and D27, involved in the enzymatic degradation of carotenoids were 653 

significantly repressed in the sepals of transgenic tomato. Sun et al. (2012) reported 654 

that suppression of SlNCED1 produces deep-red fruit with increased accumulation of 655 

lycopene and β-carotene. We propose that the notably increased lycopene content in 656 

transgenic sepals could not only be a result of enhanced carbon flow to carotenoid 657 

production but also the inhibition of carotenoid degradation. Furthermore, this study 658 

found that the plastids in transgenic sepals developed into chromoplast structures 659 

(Figure 8), which are responsible for the attractive colors of fruits and flowers 660 

(Vishnevetsky et al., 1999; Li and Yuan, 2013). Considering these results, the 661 

CsMADS6 protein is involved in three processes, promoting biosynthesis, repressing 662 

degradation, and stabilizing storage, to facilitate specific carotenoid (lycopene) 663 

accumulation in transgenic tomato sepals. 664 

Large-scale transcriptome analysis identified many DEGs involved in other 665 

biological processes and metabolic pathways (Figure 10 and Supplemental Table S4). 666 

For example, two key genes, PK and PFK, which are involved in primary metabolism 667 

were significantly up-regulated, resulting in the production of pyruvate, an important 668 

intermediate linking primary and secondary metabolism. The expression of genes 669 
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encoding enzymes that catabolize pyruvate by anaerobic respiration or through the 670 

TCA cycle was repressed. In contrast, the expression of genes that contribute to the 671 

MVA and MEP pathways, which supply precursors for the biosynthesis of secondary 672 

metabolites, was significantly induced. The expression of genes associated with the 673 

pathways of secondary metabolism other than the carotenoid biosynthetic pathway 674 

was significantly repressed. These findings indicate that CsMADS6 can regulate the 675 

expression of carotenoid biosynthetic genes and reprogram carbon flux towards 676 

carotenoid synthesis. Similarly, Zhang et al. (2015) showed that the AtMYB12 TF not 677 

only increased flavonoid biosynthesis but also increased primary metabolism to fuel 678 

the phenylalanine biosynthesis, thus enabling effective production of 679 

phenylpropanoids in transgenic tomato fruit. Previous studies reported that 680 

phytohormones, such as ethylene (Klee and Giovannoni, 2011) and brassinosteroids 681 

(Lanahan et al., 1994; Liu et al., 2014), and TFs could act cooperatively and 682 

independently to promote carotenoid biosynthesis (Giovannoni, 2007; Gapper et al., 683 

2013). This study showed that the expression of key genes involved in ethylene and 684 

brassinosteroid biosynthesis significantly increased. Moreover, the expression of 685 

many fruit ripening-related genes that encode TFs, such as RIN, NOR, FUL1 and 686 

FUL2, changed in transgenic sepals. These findings indicate that the increased levels 687 

of ethylene and brassinosteroid biosynthetic genes, as well as those of the fruit 688 

ripening-related TFs, may assist in the accumulation of carotenoids. A previous study 689 

reported that the endogenous activity of TAGL1 might be interfered by the ectopic 690 

expression of peach PpPLENA (a TAGL1 homolog) (Tadiello et al., 2009). The 691 

current study found that TAGL1 expression was not significantly altered in transgenic 692 

tomato, implying that the transcriptional changes in transgenic sepals are regulated by 693 

CsMADS6 and not its homolog from tomato. However, the roles of other TFs that 694 

were affected by CsMADS6 overexpression certainly cannot be excluded. Later, we 695 

will conduct transcriptome analysis of transgenic citrus calli to avoid the possibly 696 

indirect effects caused by these ripening regulators and to deeply understand the 697 

transcriptional regulatory functions of citrus CsMADS6.  698 

Based on the above analysis, we provide a schematic of a global view of the 699 

transcriptional regulation by CsMADS6 (Figure 10B). This view states that 700 

CsMADS6 coordinately regulates a series of pathways, including primary pathways, 701 

secondary pathways, and phytohormone and TF levels, to synergistically promote the 702 

accumulation of large amounts of a specific carotenoid (lycopene) in transgenic sepals. 703 

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

http://www.plantphysiol.org


 

22 
 

The multiple regulatory functions of CsMADS6 indicate that it plays important roles 704 

in the reprogramming of transcriptional networks to direct metabolic flux into the 705 

carotenoid pathway. 706 

 707 

Conclusions 708 

In conclusion, we identified a citrus MADS TF named CsMADS6 that regulates 709 

carotenoid metabolism by directly regulating the expression of carotenogenic genes. 710 

Moreover, CsMADS6 coordinates many other metabolic pathways to synergistically 711 

promote the biosynthesis and accumulation of carotenoids. The manipulation of 712 

CsMADS6 expression may therefore be useful for manipulating the carotenoid content 713 

in citrus and other fruits. Thus, this study describes a new MADS regulon that enables 714 

our understanding of the physiological relevance of MADS proteins in carotenoid 715 

metabolism. In the future, we will combine transcriptome analysis with ChIP assays to 716 

thoroughly identify the direct targets of CsMADS6 to better understand carotenoid 717 

metabolism in plants. Moreover, we will attempt to analyze sequence polymorphisms 718 

and expression of CsMADS6 among different citrus varieties that exhibit different 719 

fruit colors and use CRISPR/Cas9 to knock down CsMADS6 in citrus to learn more 720 

about its role in the regulation of carotenoid metabolism in citrus fruit. 721 

 722 

Materials and Methods 723 

Plant materials 724 

The citrus materials used in this study were from the ‘Hong Anliu’ sweet orange 725 

(Citrus sinensis). Roots (R), stems (S) and leaves (L) were sampled from six-leaf 726 

stage plantlets. Fruits at six developmental stages (60, 90, 120, 150, 180, and 220 727 

DAF) were collected from mature trees growing in the orchard of the National Citrus 728 

Breeding Center at Huazhong Agricultural University (Wuhan, China). All samples 729 

were immediately frozen in liquid nitrogen and stored at -80°C until they were used. 730 

 731 

Gene isolation and sequence analysis 732 

The full-length coding sequence (CDS) of CsMADS6 was amplified using PCR 733 

with the primers listed in Supplemental Table S5. The conserved domains were 734 

analyzed using the NCBI Conserved Domain Database (CDD, 735 

https://www.ncbi.nlm.nih.gov/cdd) and the ExPASy prosite Database 736 

(http://prosite.expasy.org/). A set of associated MADS protein sequences was 737 
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downloaded from GenBank or other genome databases. Multiple sequence alignments 738 

were prepared using ClustalX and visualized in GeneDoc. A phylogenetic tree was 739 

constructed using MEGA software with the neighbor-joining method. The reliability 740 

of the nodes in the tree was evaluated by boot-strapping with 1000 replicates. 741 

 742 

RNA extraction and RT-qPCR 743 

Total RNA was extracted from all samples using the TRIzol Reagent (Life 744 

Technologies). First-strand cDNA was synthesized using the HiScript II 1st Strand 745 

cDNA Synthesis Kit (+gDNA wiper) (Vazyme). Reverse transcription quantitative 746 

PCR (RT-qPCR) was performed with a Roche LightCycler 480 system using the 2× 747 

LightCycler 480 SYBR Green master mix (Roche) and a three-step program: 748 

pre-incubation at 95°C for 10 min; 40 cycles of amplification at 95°C for 10 s, 60°C 749 

for 10 s, and 72°C for 20 s; followed by a melting curve at 95°C for 5 s, 65°C for 1 750 

min, then ramping at 0.11°C/s to 97°C with continuous fluorescence measurement. 751 

Gene-specific primers used for RT-qPCR were designed using the PrimerExpress 752 

software. Actin (Act) was chosen as the endogenous control. Fluorescence was 753 

measured at each extension step. Each run contained a negative control (water in 754 

place of cDNA) and each reaction was performed in triplicate. The reaction specificity 755 

was confirmed by the negative control and a Tm Calling analysis. The data were 756 

analyzed using LightCycler 480 software release 1.5.0 (Roche). 757 

 758 

Protein extraction and immunoblotting  759 

The CsMADS6 protein was detected in extracts prepared from ‘Hong Anliu’ 760 

sweet orange fruits at six developmental stages (60, 90, 120, 150, 180, and 220 DAF). 761 

Anti-CsMADS6 polyclonal antibody was commissioned from Frdbio company 762 

(Wuhan). Protein extraction and immunoblotting were performed using the methods 763 

described by Pan et al. (2009) and Cao et al. (2012) with minor modifications.  764 

 765 

Subcellular localization 766 

The CDS from CsMADS6 without the stop codon was amplified using PCR and 767 

cloned into the PM999 vector, in frame with the GFP gene. Citrus leaf protoplasts 768 

were co-transformed with the plasmid encoding CsMADS6-GFP and a plasmid 769 

encoding a nuclear marker, OsGhd7-CFP, using a PEG-based method. Florescence 770 

signals were observed with a confocal laser scanning microscope (Leica TCS SP2, 771 
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Leica) 20 h after transformation. 772 

 773 

Yeast one-hybrid 774 

Y1H screening was performed using the Matchmaker Gold Yeast One-Hybrid 775 

Library Screening System (Clotech). The promoter fragments from citrus LCYb1 and 776 

LCYb2 were cloned into the pAbAi vector to produce the bait constructs 777 

pAbAi-LCYb1 and pAbAi-LCYb2, respectively. The bait plasmids were then 778 

linearized and integrated into the Y1HGold yeast (Saccharomyces cerevisiae) genome 779 

to create bait strains. A citrus fruit cDNA library was constructed using SMART 780 

cDNA synthesis technology. The cDNA library was then transformed into the bait 781 

yeast cells and selected on synthetic dropout minimal medium (SD) plates lacking 782 

leucine with or without AbA. The prey fragments from the positive colonies were 783 

identified by DNA sequencing (Augct, Wuhan). 784 

For the Y1H assay, different promoter fragments or three copies of the CArG 785 

element were cloned into the pAbAi vector to create bait constructs, respectively. The 786 

CDS of CsMADS6 was fused to the GAL4 activation domain (AD) in the pGADT7 787 

vector to generate a prey construct, AD-CsMADS6. The prey vector and the empty 788 

vector (AD), serving as the negative control were then transformed into yeast cells 789 

containing bait constructs, respectively. The transformed yeast cells were diluted with 790 

a 10× dilution series and dotted on the SD plates lacking leucine with or without 791 

antibiotic. The cells that grew on both media contained prey proteins and the bait 792 

sequences that interacted. 793 

 794 

Electrophoretic mobility shift assay 795 

The CDS of CsMADS6 without the stop codon was cloned into a double-tagged 796 

expression vector to generate the recombinant vector MBP-CsMADS6-His. 797 

Escherichia coli BL21 (DE3) was transformed with this construct for the expression 798 

of recombinant protein. The recombinant protein was expressed and purified using 799 

Ni-NTA agarose columns. The promoter fragments containing the CArG elements or 800 

three copies of the potential CArG elements were synthesized and labeled with FAM 801 

or Cy5 luciferase. Complementary oligonucleotides were annealed and used as EMSA 802 

probes. Unlabeled probes with the same or mutated oligonucleotides were used as 803 

cold competitors. EMSA binding reactions were performed according to the 804 

manufacturer’s instructions (LightShift
 

EMSA Kit, Thermo Scientific). Cold 805 
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competitor DNA was added to at least a 20-fold excess relative to the labeled probe. 806 

The binding complexes were then loaded onto a pre-running native 6% 807 

polyacrylamide gel and electrophoresis was performed at a low temperature using 808 

0.5× TBE (Tris-borate EDTA) buffer at 100 V for 1 h. Gel images were captured 809 

using the Amersham Imager 600 (GE Healthcare).  810 

 811 

Transient expression assay 812 

For the transcriptional activity assay, the reporter vector, a derivative of pGreenII 813 

0800-LUC, containing five copies of the GAL4 activation domain upstream of the 814 

minimal CaMV35S promoter and the LUC gene. For an internal control, the 815 

expression of the REN gene was driven by the CaMV35S promoter in a reporter 816 

vector. The CDS of CsMADS6 was inserted upstream of the GAL4 DNA-binding 817 

domain in the pBD vector to generate an effector vector named pBD-CsMADS6. The 818 

empty vector was used as the negative control (pBD), while the vector containing the 819 

VP16 activation domain was used as the positive control (pBD-VP16).  820 

For the DNA-promoter interaction assay, promoter sequences were amplified 821 

from genomic DNA using PCR and inserted upstream of the LUC CDS in pGreen 822 

0800-LUC to yield the promoter-LUC reporter vectors. The CDS of CsMADS6 was 823 

cloned into the pK2GW7 destination vector using the Gateway Cloning System 824 

(Invitrogen, Carlsbad, CA), to create an overexpression construct named 825 

pK2-CsMADS6. The empty vector pK2GW7 was used as the negative control (pK2).  826 

All resulting constructs were introduced into the Agrobacterium tumefaciens 827 

strain EHA105 using the freeze–thaw method or GV3101 by electroporation. 828 

Transient expression in Nicotiana benthamiana was performed according to the 829 

method described by Hellens et al. (2005). Luciferase activity was detected using the 830 

Dual-luciferase Reporter Assay System (Promega) with an Infinite200 Pro microplate 831 

reader (Tecan). Expression was expressed as the ratio of LUC to REN activity and 832 

normalized to the negative control. 833 

 834 

Transformation of citrus calli and tomato plants  835 

An Agrobacterium strain containing the overexpression vectors pK2 or 836 

pK2-CsMADS6 was used in the plant transformation experiment. The transformation 837 

of citrus calli and growth conditions were conducted as described previously (Lu et al., 838 

2016a). The transformation of tomato (Solanum lycopersicum cv. Ailsa Craig) was 839 
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performed as described by Sun et al. (2006) with minor modifications by Bee Lynn 840 

Chew and Yu Pan (University of Nottingham). After their roots were established, the 841 

transgenic plants were transferred to soil and grown in a glasshouse alongside 842 

untransformed control tomato plants. Genomic PCR using specific primers for both 843 

the antibiotic resistance gene and the target gene was performed to verify positive 844 

transformations. Expression levels were examined by RT-PCR and immunoblotting. 845 

Insertions at single loci were identified using quantitative real-time PCR. Transgene 846 

copy numbers were estimated by reference to the endogenous single-copy ELIP (early 847 

light-inducible protein) gene. Overexpression of CsMADS6 affected the reproductive 848 

development and reduced both the fruit set and seed numbers per fruit. Therefore, the 849 

subsequent physiological and biochemical determinations were carried out in the T1 850 

generation. Tomato fruit samples were collected from the T1 progeny of three 851 

independent transgenic lines that contained single-copy transgene insertions and had 852 

high expression of CsMADS6 and were analyzed further. 853 

 854 

Quantitation of carotenoid and chlorophyll levels 855 

Lyophilized samples were used for physiological measurement. Carotenoid 856 

extraction and determination were performed as described previously (Cao et al., 857 

2012). Carotenoids were analyzed using reverse phase HPLC, which was performed 858 

in a Waters liquid chromatography system equipped with a model 1525 solvent 859 

delivery system, a model 2998 photodiode array detection (PAD) system, a model 860 

2707 plus auto-sampler, and an Empower Chromatography Manager. The carotenoids 861 

were eluted from a C30 carotenoid column (250×4.6 mm; YMC, Japan). Carotenoids 862 

were identified by their characteristic absorption spectra and retention times based on 863 

the literature and standards purchased from CaroteNature (Lupsingen, Switzerland). 864 

Carotenoids were quantified using calibration curves that were prepared for 865 

violaxanthin (Vio), lutein (Lut), β-carotene (β-car), and lycopene (Lyc). The levels of 866 

α-carotene (α-car) in citrus calli were calculated with the peak area [peak area × 867 

volume (μL)] / (weight (g) × 10
6
). The peak areas of lycopene were quantified at the 868 

wavelength of 471 nm, while those of other carotenoids were quantified at 450 nm. 869 

The UV spectra for all of the carotenoids identified in this study are provided in the 870 

Supplemental Figure S8. 871 

Chlorophyll extraction and determination were performed as described by 872 

Wellburn (1994). The absorbance at 663 nm (A663) and 645 nm (A645) was 873 
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determined using the Infinite200 Pro microplate reader (Tecan). We used the 874 

following formula: total Chl (mg/g) = (8.04A663 + 20.2A645) × volume (L) / dry 875 

weight (g); Chl a (mg/g) = (12.72A663 – 2.69A645) × volume (L) / dry weight (g); 876 

Chl b (mg/g) = (22.89A645 – 4.68A663) × volume (L) / dry weight (g). 877 

 878 

Transmission electron microscopy 879 

TEM was performed as described previously (Cao et al., 2012, 2015). Fruit 880 

sepals and pericarps were collected from the WT and transgenic tomato plants at the 881 

mature fruit stage. All samples were hand-dissected into small squares. Excised 882 

tissues were then immediately immersed in fixative solutions and sent to the electron 883 

microscopy platform of Huazhong Agricultural University for subsequent 884 

manipulations and procedures. TEM was imaged with a HITA-CHI H-7650 885 

transmission electron microscope at 80 KV and a Gatan 832 CCD camera. 886 

 887 

RNA library construction and sequencing 888 

Three groups were sequenced (wild-type sepals, WTS; wild-type pericarps, WTR; 889 

CsMADS6-overexpressing sepals, M6S). For each group, three independent 890 

biological replicates were subjected to RNA-sequencing (RNA-seq). All samples were 891 

collected at the Br+5 stage of fruit development. The RNA library construction and 892 

sequencing were conducted by Novogene Bioinformatics Technology Co. Ltd. 893 

(Beijing, China) using Illumina HiSeq. HTSeq v0.6.1 software in union mode was 894 

used to count the read numbers mapped to each gene (Anders et al., 2015). The gene 895 

expression levels were calculated using the commonly used FPKM (expected number 896 

of fragments per kilobase of transcript sequence per million base pairs sequenced) 897 

method (Trapnell et al., 2010). The RNA-seq quality and read numbers are 898 

summarized in Supplemental Table S6. The criterion of an adjusted P-value < 0.05 899 

was used to search DEGs, which are listed in Supplemental Table S3. Gene Ontology 900 

(GO) and KEGG enrichment analyses were implemented using the GOseq R package 901 

and KOBAS software, respectively (Mao et al., 2005; Young et al., 2010). HemI 1.0 902 

software was used for the hierarchical clustering analysis and heatmap illustration 903 

(Deng et al., 2014). The CArG element in the promoter was searched using the 904 

Softberry Nsite-PL program (http://linux1.softberry.com/). Raw data were deposited 905 

in the NCBI database under the accession number PRJNA432771. 906 

 907 
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Statistical analysis  908 

The data are presented as a mean ± SD of at least three independent experiments. 909 

Statistical analyses were conducted using the one-way ANOVA test with the 910 

Microsoft Excel program (Microsoft Office, 2010). Statistically significant differences 911 

are indicated with either * or lowercase letters ( P < 0.05) and ** or uppercase letters 912 

(P < 0.01). 913 

 914 

Accession numbers 915 

Sequence data from this article can be found in the NCBI database or in the 916 

genome databases of citrus (http://citrus.hzau.edu.cn/orange/) or Arabidopsis 917 

(http://www.arabidopsis.org/index.jsp) under the following accession numbers: Citrus 918 

sinensis CsMADS6 (MG594037), CsMADS1 (MG594038); Arabidopsis thaliana 919 

AtAG (AT4G18960), AtSHP1 (AT3G58780), AtSHP2 (AT2G42830), AtFUL 920 

(AT5G60910); Antirrhinum majus AmFAR (CAB42988), AmPLENA (BAI68391); 921 

Solanum lycopersicum SlTAG1(AAA34197), SlTAGL1 (NP_001300859), SlRIN 922 

(AAM15775); Nicotiana tabacum NtAG1 (AAA17033), NtSHP (AFK13160); Vitis 923 

vinifera VvMADS1 (AAK58564); Prunus persica PpPLENA (ACL31234); Fragaria 924 

× ananassa FaSHP (AGU92563). The accession numbers of the genes in the RT-qPCR 925 

analysis were provided in Supplemental Table S5. 926 

 927 

Supplemental Data 928 

Figure S1. Relative expression levels of HY5, RAP2.2 and PIF1 in transgenic citrus 929 

calli. 930 

Figure S2. Chlorophyll content in transgenic tomato sepals at the Br+5 stage of fruit 931 

development. 932 

Figure S3. Volcano plots showing the whole distribution of DEGs in the M6SvsWTS 933 

and M6SvsWTR comparisons. 934 

Figure S4. Correlation analysis of DEGs obtained from RNA-Seq (x-axis) and 935 

RT-qPCR assays (y-axis). 936 

Figure S5. Hierarchical clustering analysis of transcript levels obtained by RNA-seq 937 

in WTS, M6S and WTR. 938 

Figure S6. GO terms and KEGG classifications of DEGs in the M6SvsWTS and 939 

M6SvsWTR comparisons. 940 

Figure S7. Transcription factor families of DEGs in the M6SvsWTS (A) and 941 
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M6SvsWTR (B) comparisons. 942 

Figure S8. HPLC analysis of carotenoids in CsMADS6-overexpressing lines. 943 

Table S1. A list of interacting factors identified by Y1H screening. 944 

Table S2. Related cis-elements predicted in the promoters of several 945 

carotenoid-associated genes from citrus. 946 

Table S3. DEGs from the M6SvsWTS and M6SvsWTR comparisons. 947 

Table S4. Selected carotenoid-associated DEGs from the M6SvsWTS comparison. 948 

Table S5. Primers and probes used in this study. 949 

Table S6. Summary of read numbers based on the RNA-seq data. 950 
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 970 

Figure legends 971 

Figure 1. Sequence analysis of CsMADS6.  972 

(A) Phylogenetic analysis of CsMADS6 and related proteins from other plant species. 973 

The scale bar represents 0.1 substitutions per site. The red circle and triangle indicate 974 

CsMADS6 and CsMADS1, respectively. Arabidopsis AtFUL and tomato SlRIN were 975 
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used as outgroups. (B) Multiple sequence alignment of CsMADS6 and related 976 

proteins from Arabidopsis and tomato. The horizontal lines mark the four conserved 977 

domains. 978 

 979 

Figure 2. Transcript and protein levels of CsMADS6 in citrus.  980 

(A) Relative expression levels of CsMADS6 in different tissues and at different stages 981 

of fruit ripening. The data are expressed as the mean ± SD of three replications. DAF, 982 

days after flowering. (B) Protein levels of CsMADS6 at different stages of fruit 983 

ripening. Act, actin protein (internal reference). 984 

 985 

Figure 3. Subcellular localization and transcriptional activity of CsMADS6.  986 

(A) Subcellular localization of CsMADS6 in citrus protoplasts. CsMADS6-GFP was 987 

co-transformed with OsGhd7-CFP, which was used as a nuclear marker. 988 

CsMADS6-GFP, GFP signal; OsGhd7-CFP, CFP signal; Bright field, white light; 989 

Merged, combined GFP and CFP signals. Scale bar, 10 μm. (B) Schematic diagrams 990 

of vectors used for the transcriptional activity assay. pBD-CsMADS6, the vector 991 

containing CsMADS6; pBD and pBD-VP16 served as the negative and positive 992 

control, respectively. (C) Transcriptional activity of CsMADS6. The transcriptional 993 

activity of CsMADS6 was quantified using a luciferase assay. The data are expressed 994 

as the mean ± SD from six biological replicates. Asterisks indicate significant 995 

differences relative to the empty vector control by one-way ANOVA tests (**, P < 996 

0.01). 997 

 998 

Figure 4. Interaction of CsMADS6 protein with the promoter of LCYb1.  999 

(A) Y1H assay showing the binding of CsMADS6 to the LCYb1 promoter. AD, an 1000 

empty vector used as the negative control; AD-CsMADS6, the prey vector containing 1001 

CsMADS6. SD/-Leu, SD medium without Leu; SD/-Leu/AbA
400

, SD medium without 1002 

Leu supplemented with AbA at the concentration of 400 ng mL
-1

. Transformed yeast 1003 

cells were dotted at 10
-1

 dilutions on the selective medium. (B) Probes used for EMSA. 1004 

P1 and P2, two Cy5-labeled probes containing three copies of the CArG elements 1005 

present in the LCYb1 promoter. Mut, P1 and P2 mutant probes; the mutated sites are 1006 

surrounded by red boxes. (C) EMSA showing the binding of CsMADS6 to the LCYb1 1007 

promoter. The ‘+’ and ‘−’ indicate the presence and absence of the indicated probe or 1008 

protein. The ‘20×’ indicates a 20-fold excess of unlabeled probe or mutant (Mut.) 1009 
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unlabeled probe. Red arrows indicate the positions of protein-DNA complexes or free 1010 

probes. (D) Schematic diagrams of vectors used for the dual-luciferase assay. The 1011 

reporter vector contained different promoter fragments of LCYb1 fused to LUC. Red 1012 

asterisks indicate the positions of the two CArG elements. pK, the empty vector; 1013 

pK-CsMADS6, the overexpression vector containing CsMADS6. (E) Dual-luciferase 1014 

assay showing relative CsMADS6 activation of different promoter fragments of 1015 

LCYb1. The data are expressed as the mean ± SD from at least four biological 1016 

replicates. Asterisks indicate significant differences relative to the empty vector 1017 

control by one-way ANOVA tests (*, P < 0.05; **, P < 0.01). 1018 

 1019 

Figure 5. Effects of CsMADS6 overexpression in citrus calli.  1020 

(A) Phenotypes of transgenic citrus calli. Rm, wild type; Ox-M6, 1021 

CsMADS6-overexpressing citrus calli. (B) RT-PCR and immunoblotting analysis of 1022 

CsMADS6 transcript and protein levels. Act, Actin gene (internal reference). (C) 1023 

Carotenoid content in transgenic citrus calli. Vio, Violaxanthin; Lut, lutein; a-Car, 1024 

a-carotene; β-Car, β-carotene; Total, total carotenoids. DW, dry weight. (D) Relative 1025 

expression levels of carotenoid biosynthetic genes in transgenic citrus calli. The name 1026 

of the pertinent gene is indicated on each panel. Data are represented as means ± SD 1027 

of three replicates. Asterisks indicate significant differences relative to the control by 1028 

one-way ANOVA tests (*, P < 0.05; **, P < 0.01).  1029 

 1030 

Figure 6. Interaction of CsMADS6 protein with the promoters of PSY, PDS and 1031 

CCD1.  1032 

(A) Probes used for EMSA. The predicted CArG elements are underlined in red. 1033 

Numbers indicate the position relative to the ATG start codon. (B) EMSA showing the 1034 

binding of CsMADS6 to the promoters of PSY, PDS and CCD1. The ‘+’ and ‘−’ 1035 

indicate the presence and absence, respectively, of a probe or protein. The ‘20×’ and 1036 

‘30×’ indicate 20-fold and 30-fold excess, respectively, of unlabeled probes. Red 1037 

arrows indicate the positions of protein-DNA complexes or free probes. (C) 1038 

Schematic diagrams of vectors used for the dual-luciferase assay. In the reporter 1039 

vectors, the promoters from PSY, PDS and CCD1 are fused to the LUC reporter gene. 1040 

pK, the empty vector; pK-CsMADS6, the CsMADS6 overexpression vector. (D) 1041 

Dual-luciferase assay showing relative CsMADS6 activation of the PSY, PDS and 1042 

CCD1 promoters. The data are expressed as the mean ± SD from at least four 1043 
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biological replicates. Asterisks indicate significant differences relative to the empty 1044 

vector control by one-way ANOVA tests (**, P < 0.01).  1045 

 1046 

Figure 7. Effects of CsMADS6 overexpression in tomato fruits.  1047 

(A) Phenotypes of transgenic tomato fruits. WT, wild type; Ox-61, Ox-62, and Ox-65, 1048 

three independent CsMADS6-overexpressing lines; MG, mature green; Br+10, ten 1049 

days after breaker stage. Note the succulent sepals in the transgenic lines. Scale bar, 1 1050 

cm. (B) RT-PCR and immunoblotting analysis of CsMADS6 expression. Act, Actin 1051 

gene (internal reference). (C-D) Carotenoid content in transgenic tomato pericarps (C) 1052 

and sepals (D) at the Br+5 stage of fruit development. Lut, lutein; β-Car, β-carotene; 1053 

Lyc, lycopene; Total, total carotenoids. DW, dry weight. The data are expressed as the 1054 

mean ± SD from three biological replicates. Statistically significant differences are 1055 

indicated with either * or lowercase letters (P < 0.05) and ** or uppercase letters (P < 1056 

0.01) by one-way ANOVA tests. Different letters within each column indicate 1057 

significant differences. 1058 

 1059 

Figure 8. Transmission electron microscopy of plastid ultrastructures from 1060 

transgenic tomato fruits.  1061 

(A) and (E) Wild-type (WT) pericarps showing disrupted plastid envelopes. (B) and 1062 

(F) Transgenic pericarps exhibiting disorganized membrane systems. (C) and (G) WT 1063 

sepals showing spindle-shaped plastids with many thylakoid plexuses and few 1064 

plastoglobuli. (D) and (H) Transgenic sepals with globular plastids with numerous 1065 

plastoglobuli and intact envelopes. E-H are the magnified views of A-D, respectively. 1066 

Scale bar in A and C-D, 5 μm; scale bar in B, 10 μm; scale bar in E-H, 0.5 μm. 1067 

Abbreviations / symbols: Chl, chloroplast (arrow); Chr, chromoplast (arrow); CW, cell 1068 

wall (arrow); PM, plasma membrane; V, vacuole; T, thylakoid plexus; P, plastoglobuli 1069 

(arrowheads); E, plastid envelope (arrow); Cr, carotenoid crystal remnant (asterisks); 1070 

sms, special membrane structure. 1071 

 1072 

Figure 9. Relative expression levels of carotenoid biosynthetic genes in transgenic 1073 

tomato.  1074 

(A-B) Gene expression from tomato pericarps (A) and sepals (B) at the Br+5 stage of 1075 

fruit development. WT, wild type; Ox-61, Ox-62, and Ox-65, three independent 1076 

CsMADS6-overexpressing lines. The name of the pertinent gene is indicated on each 1077 
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panel. Data are represented as means ± SD from three replicates. Asterisks indicate 1078 

significant differences relative to the control by one-way ANOVA tests (*, P < 0.05; 1079 

**, P < 0.01). 1080 

 1081 

Figure 10. Transcriptome effects induced by CsMADS6 overexpression in 1082 

transgenic tomato sepals.  1083 

(A) Heat map of selected carotenoid-associated DEGs from the M6SvsWTS 1084 

comparison. The column represents the comparison of M6S 1085 

(CsMADS6-overexpressing sepals) to WTS (wild-type sepals) and each row 1086 

represents individual genes. Intensity of Log2 (FoldChange) is visualized using colors: 1087 

red, up-regulated; blue, down-regulated. Gene IDs and names are indicated at the left 1088 

of each row. (B) A schematic of the global transcriptional regulation by CsMADS6. 1089 

Solid or dashed arrows indicate direct or indirect reaction flows in the pathway, 1090 

respectively. The carotenoid-associated DEGs encoding enzymes that catalyze the 1091 

reaction are shown at the side of the arrows. Red and blue texts denote the expression 1092 

levels with significant increases and decreases (P-value < 0.05), respectively. Yellow 1093 

boxes highlight the critical intermediates in the metabolic pathways. The thick red and 1094 

blue arrows indicate up- and down-regulation of the metabolic flux, respectively. 1095 

Other processes, including primary pathways, secondary pathways, and 1096 

phytohormone and TF levels (highlighted with yellow ovals), and their relation to 1097 

accumulation of large amounts of a specific carotenoid (lycopene) in the transgenic 1098 

sepals are indicated. 1099 

 1100 

Figure 11. A proposed model for the transcriptional regulation of carotenoid 1101 

metabolism by CsMADS6.  1102 

Thick gray arrows indicate the simplified reaction flows in the pathway. The 1103 

biosynthetic genes encoding enzymes that catalyze the reactions are shown at the 1104 

sides of the arrows. CsMADS6 coordinately and positively modulates carotenoid 1105 

metabolism by directly regulating the expression of LCYb1, PSY, PDS and CCD1. 1106 

The up-regulated expression of PSY, PDS, and LCYb1, together with the altered 1107 

expression of other carotenogenic genes, induces carotenoid biosynthesis and directs 1108 

flux into the β-branch, consequently forming more β,β-carotenoids in the transgenic 1109 

lines. The up-regulated expression of CCD1 balances carotenoid content and 1110 

composition and also permits the production of apocarotenoids, such as β-cyclocitral, 1111 
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which may act as retrograde signal(s) that regulate the expression of carotenogenic 1112 

genes. Moreover, CsMADS6 probably induces the notably high expression of PSY 1113 

and PDS by an indirect mechanism that involves regulating the expression of HY5, 1114 

RAP2.2 and PIF1. The feedback regulation by apocarotenoids and the indirect 1115 

regulation by other TFs (indicated with dashed lines) remains to be determined. This 1116 

model enriches our understanding of the complex transcriptional regulation of 1117 

carotenoid metabolism in plants. 1118 
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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 CsMADS1, respectively. Arabidopsis AtFUL and tomato SlRIN were 

used as outgroups. (B) Multiple sequence alignment of CsMADS6 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 CsMADS6 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 CsMADS6 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 μm. (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). 
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Figure 4. Interaction of CsMADS6 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-CsMADS6, the prey vector containing 

CsMADS6. SD/-Leu, SD medium without Leu; SD/-Leu/AbA
400

, SD medium without 

Leu supplemented with AbA at the concentration of 400 ng mL
-1

. Transformed yeast 

cells were dotted at 10
-1

 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 LCYb1 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 

LCYb1 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 CsMADS6 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 CsMADS6 overexpression in citrus calli.  

(A) Phenotypes of transgenic citrus calli. Rm, wild type; Ox-M6, 

CsMADS6-overexpressing citrus calli. (B) RT-PCR and immunoblotting analysis of 

CsMADS6 transcript and protein levels. Act, Actin gene (internal reference). (C) 

Carotenoid content in transgenic citrus calli. Vio, Violaxanthin; Lut, lutein; a-Car, 

a-carotene; β-Car, β-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 CsMADS6 to the promoters of PSY, PDS and CCD1. The ‘+’ and ‘−’ 

indicate the presence and absence, respectively, of a probe or protein. The ‘20×’ and 

‘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 CsMADS6 overexpression vector. (D) 

Dual-luciferase assay showing relative CsMADS6 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 CsMADS6 overexpression in tomato fruits.  

(A) Phenotypes of transgenic tomato fruits. WT, wild type; Ox-61, Ox-62, and Ox-65, 

three independent CsMADS6-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; β-Car, β-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 μm; scale bar in B, 10 μm; scale bar in E-H, 0.5 μm. 

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 

CsMADS6-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 M6SvsWTS 

comparison. The column represents the comparison of M6S 

(CsMADS6-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 CsMADS6. 

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. 
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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. CsMADS6 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 LCYb1, together with the altered 

expression of other carotenogenic genes, induces carotenoid biosynthesis and directs 

flux into the β-branch, consequently forming more β,β-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 β-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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