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30 

ABSTRACT 31 

Previous studies have clearly demonstrated that the putative phytohormone 32 

melatonin functions directly in many aspects of plant growth and development. 33 

In Arabidopsis thaliana, the role of melatonin in seed oil and anthocyanin 34 

accumulation, and corresponding underlying mechanisms, remain unclear. 35 

Here, we found that serotonin N-acetyltransferase1 (SNAT1) and caffeic acid 36 

O-methyltransferase (COMT) genes were ubiquitously and highly expressed 37 

and essential for melatonin biosynthesis in A. thaliana developing seeds. We 38 

demonstrated that blocking endogenous melatonin biosynthesis by knocking 39 

out SNAT1 and/or COMT significantly increased oil and anthocyanin content of 40 

mature seeds. In contrast, enhancement of melatonin signaling by exogenous 41 

application of melatonin led to a significant decrease in levels of seed oil and 42 

anthocyanins. Further gene expression analysis through RNA-sequencing and 43 

reverse transcription quantitative PCR demonstrated that the expression of a 44 

series of important genes involved in fatty acid and anthocyanin accumulation 45 

was significantly altered in snat1-1 comt-1 developing seeds during seed 46 

maturation. We also discovered that SNAT1 and COMT significantly regulated 47 

the accumulation of both mucilage and proanthocyanidins in mature seeds. 48 

These results not only help us understand the  function of melatonin and 49 

provide valuable insights into the complicated regulatory network controlling oil 50 

and anthocyanin accumulation in seeds, but also divulge promising gene 51 

targets for improvement of both oil and flavonoids in seeds of oil-producing 52 

crops and plants. 53 
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 59 

INTRODUCTION 60 

Arabidopsis thaliana is a popular model system for the study of primary and 61 

secondary metabolites, including oil and anthocyanins, in seeds of 62 

angiosperms. Seed oil, stored as triacylglycerols (TAGs), not only represents 63 

the major form of carbon storage, thus providing nutrients for humans and 64 

livestock and energy for seed germination and seedling establishment 65 

(Graham, 2008; Baud and Lepiniec, 2009; Li et al., 2016), but also serves as a 66 

raw material for various industries and biofuel production (Durrett et al., 2008; 67 

Lu et al., 2011; Keneni and Marchetti, 2017; Rodionova et al., 2017). In the 68 

plant cell, fatty acids (FAs) are biosynthesized in plastids and to a large extent 69 

transported to the endoplasmic reticulum for further elongation, modification, 70 

and TAG assembly (Baud and Lepiniec, 2009; Chapman and Ohlrogge, 2012; 71 

Li et al., 2016). Anthocyanins are natural water-soluble pigments that belong to 72 

the flavonoid class of secondary metabolites (Castaneda-Ovando et al., 2009; 73 

Kovinich et al., 2014). Anthocyanins exhibit antioxidant properties and are 74 

implicated in protection against abiotic and biotic stresses in plants 75 

(Winkel-Shirley, 2002; Petrussa et al., 2013). As signaling molecules in animal 76 

cells, anthocyanins participate in protection against cardiovascular illness, 77 

diabetes, and certain cancers (Toufektsian et al., 2008; Pan et al., 2010; Pojer 78 

et al., 2013; Fang, 2015).  79 

Over the last few decades, major efforts have been undertaken to uncover 80 

specific roles of different factors in the accumulation of FAs and anthocyanins. 81 

However, few factors have been identified to synergistically improve their 82 

contents in seeds. Molecular breeding, a highly effective approach, is 83 
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increasingly being utilized to improve the quantity of useful metabolites in crop 84 

seeds. Therefore, investigating the roles of essential factors in the 85 

accumulation of seed oil and anthocyanins in A. thaliana would provide useful 86 

information and potential targets for breeders to elevate the contents of these 87 

metabolites in many crops, which is of great economic and social significance. 88 

Melatonin (N-acetyl-5-methoxytryptamine), a highly conserved bioactive 89 

molecule, is ubiquitously present in all plant species (Tan et al., 2012; Tan et 90 

al., 2013). It is produced from serotonin through two consecutive enzymatic 91 

steps. Serotonin is converted into either N-acetylserotonin by serotonin 92 

N-acetyltransferase (SNAT) or into 5-methoxytryptamine (5-MT) by caffeic acid 93 

O-methyltransferase (COMT), which are subsequently metabolized into 94 

melatonin by COMT or SNAT, respectively (Lee et al., 2014a). There are two 95 

SNAT isogenes, SNAT1 and SNAT2 (Back et al., 2016; Lee et al., 2019), and a 96 

single copy of COMT in the A. thaliana genome (Nakatsubo et al., 2008). 97 

Melatonin is a potent antioxidant (Tan et al., 2015; Reiter et al., 2016) that 98 

functions directly against a wide range of abiotic and biotic stresses, including 99 

high salt concentrations (Chen et al., 2017a; Zheng et al., 2017), heavy metals 100 

(Cai et al., 2017; Gu et al., 2017; Kobylinska et al., 2017; Lee and Back, 2017 a; 101 

Zhang et al., 2017a; Luo et al., 2018; Nawaz et al., 2018), high nitrate levels 102 

(Zhang et al., 2017b), K+ deficiency (Chen et al., 2017b), drought (Antoniou et 103 

al., 2017; Wang et al., 2017a), high pH (Gong et al., 2017), cold (Bajwa et al., 104 

2014; Li et al., 2017a; Li et al., 2018a), high temperature (Xu et al., 2016; Zhang 105 

et al., 2017c; Qi et al., 2018), and various pathogens (Yin et al., 2013; Lee et al., 106 

2014b; Lee and Back, 2016, 2017b; Wei et al., 2017).  107 

Melatonin has also been demonstrated to be involved in other aspects of 108 

plant growth and development, such as root development (Hernandez-Ruiz et 109 

al., 2005; Arnao and Hernandez-Ruiz, 2007; Chen et al., 2009; Wang et al., 110 

2016), cotyledon and seedling growth (Hernandez-Ruiz et al., 2005; Byeon and 111 
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Back, 2014; Wei et al., 2015), flowering time (Byeon and Back, 2014; Shi et al., 112 

2016), and seed yield (Byeon and Back, 2014; Wei et al., 2015). As a putative 113 

phytohormone, the first identified melatonin receptor, CAND2/PMTR1, was 114 

found in A. thaliana, and the regulation of stomatal closure by melatonin is 115 

dependent on this receptor (Wei et al., 2018). In addition, exogenous 116 

application of melatonin enhances the accumulation of FAs in soybean seeds 117 

(Wei et al., 2015), and increases anthocyanin biosynthesis in cabbage 118 

seedlings (Zhang et al., 2016). However, the effect of melatonin on seed oil and 119 

anthocyanin accumulation and the corresponding mechanisms behind it 120 

remain unclear in A. thaliana. 121 

In this study, we demonstrated that melatonin functions as a negative 122 

regulatory signal for seed oil and anthocyanin accumulation during the 123 

maturation of A. thaliana seeds.  124 

 125 

RESULTS 126 

SNAT1 and COMT are expressed abundantly in developing seeds 127 

We investigated the subcellular localization of SNAT1 and COMT in 128 

Nicotiana benthamiana leaves using the GFP fusion constructs, 129 

35S:SNAT1-GFP and 35S:COMT-GFP. We observed that SNAT1-GFP and 130 

COMT-GFP were localized in the chloroplast (Figure 1A) and cytoplasm 131 

(Figure 1B), respectively, which is consistent with a previous study (Lee et al., 132 

2014a). We also found that the green fluorescence of COMT-GFP was 133 

co-localized with that of the nuclear marker DAPI, indicating that COMT was 134 

also localized in the nucleus (Figure 1B). 135 

To determine the temporal and spatial mRNA distributions of SNAT1 and 136 

COMT essential for melatonin biosynthesis, reverse transcription quantitative 137 

PCR (RT-qPCR) was conducted to investigate their expressions in various 138 
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tissues of wild-type plants. SNAT1 was highly expressed in various tissues 139 

except for stems (Figures 2A, B). COMT was widely distributed in different 140 

tissues, and its transcript level was much higher in roots, flower buds, open 141 

flowers, and developing seeds than in stems, rosette leaves, and cauline 142 

leaves (Figures 2D, E). During seed development, the expression of SNAT1 143 

and COMT exhibited a similar pattern and increased rapidly from 8 days after 144 

pollination (DAP) to the maximal level at 10 DAP, and then decreased gradually 145 

afterwards (Figures 2B, E).  146 

To better investigate the expression patterns of SNAT1 and COMT, we 147 

generated at least 15 independent transgenic lines for each of the 148 

pSNAT1:GUS and pCOMT:GUS constructs in a wild-type background. Most 149 

transgenic lines of each construct showed similar GUS staining patterns and 150 

then one representative line was selected for GUS staining analysis. The 151 

results indicated that SNAT1 was highly expressed in various tissues, including 152 

roots (Figure 2C1), cotyledons, rosette and cauline leaves (Figures 2C1-3), 153 

flower buds and open flowers (Figure 2C4), and developing seeds, including 154 

embryos and seed coat during seed maturation (Figures 2C5-8). The COMT 155 

transcript level was predominant in the tissues of roots (Figure 2F1), cotyledons 156 

and just emerged true leaves (Figure 2F1), flower buds and open flowers 157 

(Figures 2F3, 4), and developing seeds inclusive of embryos and seed coat 158 

during seed maturation (Figures 2F5-8). The expression of SNAT1 was much 159 

higher than that of COMT in the seed coat (Figures 2C5-8 and 2F5-8). 160 

However, GUS staining was hardly observed in stems of the pSNAT1:GUS line 161 

(Figure 2C3), as well as in rosette leaves (Figure 2F2), cauline leaves (Figure 162 

2F3), and stems (Figure 2F3) of the pCOMT:GUS line.  163 

To summarize, gene expression results from GUS staining and RT-qPCR 164 

were highly consistent, and both SNAT1 and COMT were abundantly 165 

expressed during seed maturation. These results implied that the dynamic 166 
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regulation of the two genes or of melatonin was relevant to the accumulation of 167 

seed metabolites occurring mainly at the seed maturation stage. 168 

 169 

Melatonin represses seed oil and anthocyanin accumulation 170 

To clarify the biological functions of endogenous melatonin on the 171 

accumulation of oil and anthocyanins in seeds, we obtained single mutants – 172 

snat1-1 of the SNAT1 gene and comt-1 and comt-2 of the COMT gene – and 173 

created the double mutant snat1-1 comt-1 through artificial hybridization. No 174 

SNAT1 and COMT transcripts were respectively detected in the homozygous 175 

snat1-1 and comt-1 plants (Figures 3C and S1), confirming that they are 176 

loss-of-function mutants. The T-DNA element in the comt-2 mutant, a 177 

previously unfamiliar allele in this study, was inserted in the second intron of the 178 

COMT gene (Figure 3A). The results of PCR-based genotyping (Figure 3B) 179 

indicated the presence of the homozygous comt-2 mutant, which completely 180 

lacks the COMT transcript, as determined by RT-PCR (Figure 3C).  181 

We determined the melatonin levels in developing siliques at 12 DAP 182 

between wild type plants and various single and double mutants of SNAT1 and 183 

COMT genes. As illustrated in Figure 3D, the three single mutants of snat1-1, 184 

comt-1, and comt-2 contained much less melatonin than wild-type plants, and 185 

the double mutant of snat1-1 comt-1 accumulated much less than their 186 

corresponding single mutants. The snat1-1 comt-1 mutant still produced 187 

melatonin (Figure 3D), which is consistent with the fact that another SNAT 188 

isogene (SNAT2) is present in the A. thaliana genome (Back et al., 2016; Lee et 189 

al., 2019). These results suggested that SNAT1 and COMT additively promote 190 

melatonin biosynthesis in A. thaliana siliques. 191 

We measured the quantities of the major FA compositions and total FAs 192 

per microgram of mature seeds between wild-type plants and the single and 193 

double mutants of SNAT1 and COMT genes. As shown in Figure 4A and Table 194 
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S1, the seed FA contents in all three single mutants of snat1-1, comt-1, and 195 

comt-2 were about 6% higher than that of wild type plants, and the significant 196 

increase of FA contents was accompanied by an increase in all detected FA 197 

compositions. The FA content of snat1-1 comt-1 seeds was much higher than 198 

that of their corresponding single mutants and was 17% higher than that of 199 

wild-type plants (Figure 4A; Table S1). These results indicated that SNAT1 and 200 

COMT have an additive effect in the repression of FA accumulation in A. 201 

thaliana seeds.  202 

We also analyzed the contents of anthocyanins in seeds of wild-type plants 203 

and various single and double mutants of SNAT1 and COMT genes. The loss 204 

of function of either SNAT1 or COMT resulted in a significant increase in the 205 

accumulation of anthocyanins in seeds, and the comt mutation accumulated 206 

more anthocyanins than the snat1-1 mutation (Figure 4C; Table S2). However, 207 

no obvious difference was observed in the seed anthocyanin content between 208 

the comt mutants and the double mutant snat1-1 comt-1 (Figure 4C; Table S2). 209 

These results suggested that SNAT1 and COMT have a non-additive effect on 210 

the accumulation of anthocyanins in seeds, and COMT is more important than 211 

SNAT1 for seed anthocyanin biosynthesis. 212 

To further confirm the function of SNAT1 and COMT on the accumulation of 213 

FAs and anthocyanins, we transformed snat1-1 and comt-1 mutants with the 214 

genomic constructs of gSNAT1 and gCOMT, respectively. Among more than 215 

15 independent lines regenerated for each construct, at least three 216 

homozygous progenies for each construct containing a single transgene were 217 

selected based on a 3:1 Mendelian segregation ratio on 218 

glufosinate-ammonium-containing medium. Examination of the representative 219 

lines, snat1-1 gSNAT1#1 and comt-1 gCOMT#1, showed that the expression 220 

levels of SNAT1 and COMT were restored to wild-type levels (Figure S2), and 221 

the lower melatonin content in both snat1-1 and comt-1 was also fully rescued 222 
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to wild-type levels (Figure 3D) in their corresponding rescued lines. Thus, the 223 

representative transformants of snat1-1 gSNAT1#1 and comt-1 gCOMT#1 224 

were utilized for further experiments. We found that the higher contents of both 225 

FAs and anthocyanins in snat1-1 and comt-1 seeds were fully restored to 226 

wild-type levels by introducing gSNAT1 and gCOMT, respectively (Figures 4A, 227 

C). These results implied that SNAT1 and COMT indeed inhibit the 228 

accumulation of seed oil and anthocyanins in A. thaliana. 229 

Meanwhile, we investigated the effect of exogenous application of 230 

melatonin on the accumulation of FAs and anthocyanins of wild-type plants, 231 

single mutants of snat1-1 and comt-1, and the double mutant snat1-1 comt-1. 232 

The results showed that exogenous application of melatonin on wild-type plants 233 

led to a significant decrease of both oil (Figure 4B; Table S1) and anthocyanin 234 

(Figure 4D; Table S2) levels in seeds. Under exogenous melatonin treatment, 235 

the seed oil content of the single and double mutants was almost the same as 236 

that of wild-type plants (Figure 4B; Table S1), whereas the seed oil content of 237 

the single mutants was slightly lower than that of the double mutant, and slightly 238 

higher than that of wild-type plants (Figure 4B; Table S1). These findings 239 

showed that SNAT1 and COMT repress FA accumulation in an independent 240 

and additive manner, but mainly by influencing melatonin biosynthesis, in A. 241 

thaliana seeds. 242 

In addition, under exogenous melatonin treatment, the anthocyanin content 243 

in snat1-1 seeds was the same as that of wild-type plants (Figure 4D; Table 244 

S2), whereas the seed anthocyanin contents of comt1-1 and snat1-1 comt-1 245 

mutants were the same, and higher than that of wild-type plants (Figure 4D; 246 

Table S2). These findings indicated that SNAT1 inhibits seed anthocyanin 247 

deposition only by affecting melatonin biosynthesis, whereas COMT represses 248 

seed anthocyanin accumulation not only by itself, but also by influencing 249 

melatonin biosynthesis.  250 

 www.plantphysiol.orgon May 3, 2020 - Published by Downloaded from 
Copyright © 2020 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 

10 
 

No obvious differences in seed coat color, size, and weight were observed 251 

among the single and double mutants of SNAT1 and COMT, the transgenic 252 

plants of snat1-1 gSNAT1#1 and comt-1 gCOMT#1, wild-type plants applied 253 

with exogenous melatonin, or their corresponding controls (Figure S3). 254 

Overall, we demonstrated that, through blocking endogenous melatonin 255 

biosynthesis by knocking out SNAT1 and/or COMT and by exogenous 256 

application of melatonin, melatonin represses the accumulation of both oil and 257 

anthocyanins. In addition, SNAT1 and COMT, independent of melatonin, 258 

exhibit distinct roles in the inhibition of oil and anthocyanin biosynthesis in A. 259 

thaliana seeds. 260 

 261 

Genome-wide analysis of DEGs in developing seeds at 12 DAP between 262 

wild type and snat1-1 comt-1 plants 263 

In A. thaliana developing seeds, FAs start to accumulate at 6 DAP, and 264 

increase linearly from 8 to 18 DAP during seed maturation (Baud and Lepiniec, 265 

2009, 2010). The double mutant snat1-1 comt-1 accumulated much more seed 266 

FAs than wild type and single mutants of SNAT1 and COMT (Figure 4A; Table 267 

S1). In addition, 12 DAP is the key stage for the biosynthesis of seed 268 

flavonoids, including anthocyanins, during seed maturation (Routaboul et al., 269 

2012). Therefore, we utilized developing seeds at 12 DAP to compare the 270 

expression profiles at a genome-wide level between wild type and snat1-1 271 

comt-1 plants. These profiles would provide information on the downstream 272 

targets of melatonin that contribute to FA and anthocyanin accumulation, as 273 

well as facilitate a better understanding of the regulatory network underlying 274 

melatonin-mediated metabolites biosynthesis in A. thaliana seeds. 275 

RNA-seq analysis identified 243 differentially expressed genes (DEGs), 276 

among which 119 were up-regulated (Table S3) and 124 were down-regulated 277 

(Table S4) in snat1-1 comt-1 developing seeds at 12 DAP. Functional analysis 278 
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discovered that 12 (4.9%) and six (2.5%) of the DEGs were related to oil and 279 

anthocyanin metabolisms, respectively (Tables S2 and S3). However, the 280 

expression of other genes that play major roles in oil and anthocyanin 281 

accumulation was not altered in snat1-1 comt-1 seeds compared to wild-type 282 

seeds (Table S5). Up to nine (7.6%) up-regulated genes and no 283 

down-regulated genes were related to carbohydrate metabolism (Tables S3 284 

and S4). Multiple up-regulated (16, 13.4%) and down-regulated (30, 24.2%) 285 

genes were involved in general protein metabolism in snat1-1 comt-1 seeds 286 

(Tables S3 and S4). The storage proteins mainly contain legumin-type 12S 287 

globulins and napin-type 2S albumins in A. thaliana seeds (Heath et al., 1986; 288 

Baud et al., 2008). However, no obvious differences were observed in the 289 

expression levels of key genes encoding 12S precursors, including 290 

CRUCIFERINA1 (CRU1), CRU2, and CRU3, and five genes encoding 2S 291 

precursors (2S1 to 2S5), between wild-type and snat1-1 comt1-1 seeds (Table 292 

S5). Consistently, there was no substantive difference in the content of seed 293 

storage proteins between wild type and snat1-1 comt1-1 plants (Figure S4). It is 294 

worth mentioning that the number of DEGs involved in the stress/defense 295 

response and other biological processes accounts for the largest proportion of 296 

all the DEGs in snat1-1 comt-1 seeds (Tables S3 and S4). 297 

Therefore, simultaneous knockout of SNAT1 and COMT, essential for 298 

melatonin biosynthesis, regulates a series of genes important for oil and 299 

anthocyanin accumulation and many genes involved in other biological 300 

processes during seed maturation. 301 

 302 

Verification of regulated genes involved in oil and anthocyanin 303 

biosynthesis at different developmental stages in snat1-1 comt-1 seeds 304 

To confirm the regulation of DEGs involved in oil and anthocyanin 305 

biosynthesis in snat1-1 comt-1 developing seeds at 12 DAP, and to extensively 306 
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explore expression alterations of these genes, we performed RT-qPCR to 307 

compare their expression patterns at the seed maturation stages (12-16 DAP) 308 

between wild type and snat1-1 comt-1 plants.  309 

For the highly up-regulated genes related to oil accumulation, we chose 310 

one regulatory gene, WRINKLED1 (WRI1), and five structural genes, BIOTIN 311 

CARBOXYL-CARRIER PROTEIN1 (BCCP1), ACETYL CO-ENZYME A 312 

CARBOXYLASE CARBOXYLTRANSFERASE ALPHA SUBUNIT (CAC3), 313 

MALONYL COA-ACP MALONYLTRANSFERASE (MCAMT), PLASTID 314 

LIPASE1 (PLIP1), and LIPID TRANSFER PROTEIN3 (LTP3), in snat1-1 315 

comt-1 developing seeds at 12 DAP (Figure 5; Table 1). The expression levels 316 

of all six genes from 12 to 16 DAP were always significantly higher in the 317 

snat1-1 comt-1 mutant than in wild type (Figure 5). As detailed in Figure 5, the 318 

relative expression of WRI1 gradually increased, whereas the relative 319 

expression of LTP3 dramatically decreased from 12 to 16 DAP in the snat1-1 320 

comt-1 mutant compared to wild type. Moreover, both BCCP1 and CAC3 321 

exhibited an expression pattern like that of WRI1. The relative expression 322 

levels of MCAMT and PLIP1 grew from 12 DAP to peaks at 14 DAP and then 323 

declined afterwards in the snat1-1 comt-1 mutant in comparison with wild type.  324 

For the highly regulated genes contributing to anthocyanin biosynthesis, we 325 

selected two regulatory genes, KELCH-DOMAIN-CONTAINING F-BOX 326 

PROTEIN39 (KFB39) and KANADI4 (KAN4), and four structural genes, 327 

4-COUMARATE:COA LIGASE1 (4CL1), CHALCONE ISOMERASE (CHI), 328 

UDP-GLUCOSYLTRANSFERASE 73B2 (UGT73B2), and 329 

GLUCOSE-6-PHOSPHATE/PHOSPHATE TRANSLOCATOR2 (GPT2), in 330 

snat1-1 comt-1 developing seeds at 12 DAP (Figure 6; Table 2). Except for 331 

GPT2 expression at 16 DAP, from 12 to 16 DAP the expression levels of all six 332 

genes were dramatically altered in the snat1-1 comt-1 mutant compared to wild 333 

type (Figure 6). Compared to wild type, the relative expression of KFB39 was 334 
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always significantly lower, and the relative expression levels of UGT73B2, 335 

KAN4, and GPT2 gradually declined in snat1-1 comt-1 developing seeds from 336 

12 to 16 DAP (Figure 6). The relative expression levels of 4CL1 and CHI 337 

increased from 12 DAP to the peaks at 14 DAP and then decreased afterwards 338 

in the snat1-1 comt-1 mutant compared to wild type (Figure 6).  339 

Taken together, simultaneous knockout of SNAT1 and COMT, essential for 340 

melatonin biosynthesis, inhibits seed oil and anthocyanin accumulation by 341 

regulating a range of genes contributing to oil and anthocyanin biosynthesis, 342 

respectively, during seed maturation. 343 

 344 

SNAT1 and COMT antagonistically affect seed coat mucilage production 345 

Previous studies showed that seed coat mucilage competes with FAs for 346 

photosynthates in A. thaliana seeds (Shi et al., 2012; Liu et al., 2017; Li et al., 347 

2018b). Therefore, we explored whether melatonin affects the production of 348 

seed coat mucilage. Surprisingly, the snat1-1 mutant produced less mucilage, 349 

whereas the comt mutation accumulated more mucilage in the seed coat in 350 

comparison with wild type (Figure 7A). The altered seed coat mucilage in the 351 

snat1-1 and comt-1 mutants was fully restored by the introduction of gSNAT1 352 

and gCOMT, respectively (Figure 7A). Furthermore, the double mutant snat1-1 353 

comt-1 contained moderate mucilage in comparison with their corresponding 354 

single mutants and had mucilage comparable with wild type in the seed coat 355 

(Figure 7A). Consistently, RNA-seq analysis only detected two regulatory 356 

genes DE1 BINDING FACTOR1 (DF1, Kaplan-Levy et al., 2012; Vasilevski et 357 

al., 2012) and MUCILAGE-MODIFIED4 (MUM4, Western et al., 2004; Oka and 358 

Nemoto, 2007; Francoz et al., 2015) that positively regulate seed coat mucilage 359 

production, and their expression levels were not altered in snat1-1 comt-1 360 

developing seeds (Table S5). On the other hand, exogenous application of 361 

melatonin to wild-type plants did not alter the accumulation of seed coat 362 
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mucilage (Figure S5). The results suggested that melatonin has no effect on 363 

seed coat mucilage biosynthesis, although SNAT1 and COMT antagonistically 364 

affect its production. 365 

To investigate how SNAT1 and COMT separately regulate seed coat 366 

mucilage production, we carried out RT-qPCR to compare the expression of 367 

DF1 and MUM4 from 8 to 12 DAP, which are the key stages for seed mucilage 368 

deposition (Francoz et al., 2015), among wild type, single mutants of snat1-1 369 

and comt-1, and the transgenic plants of snat1-1 gSNAT#1 and comt-1 370 

gCOMT#1. We found that the expression levels of both DF1 and MUM4 were 371 

significantly down-regulated (Figure 7B) and up-regulated (Figure 7C) in 372 

developing seeds of snat1-1 and comt-1, respectively, at both 10 and 12 DAP, 373 

compared with wild type. As expected, the altered expressions of DF1 and 374 

MUM4 in snat1-1 and comt-1 developing seeds were fully restored to wild-type 375 

levels by the introduction of gSNAT1 and gCOMT, respectively (Figures 7B, C). 376 

These results suggested that SNAT1 and COMT antagonistically affect the 377 

production of seed coat mucilage not by influencing melatonin biosynthesis, but 378 

instead by regulating the expression of DF1 and MUM4, in A. thaliana 379 

developing seeds. 380 

 381 

SNAT1 and COMT inhibited seed coat proanthocyanidin deposition 382 

Flavonoids, as secondary metabolites, are generally classified into three 383 

major classes in A. thaliana—flavonols, anthocyanins, and proanthocyanidins 384 

(PAs, Lepiniec et al., 2006). Considering that biosynthesized flavonols are 385 

converted into both anthocyanins and PAs in the flavonoid biosynthetic 386 

pathway (Lepiniec et al., 2006), we speculated that anthocyanins and PAs 387 

compete against each other for flavonols during flavonoid biosynthesis. To test 388 

this hypothesis, we investigated the effect of SNAT1 and COMT on the 389 

accumulation of PAs that are mainly deposited in the seed coat (Lepiniec et al., 390 
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2006). Dimethylaminocinnamaldehyde (DMACA) staining analysis showed that 391 

levels of PAs in the seed coat were markedly higher in the single and double 392 

mutants of SNAT1 and COMT genes compared with wild-type plants (Figure 393 

8A). Consistently, acidic hydrolysis of PAs indicated that the single and double 394 

mutants of SNAT1 and COMT genes possessed more solvent-soluble PAs in 395 

their seeds than wild-type plants (Figures 8B, C). Moreover, the higher 396 

amounts of PAs in snat1-1 and comt-1 were fully rescued by the introduction of 397 

gSNAT1 and gCOMT, respectively (Figures 8B, C). It is worthy to note that 398 

levels of both total and solvent-soluble PAs in the comt seeds were higher than 399 

those of snat1-1 seeds, and comparable with snat1-1 comt-1 seeds (Figure 8). 400 

These results suggested that SNAT1 and COMT act in a non-additive manner, 401 

and COMT exhibits a greater role than SNAT1 in inhibiting the deposition of 402 

PAs in the A. thaliana seed coat. 403 

 404 

 405 

DISCUSSION 406 

In seeds of angiosperms, accumulation of both oil and anthocyanins is 407 

coordinately regulated at multiple levels by intricate regulatory networks of 408 

various environmental and developmental signals. The mechanisms underlying 409 

how phytohormones control the overall amounts of oil and anthocyanins stored 410 

in plant seeds are still largely unknown. Previous studies have extensively 411 

demonstrated that the putative phytohormone melatonin functions directly in 412 

many aspects of plant growth and development. However, the role of melatonin 413 

in seed oil and anthocyanin accumulation remains unclear in A. thaliana. In this 414 

study, we showed that blocking the biosynthesis of endogenous melatonin 415 

through knock-out of two essential genes in the melatonin biosynthetic 416 

pathway, SNAT1 and COMT, significantly increased the contents of total FAs 417 
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and anthocyanins, while enhancement of melatonin signaling by exogenous 418 

application of melatonin led to a dramatic decrease in the levels of total FAs 419 

and anthocyanins in mature seeds (Figure 4; Tables S1 and S2). Furthermore, 420 

the expression of a series of important genes involved in FA and anthocyanin 421 

accumulation was significantly altered in snat1-1 comt-1 developing seeds 422 

(Figures 5 and 6; Tables 1, 2, S3, and S4). These results, together with the 423 

observation of increased expression of SNAT1 and COMT in developing seeds 424 

at the seed maturation stage (Figures 2B, C and 2E, F), suggest that melatonin 425 

is an important player in the regulatory network that represses the 426 

accumulation of both oil and anthocyanins in A. thaliana seeds. 427 

Several previous studies showed a negative correlation between the 428 

contents of oil and flavonoids in A. thaliana seeds (Chen et al., 2012a; Chen et 429 

al., 2014; Chen et al., 2015; Li et al., 2018b; Xuan et al., 2018). Thus, it is 430 

generally considered difficult for breeders to synergistically improve both seed 431 

oil and flavonoid contents . Interestingly, we demonstrated that the deficiency of 432 

endogenous melatonin in the snat1-1 comt-1 mutant resulted in a significant 433 

increase of both oil and flavonoids, including anthocyanins and PAs (Figures 4 434 

and 8; Tables S1 and S2). It is known that sucrose from photosynthesis is 435 

hydrolyzed to glucose, which is then used for acetyl-coenzyme A (CoA) 436 

biosynthesis through glycolysis that can be further converted into malonyl-CoA. 437 

Both acetyl-CoA and malonyl-CoA are essential substrates for FA biosynthesis 438 

(Baud et al., 2008), while malonyl-CoA also serves as a key substrate for 439 

flavonoid production (Lepiniec et al., 2006) in the plant cell. Some studies 440 

propose that starch serves as a carbon source for seed compound 441 

accumulation during seed maturation (Norton and Harris, 1975; da Silva et al., 442 

1997; Periappuram et al., 2000). The number of genes related to carbohydrate 443 

metabolism that are up-regulated is much higher than that of down-regulated 444 

genes in developing seeds of snat1-1 comt-1 plants at 12 DAP (Tables S2 and 445 
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S3). In addition, LTP3, a member of a family of lipid-transfer proteins that 446 

encode 7–10 kDa peptides and are widely distributed among plants (Kader, 447 

1996; Arondel et al., 2000; Wong et al., 2017), promotes the accumulation of 448 

soluble sugars (Guo et al., 2013). Previous studies have indicated that GPT2, a 449 

glucose 6-phosphate/phosphate translocator, is thought to be involved in the 450 

transport of glucose 6-phosphate from the cytosol to plastids, leading to starch 451 

biosynthesis (Kammerer et al., 1998; Knappe et al., 2003; Kunz et al., 2010). 452 

Thus, these regulated carbohydrate metabolism genes (Table S3) together 453 

with the up-regulation of LTP3 and GPT2 genes (Figures 5 and 6; Tables 1, 2, 454 

and S3) could supply more carbon resources for glycolysis, thus promoting 455 

acetyl-CoA and malonyl-CoA production and further accelerating FA and 456 

flavonoid biosynthesis in snat1-1 comt-1 developing seeds.  457 

Transcriptional regulation is a major means of controlling the accumulation 458 

of seed oil and anthocyanins. In angiosperms, this process requires the 459 

coordinated expression of genes involved in the biosynthetic pathways of 460 

these metabolites. Our results showed that SNAT1 and COMT repress the 461 

accumulation of seed oil and anthocyanins mainly by affecting melatonin 462 

biosynthesis (Figure 4; Tables S1 and S2). Thus, the genes related to the 463 

accumulation of oil (Figure 5; Tables 1, S3, and S4) and anthocyanins (Figure 464 

6; Tables 2, S3, and S4) in snat1-1 comt-1 developing seeds should be 465 

predominantly regulated by the deficiency of endogenous melatonin. Of the 466 

enzymes involved in oil accumulation, acetyl-CoA carboxylase (ACCase), 467 

localized in both plastids and cytosol, catalyzes the carboxylation of acetyl-CoA 468 

to form malonyl-CoA (Sasaki et al., 1995). The formation of malonyl-CoA is the 469 

rate-limiting step for FA biosynthesis (Ohlrogge et al., 1995), and ACCase may 470 

serve as a sensor or a gating system to monitor the overall flux of FA 471 

biosynthesis (Mu et al., 2008). ACCase contains three nuclear-localized 472 

subunits— BCCP, biotin carboxylase (BC), and α-carboxyltransferase 473 
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(α-CT)—and one plastid-localized subunit, β-carboxyltransferase (β-CT), which 474 

are encoded by BCCP1 and BCCP2, CAC2, CAC3, and ACCD, respectively, in 475 

A. thaliana (Li et al., 2011). The complete loss of BCCP1 function results in 476 

embryo lethality, and reduced BCCP1 activity markedly decreases FA 477 

accumulation in A. thaliana seeds (Li et al., 2011). MCAMT, localized in both 478 

chloroplasts and mitochondria, converts malonyl-CoA and ACP into 479 

malonyl-ACP and CoA, and significantly promotes oil accumulation in A. 480 

thaliana seeds (Jung et al., 2019). PLIP1, as a chloroplast thylakoid-associated 481 

protein, functions in the export of FAs from the chloroplast and the 482 

incorporation of FAs derived from the thylakoid membrane lipid pool into TAG, 483 

and positively regulates FA accumulation in A. thaliana seeds (Wang et al., 484 

2017b). The LTP3 loss-of-function mutant seeds contain oil content similar to 485 

wild-type plants (Pagnussat et al., 2015). However, LTP3, LTP4 and LTP5, can 486 

enhance the in vitro transfer of phospholipids between membranes and can 487 

bind acyl chains (Kader, 1996; Arondel et al., 2000; Wong et al., 2017); thus 488 

they probably have a redundant function in seed oil accumulation. 489 

GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE 2 (GPAT2), 490 

localized in mitochondria, exhibits sn-1 and sn-2 acyltransferase activities and 491 

utilizes dicarboxylic acyl-CoA as substrate for the biosynthesis of extracellular 492 

lipids (Beisson et al., 2007; Yang et al., 2012; Jayawardhane et al., 2018). The 493 

transcription factor WRI1, an APETALA2/ethylene-responsive element-binding 494 

transcription factor, acts as a master positive regulator in seed oil accumulation 495 

by incorporating sucrose and glucose into TAGs during seed maturation (Focks 496 

and Benning, 1998); through directly promoting the expression of ABNORMAL 497 

SUSPENSOR2 (SUS2), PKp β1, BCCP1, BCCP2, 3-KETOACYL-ACYL 498 

CARRIER PROTEIN SYNTHASE I (KASI), and REDUCED OLEATE 499 

DESATURATION1 (ROD1); and by indirectly activating the expression of 500 

ACYL CARRIER PROTEIN1 (ACP1), CAC2, CAC3, BIOTIN AUXOTROPH2 501 
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(BIO2), PDH E1α, KASIII, and MOSAIC DEATH1 (MOD1), which are involved 502 

in the late glycolysis and plastidial FA biosynthetic pathways during seed 503 

development in A. thaliana (Cernac and Benning, 2004; Masaki et al., 2005; 504 

Baud et al., 2007; Maeo et al., 2009; To et al., 2012). We found that BCCP1 and 505 

CAC3 were significantly up-regulated (Figure 5; Tables 1 and S3), and the 506 

expression of other genes was not altered (Table S5) in snat1-1 comt-1 507 

developing seeds at 12 DAP, indicating that melatonin controls the expression 508 

of BCCP1 and CAC3 through the up-regulation of WRI1, and that other genes 509 

were regulated by a complex upstream regulatory network. A previous study 510 

showed that five GDSL-type lipase genes, SEED FATTY ACID REDUCERs, 511 

inhibit seed FA biosynthesis by affecting FA degradation (Chen et al., 2012b), 512 

thus the much lower expression of the two GDSL-type lipase genes 513 

(AT2G30310 and AT5G45670) observed in our study is helpful for 514 

understanding the higher oil content in snat1-1 comt-1 seeds (Table S4). 515 

Therefore, the increased expression of BCCP1, CAC3, MCAMT, PLIP1, LTPs, 516 

GPAT2, and WRI1 contributing to oil biosynthesis (Figure 5; Tables 1 and S3) 517 

and the decreased expression of the two GDSL-type lipase genes (Table S4) 518 

together assist in promoting seed oil accumulation (Figure 4A; Table S1) in 519 

snat1-1 comt-1 developing seeds.  520 

Anthocyanin biosynthesis starts from the phenylpropanoid pathway 521 

(Lepiniec et al., 2006). KFB39, a member of Kelch domain-containing F-box 522 

proteins, negatively regulates anthocyanin accumulation by directly controlling 523 

the stability and activity of phenylalanine ammonia-lyase, which is the first 524 

rate-limiting enzyme in the phenylpropanoid biosynthetic pathway (Zhang et al., 525 

2015). There are four isoforms of 4CL, namely, 4CL1 to 4, which are essential 526 

for the activation of p-coumarate to form p-coumaroyl CoA in the last step of this 527 

pathway. p-coumaroyl CoA and malonyl-CoA are ultimately used for the 528 

biosynthesis of naringenin chalcone in the anthocyanin biosynthetic pathway 529 
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(Lepiniec et al., 2006). 4CL1 accounts for the majority of total 4CL activity and 530 

positively regulates the accumulation of anthocyanins in A. thaliana (Li et al., 531 

2015). The CHI enzyme converts tetrahydroxychalcone to naringenin as the 532 

second step in the anthocyanin biosynthetic pathway, and its mutation fails to 533 

accumulate anthocyanins (Shirley et al., 1992; Pourcel et al., 2013). UGT73B2, 534 

a member of group D URIDINE DIPHOSPHATE 535 

GLYCOSYLTRANSFERASEs, encodes a flavonol 7-O-glucosyltransferase 536 

that preferentially transfers a glucose group to the 3-hydroxyl group of 537 

flavonoids in vitro (Kim et al., 2006; Lim et al., 2006). KAN4, a member of the 538 

MYB-related GARP (Golden2, ARR-B, Psr1) superfamily of type-B response 539 

regulators promotes the accumulation of flavonoids by directly activating the 540 

expression of flavonoid biosynthetic genes, such as the regulatory genes 541 

TRANSPARENT TESTA2 (TT2), TT8 and TRANSPARENT TESTA GLABRA1 542 

(TTG1), and the structural genes CHALCONE SYNTHASE (CHS), CHI, 543 

FLAVONOID 3' HYDROXYLASE (F3'H), DIHYDROFLAVONOL 544 

4-REDUCTASE (DFR), and ANTHOCYANIDIN SYNTHASE (ANS) (Gao et al., 545 

2010). Our results showed that only CHI was up-regulated (Figure 6; Tables 2 546 

and S3) and the expression of the other genes was not altered in snat1-1 547 

comt-1 developing seeds (Table S5), implying that melatonin controls CHI 548 

expression through the up-regulation of KAN4, and other genes were regulated 549 

by a complex upstream regulatory network. The transcription factor MYB56 550 

acts in a sucrose-dependent manner to control GPT2 expression in response to 551 

the circadian cycle, thus promoting anthocyanin accumulation (Jeong et al., 552 

2018). Therefore, the down-regulation of KFB39 and up-regulation of 4CL1, 553 

CHI, UGT73B2, KAN4, and GPT2 related to anthocyanin biosynthesis (Figure 554 

6; Tables 2, S3, and S4) are helpful for anthocyanin accumulation (Figure 4C; 555 

Table S2) in snat1-1 comt-1 developing seeds.  556 
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It is worth mentioning that snat1-1 seedlings accumulate less anthocyanins 557 

than wild-type seedlings under cold stress (Zhang et al., 2016), and exogenous 558 

application of melatonin increases anthocyanin biosynthesis in cabbage 559 

seedlings (Zhang et al., 2016) and enhances FA accumulation in soybean 560 

seeds (Wei et al., 2015). For melatonin contents in A. thaliana leaves, no 561 

significant differences were found between wild type and the single mutants of 562 

SNAT1, SNAT2, and COMT (Byeon et al., 2014; Lee et al., 2015; Lee et al., 563 

2019). In contrast, both flowers of the snat2 mutant (Lee et al., 2019) and 564 

developing siliques at 12 DAP of the single and double mutants of SNAT1 and 565 

COMT (Figure 3D) contained much less melatonin than their corresponding 566 

wild-type tissues. Considering our results showing that both endogenous and 567 

exogenous melatonin inhibited seed oil and anthocyanin accumulation (Figure 568 

4; Tables S1 and S2), it could be speculated that the effect of melatonin on 569 

seed oil or anthocyanin biosynthesis is plant species- or tissue-specific.  570 

In the plant cell, oil biosynthesis occurs in both the plastid and the 571 

endoplasmic reticulum (Baud and Lepiniec, 2009; Chapman and Ohlrogge, 572 

2012; Li et al., 2016). Anthocyanins and PAs are biosynthesized in 573 

multi-enzyme complexes that are localized at the cytoplasmic surface of the 574 

endoplasmic reticulum (Winkel-Shirley, 2002; Winkel, 2004). The seed coat 575 

mucilage is mainly composed of pectins, which are largely acidic 576 

polysaccharides biosynthesized from Golgi stacks in the secretory cell 577 

(Western et al., 2000). Our results showed that SNAT1 and COMT were 578 

localized in the chloroplast (Figure 1A) and the cytoplasm and nucleus (Figure 579 

1B), respectively. Thus, the different subcellular localizations of SNAT1 and 580 

COMT together with the different biosynthetic sites of oil, flavonoids, and 581 

mucilage in the plant cell could explain why SNAT1 and COMT, independent of 582 

melatonin, had distinct effects on the biosynthesis of different metabolites in 583 

seeds, including oil (Figures 4A, B; Table S1), flavonoids inclusive of 584 
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anthocyanins (Figures 4C, D; Table S2) and PAs (Figure 8), and mucilage 585 

(Figures 7 and S1). These interesting questions need further investigation. 586 

Even so, as exogenous application of melatonin and loss of function of SNAT1 587 

and COMT exhibited opposite effects on seed oil and anthocyanin 588 

accumulation (Figure 4; Tables S1 and S2), and SNAT1 and COMT had a 589 

common and additive role in melatonin biosynthesis in developing siliques 590 

(Figure 3D; Lee et al., 2014a; Back et al., 2016), we might conclude that 591 

melatonin represses the accumulation of oil and anthocyanins in A. thaliana 592 

seeds; an underlying mechanism is proposed in Figure 9.  593 

In summary, the present study provides significant and fresh information in 594 

several ways. First, this study demonstrates that melatonin represses seed oil 595 

and anthocyanin accumulation during seed maturation by inhibiting the 596 

expression of important genes involved in oil and anthocyanin biosynthesis, 597 

respectively. Second, in A. thaliana seeds, the two essential melatonin 598 

biosynthetic genes SNAT1 and COMT, independent of melatonin, have distinct 599 

functions on different metabolites, including oil, flavonoids inclusive of 600 

anthocyanins and PAs, and mucilage, which might be due to their differential 601 

distribution among subcellular fractions. Third, seed metabolite accumulation is 602 

controlled by a coordinated regulatory network, which is not only pertinent to 603 

major steps of their metabolic pathways but also requires the partitioning of 604 

photosynthates (Mu et al., 2008; Li et al., 2018b). The results presented here 605 

indicate that manipulation of this co-regulation network is feasible by blocking 606 

melatonin biosynthesis through knocking out SNAT1 and/or COMT. In this 607 

regard, the genes SNAT1 and COMT are noteworthy genetic resources for 608 

genetic modification of oil-producing crops and plants to synergistically 609 

improve both oil and flavonoids in seeds. 610 

 611 

MATERIALS AND METHODS 612 
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Plant material and growth conditions 613 

The A. thaliana ecotype Columbia (Col-0) was utilized as wild type control. 614 

The mutants of snat1-1 (SALK_032239), comt-1 (SALK_002373), and comt-2 615 

(SALK_020611C) were in the Col-0 background, and their genotyping primers 616 

are listed in Table S6. The comt mutants were obtained from the Arabidopsis 617 

Biological Resources Center at Ohio State University, USA. The growth 618 

conditions of all A. thaliana plants in this study have been reported in detail 619 

previously (Li et al., 2017b). 620 

Exogenous application of melatonin to plants 621 

Distilled water as the control was set as Level-1 (0 µM), and melatonin 622 

solution concentrations of 100, 200, and 500 µM were set as Level-2, Level-3, 623 

and Level-4, respectively. The different levels of melatonin solutions were 624 

applied to ten individual plants (Col-0, snat1-1, comt-1, and snat1-1 comt-1) at 625 

the bolting stage in one of three randomly arranged blocks every other day until 626 

the first silique was harvested. Melatonin from Sigma (St. Louis, MO, USA) was 627 

used in this exogenous application experiment. 628 

Plasmid construction and plant transformation 629 

To construct pSNAT1:GUS and pCOMT:GUS, their 5ʹ regulatory regions 630 

upstream of the ATG start codon were amplified and then cloned into pHY107 631 

(Liu et al., 2007), separately. To construct gSNAT1 and gCOMT, a 2.799 kb 632 

genomic fragment of SNAT1 harboring the 1.128 kb 5’ upstream sequence, the 633 

entire 1.439 kb coding sequence, and the 0.232 kb 3’ downstream sequence, 634 

and a 4.956 kb COMT genomic region including the 2.631 kb 5’ upstream 635 

sequence, the entire 2.093 kb coding sequence, and 0.232 kb 3’ downstream 636 

sequence were amplified, digested, and then separately cloned into pHY105 637 

(Liu et al., 2007). The pSNAT1:GUS and pCOMT:GUS constructs were 638 
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introduced into wild-type (Col-0) plants, whereas the gSNAT1 and gCOMT 639 

constructs were transformed into snat1-1 and comt-1 plants, respectively, 640 

using the Agrobacterium-mediated floral dip method (Clough and Bent, 1998). 641 

The transgenic plants were selected by Basta on soil or on culture medium 642 

containing glufosinate-ammonium and verified by DNA analysis until T3 643 

homozygous transgenic progeny was generated. 644 

To construct 35S:SNAT1-GFP and 35S:COMT-GFP, the cDNA fragments 645 

of SNAT1 and COMT were amplified and then cloned into pGreen-35S-GFP to 646 

obtain the fusions of SNAT1-GFP and COMT-GFP under the control of 35S 647 

promoter, respectively. The 35S:SNAT1-GFP or 35S:COMT-GFP construct 648 

was transiently expressed in tobacco leaves (Nicotiana benthamiana) as 649 

previously described (Yang et al., 2000). Images were obtained with an 650 

Olympus IX83 confocal microscope (Japan) 72 h after agroinfiltration. GFP was 651 

excited with a 488 nm wavelength laser, and emitted light was collected 652 

between 500 and 540 nm. Chloroplasts were excited with a 488 nm wavelength 653 

laser, and emitted light was collected from 660 to 731 nm. The fluorescence of 654 

DAPI (Sangon, Shanghai, China) was excited with a 405 nm wavelength laser, 655 

and emitted light was collected from 390 to 465 nm. Plasmid construction 656 

primers including restriction sites are listed in Table S6. 657 

Microscopic observation of A. thaliana seed traits 658 

Mature seeds of different A. thaliana lines were harvested from major 659 

inflorescences, specifically from siliques at the basal region, and then randomly 660 

selected to be photographed with an OLYMPUSSZ61 stereomicroscope 661 

(Tokyo, Japan) for seed traits, including color, size, and seed coat mucilage 662 

and PAs. 663 

The ruthenium red staining of seed coat mucilage was performed as 664 

reported before (McFarlane et al., 2014). In brief, dry mature seeds were 665 

shaken vigorously in an Ethylene Diamine Tetraacetic Acid (EDTA, 0.05 M, pH 666 
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8.5) solution for 1 h and then stained in a 0.01% (w/v) ruthenium red solution for 667 

1 h at room temperature. Subsequently, the ruthenium red solution was 668 

removed and replaced with dH2O.  669 

The DMACA staining of seed coat PAs was conducted as previously 670 

described (Abrahams et al., 2002). Dry seeds were stained with the DMACA 671 

reagent (2% (w/v) DMACA in 3 M HCl and 50% (w/v) methanol) at room 672 

temperature under dark conditions for 16 h, and then washed three times with 673 

70% (v/v) ethanol. 674 

Determination of seed FAs and storage proteins 675 

Seeds for FA determination were collected from the basal region of the 676 

major inflorescences of 20 individual plants grown in different pots arranged 677 

randomly within one of three blocks. Seed FA determination was performed as 678 

described previously (Poirier et al., 1999; Chen et al., 2012a). The extraction 679 

and methylation of FAs on 300 individual intact seeds were performed in a 680 

methanol solution containing 2.5% (v/v) H2SO4 at 80 °C for 2 h. After cooling to 681 

room temperature, the FA methyl esters were extracted with 2 mL hexane and 682 

2 mL 0.9% (w/v) NaCl, and the organic phase was analyzed by gas 683 

chromatography (GC), using methyl heptadecanoate as an internal standard. 684 

The GC-2014 instrument (Shimadzu, Kyoto, Japan) was equipped with a flame 685 

ionization detector and a 30 m (length) × 0.25 mm (inner diameter) × 0.5 µm 686 

(liquid membrane thickness) column (Supelco wax-10, Supelco, Cat. no. 687 

24079, Schnelldorf, Germany). The initial column temperature was maintained 688 

at 160 °C for 1 min, then increased by 4 °C min−1 to 240 °C and held for 16 min 689 

at the final temperature. The peaks of each FA composition were identified by 690 

their unique retention times, and their concentrations were calculated against 691 

the internal control. 692 
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Analysis of seed storage proteins was conducted as previously reported 693 

(Chen et al., 2015). Briefly, 1 mg of mature dry seeds was homogenized with 50 694 

μL of extraction buffer (100 mM Tris-HCl, pH 8.0, 0.5% (w/v) sodium salt (SDS), 695 

10% (v/v) glycerol, and 2% (v/v) 2-mercaptoethanol) using a microglass pestle 696 

and mortar. After boiling for 5 min, the extract was centrifuged at 13,000 rpm for 697 

10 min and then 15 μL of each extract was used for SDS-polyacrylamide gel 698 

electrophoresis. 699 

Quantification of melatonin 700 

The quantification of melatonin was performed by Shanghai Bioprofile 701 

(http://www.bioprofile.cn) and the detailed analysis procedure was provided as 702 

follows. The developing siliques (about 100 mg) at 12 DAP were pulverized to 703 

powder in a 2 mL Eppendorf tube filled with liquid nitrogen and thoroughly 704 

homogenized in 1 mL of 2:2:1 methanol/acetonitrile/H2O (v/v/v), followed by 705 

sonication for 1 h in an ice-water bath. Subsequently, the mixture was 706 

incubated at -20 °C for 1 h and centrifuged at 12,000 rpm for 20 min at 4 °C. 707 

Then the supernatant was dried under vacuum and resuspended in 100 μL of 708 

1:1 methanol / H2O (v/v). Following centrifugation at 12,000 rpm for 15 min at 4 709 

°C, the supernatant was collected, and 10 μL aliquots were used for melatonin 710 

analysis. Analysis was performed using a Shimadzu Nexera LC-30AD UHPLC 711 

system with a Waters® ACQUITY UPLC® BEH Amide column (1.7 μm, 2.1 mm 712 

× 100 mm) and an AB SCIEX QTRAP 5500 mass spectrometer. The mobile 713 

phase consisted of aqueous formic acid (0.1% v/v, solvent A) and acetonitrile 714 

(solvent B). Gradient elution started at 20% solvent B. Within 5 min solvent B 715 

was increased linearly to 65%, and then increased linearly to 100% over 2 min 716 

with a 3 min hold before returning to the starting mixture during 0.1 min and 717 

re-equilibrating the column for 2.9 min. In all experiments, the column was 718 

heated to 40 °C under a flow rate of 300 μL/min. The instrument mass 719 

parameters were set as follows: Source Temperature 550 °C, Ion Source Gas1: 720 
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40, Ion Source Gas2: 50, Curtain Gas: 35, Ion Spray Voltage Floating 5500 V, 721 

scan type: selected reaction monitoring/multiple reaction monitoring 722 

(SRM/MRM). The mass transition from m/z 233.2 to m/z 174.1 was identified as 723 

melatonin; the retention time was 3.48 min. AB SCIEX Analyst software 724 

(version 1.5.2) was used for data integration. 725 

Measurement of seed anthocyanins and PAs 726 

The anthocyanin content was measured as previously described (Li et al., 727 

2018c), with some modifications. Briefly, about 5 mg mature seeds were frozen 728 

in liquid nitrogen and ground in 3 mL buffer consisting of 1% (v/v) HCl in 729 

methanol. The mixtures were centrifuged at 12,000 rpm for 5 min after 730 

incubation at 70 °C for 1 h. Then the supernatant was taken and extracted with 731 

an equal volume of chloroform after adding 2 mL of distilled water. After 732 

centrifuging at 12,000 rpm for 5 min, the absorbance at 535 nm was determined 733 

using a Beckman-Coulter DU730 spectrophotometer, and then normalized to 734 

the total weight of dry seeds for each sample, which is regarded as the 735 

anthocyanin amount. 736 

Extraction of PAs and acid hydrolysis were performed as previously 737 

described (Kitamura et al., 2010), with some modifications. Briefly, about 10 mg 738 

mature seeds were frozen in liquid nitrogen and ground in 1.5 mL 70% (v/v) 739 

acetone containing 5.26 mM Na2S2O5, followed by sonication for 20 min at 740 

room temperature. Following centrifugation at 1,500 rpm for 15 min, the 741 

supernatant was dried and resuspended in 0.4 mL 70% (v/v) acetone 742 

containing 5.26 mM Na2S2O5 and 1.6 mL HCl/butanol (1:5 v/v). The 743 

absorbance at 545 nm of this resuspended solution was determined using 744 

Tecan’s Infinite® M200 PRO. After hydrolysis at 95 °C for 1 h, the absorbance 745 

at 545 nm was once again determined. Subtraction of the first absorbance 746 

value from the second followed by weight normalization was defined as the 747 

content of soluble PAs. The residues were dried by evaporation, and then 2 mL 748 
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2:10:3 of HCl:butanol:70% (v/v) acetone was added. After heating at 95 °C for 1 749 

h, the extract was centrifuged for 15 min. The absorbance at 545 nm of the 750 

supernatant was measured and then normalized to the weight as the content of 751 

insoluble PAs. 752 

RNA-sequencing and data analyses 753 

The flowers of wild type (Col-0) and snat1-1 comt-1 plants tagged with 754 

different colored threads indicate DAP. Developing seeds at 12 DAP were 755 

taken from the basal region of the major inflorescences of 50 individual plants 756 

for each genotype in one biological replicate. These seeds were grown in 757 

different pots arranged randomly and were used for the RNA-sequencing 758 

(RNA-seq) experiments. Three independent biological replicates from three 759 

different plantings were carried out for wild type and snat-1 comt-1 in the 760 

RNA-seq experiment. The following analysis was performed using the services 761 

of Gene Denovo (http://www.genedenovo.com/) following the standard protocol 762 

(http://www.genedenovo.com/product/41.html). The Excel add-in for 763 

significance analysis of RNA-seq was utilized to identify differentially expressed 764 

genes (DEGs) between wild type and snat1-1 comt-1. The DEGs with |log2 765 

ratios| ≥ 0.58 and false discovery rate (FDR) ≤ 0.05 are listed in Tables S3 and 766 

S4. 767 

Analysis of gene expression 768 

The sampling of developing seeds used for gene expression was the same 769 

as that described for the RNA-seq experiment. Other tissues were harvested 770 

from at least eight individual plants grown in different pots arranged randomly, 771 

and three independent biological replicates from three different plantings were 772 

conducted for the expression analysis. Total RNA from various tissues was 773 

extracted using the MiniBEST Plant RNA Extraction Kit (TaKaRa) and reverse 774 

transcribed using PrimeScript RT (TaKaRa). RT-qPCR was performed in three 775 

biological replicates using SYBR Green Master Mix (TaKaRa). GUS staining 776 
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was performed as described previously (Jefferson et al., 1987). Primers used 777 

for gene expression analyses are listed in Table S1. 778 

 779 
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Table 1. Differentially expressed genes (DEGs) important for seed oil accumulation in the developing seeds of snat1-1 comt-1 plants 826 

at 12 days after pollination (DAP). DEGs with |log2 ratios| ≥ 0.58, and only GO Slim IDs with FDR ≤ 0.05, are listed here. 827 

DEGs log2 ratios Functions References 

WRI1 

(AT3G54320) 
0.69 Promoting oil accumulation 

(Focks and Benning, 1998; Cernac and 

Benning, 2004; Masaki et al., 2005; Baud et 

al., 2007; Maeo et al., 2009; To et al., 2012) 

BCCP1 

(AT2G38040) 
0.63 Promoting oil accumulation 

(Ohlrogge et al., 1995; Sasaki et al., 1995; Mu 

et al., 2008; Li et al., 2011) 

CAC3 

(AT2G38040) 
0.66 Promoting oil accumulation 

(Ohlrogge et al., 1995; Sasaki et al., 1995; Mu 

et al., 2008; Li et al., 2011) 

MCAMT 

(AT2G30200) 
0.60 Promoting oil accumulation (Jung et al., 2019; Mu et al., 2008) 

PLIP1 

(AT3G61680) 
0.65 Promoting oil accumulation (Wang et al., 2017b) 

GPAT2 

(AT1G02390) 
0.96 

Exhibiting sn-1 and sn-2 acyltransferase activities and 

utilizing dicarboxylic acyl-CoA as the substrate for the 

biosynthesis of the extracellular lipids 

(Beisson et al., 2007; Yang et al., 2012; 

Jayawardhane et al., 2018) 

LTP3 

(AT5G59320) 
2.42 

Promoting soluble sugar accumulation; Enhancing the in vitro 

vitro transfer of phospholipids between membranes and  

binding acyl chains; No obvious effect on oil  

accumulation in the single mutant 

(Kader, 1996; Arondel et al., 2000; Pagnussat 

et al., 2015; Wong et al., 2017) 

LTP4 

(AT5G59310) 
1.19 

Enhancing the in vitro transfer of phospholipids between 

membranes and binding acyl chains 

(Kader, 1996; Arondel et al., 2000; Wong et 

al., 2017) 

LTP5 1.06 Enhancing the in vitro transfer of phospholipids between (Kader, 1996; Arondel et al., 2000; Wong et 
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Table 2. Differentially expressed genes (DEGs) contributing to anthocyanin biosynthesis in the developing seeds of snat1-1 comt-1 828 

plants at 12 days after pollination (DAP). DEGs with |log2 ratios| ≥ 0.58, and only GO Slim IDs with FDR ≤ 0.05, are listed here. 829 

(AT3G51600) membranes and binding acyl chains al., 2017) 

DEGs log2 ratios Functions References 

KFB39 (AT2G44130) -1.90 Repressing anthocyanin accumulation (Zhang et al., 2015) 

4CL1 (AT1G51680) 0.65 Promoting anthocyanin accumulation (Li et al., 2015) 

CHI (AT3G55120) 0.62 Promoting anthocyanin accumulation 
(Shirley et al., 1992; 

Pourcel et al., 2013) 

UGT73B2 (AT4G34135) 2.72 Transferring a glucose group to the 3-hydroxyl group of flavonoids 
(Kim et al., 2006; Lim 

et al., 2006) 

KAN4 (AT5G42630) 1.56 Promoting flavonoid accumulation (Gao et al., 2010) 
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 830 

 831 

 832 

 833 

 834 

 835 

 836 

 837 

GPT2 (AT1G61800) 1.76 Promoting anthocyanin accumulation (Jeong et al., 2018) 
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FIGURE LEGENDS 838 

Figure 1 Subcellular localization of the SNAT1 and COMT proteins in N. 839 

benthamiana leaves. Subcellular distribution of the SNAT1 (A) and COMT (B) 840 

proteins fused with GFP (35S:SNAT1-GFP or 35S:COMT-GFP). DAPI, 841 

fluorescence of 4', 6-diamino-2-phenylindole; Merge 1, merge of GFP, DAPI, 842 

and bright-field images; Merge 2, merge of chlorophyll, GFP, DAPI, and 843 

bright-field images. GFP, green fluorescent protein.  844 

Figure 2 Tissue-specific analyses of SNAT1 and COMT expression patterns. A 845 

and D, RT-qPCR analysis of SNAT1 (A) and COMT (D) expression in various 846 

tissues of wild-type (Col-0) plants. Rt, Roots; St, stems; RL, rosette leaves; CL, 847 

cauline leaves; FB, flower buds; OF, open flowers. Values are means ± SD (n = 848 

3). B and E, RT-qPCR analysis of SNAT1 (B) and COMT (E) expressions in 849 

developing seeds of wild type (Col-0) plants. Values are means ± SD (n = 3). C 850 

and F, Representative GUS staining of pSNAT1:GUS (C) and pCOMT:GUS (F) 851 

transgenic plants show SNAT1 and COMT expression levels, respectively, in 852 

vegetative and reproductive tissues in wild-type (Col-0) plants. C, Upper panel 853 

photos successively (from left to right) indicate 9-day-old seedlings (C1), 854 

rosette leaves (C2), stems and cauline leaves (C3), and flower buds and open 855 

flowers (C4). F, Upper panel photos successively (from left to right) indicate 856 

8-day-old seedlings (F1), rosette leaves (F2), stems, cauline leaves, and flower 857 

buds (F3), and open flowers (F4). Bottom panel photos successively (C and F, 858 

from left to right) represent developing seeds at different developmental stages 859 

(C5-8 and F5-8). The RT-qPCR results were normalized against the expression 860 

of EF1αA4 as an internal control. Bars = 2 mm, except for seeds, where the 861 

bars represent 100 μm. RT-qPCR, reverse transcription quantitative PCR. 862 

Figure 3 Melatonin quantification in developing siliques from various lines of 863 

SNAT1 and COMT. A, Structure of the COMT (AT5G54160) gene showing the 864 

position of T-DNA insertions in SALK_002373 (comt-1) and SALK_020611C 865 
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(comt-2) mutants. The coding and untranslated regions are represented by 866 

black and gray boxes, respectively, and introns and other genomic regions are 867 

represented by open boxes. Translation start site (ATG) and stop codon (TAA) 868 

are indicated. The arrow indicates the left border of the T-DNA. B, PCR-based 869 

DNA genotyping of the homozygous mutants of the COMT gene. LP and RP 870 

refer to the gene specific primers and BP refers to T-DNA right-border primer. 871 

Three independent biological replicates were carried out. C, Reverse 872 

transcription PCR analysis of COMT transcript in wild type (Col-0) and their 873 

corresponding mutants. EF1αA4 was used as an internal control. Three 874 

independent biological replicates were conducted. D, Melatonin levels in the 875 

developing siliques at 12 days after pollination from wild type (Col-0), the single 876 

mutants of snat1-1, comt-1, and comt-2, the double mutant snat1-1 comt-1, and 877 

the transgenic plants of snat1-1 gSNAT1#1 and comt-1 gCOMT#1. Values are 878 

means ± SD (n = 3). Different lowercase letters within various lines of the 879 

SNAT1 and COMT genes indicate significant differences at P ≤ 0.05 (Tukey’s 880 

highly significant difference test). FW, fresh weight. 881 

Figure 4 Effect of endogenous deficiency and exogenous application of 882 

melatonin on seed FA and anthocyanin accumulation. A and C, Total FA (A) 883 

and anthocyanin (C) contents in seeds from wild type (Col-0), the single 884 

mutants of snat1-1, comt-1, and comt-2, the double mutant snat1-1 comt-1, and 885 

the transgenic plants of snat1-1 gSNAT1#1 and comt-1 gCOMT#1. Different 886 

lowercase letters within various lines of the SNAT1 and COMT genes indicate 887 

significant differences at P ≤ 0.05 (Tukey’s highly significant difference test). B 888 

and D, Total FA (B) and anthocyanin (D) contents in seeds of wild type (Col-0), 889 

snat1-1, comt-1, and snat1-1 comt-1 exogenously applied with different 890 

concentrations of melatonin solutions (0, 100, and 200 μM). Different letters 891 

within each treatment indicate significant differences at P ≤ 0.05 (Tukey’s highly 892 

significant difference test); lowercase letters compare with each other, capital 893 
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letters compare with each other, and Greek letters compare with each other. 894 

Asterisks denote statistically significant differences between the indicated 895 

samples (Student’s t-test, P ≤ 0.05). In A–D: Values are means ± SD (n = 5). 896 

FA, fatty acid. DW, dry weight. A535, absorbance at 535 nm. 897 

Figure 5 Dynamic expression analysis of genes related to seed oil 898 

accumulation in developing seeds of wild-type (Col-0) and snat1-1 comt-1 899 

plants. Gene expression was normalized against the expression of EF1αA4 as 900 

an internal control, and the expression level in wild type was set to 1 (dotted 901 

line). Values are means ± SD (n = 3). Asterisks indicate significant differences 902 

in gene expression levels in snat1 comt-1 plants compared with those in 903 

wild-type plants (two-tailed paired Student’s t-test, P ≤ 0.05). 904 

Figure 6 Dynamic expression analysis of genes contributing to seed 905 

anthocyanin accumulation in developing seeds of wild-type (Col-0) and snat1-1 906 

comt-1 plants. Gene expression was normalized against the expression of 907 

EF1αA4 as an internal control, and the expression level in wild type was set to 1 908 

(dotted line). Values are means ± SD (n = 3). Asterisks indicate significant 909 

differences in gene expression levels in snat1-1 comt-1 plants compared with 910 

those in wild-type plants (two-tailed paired Student’s t-test, P ≤ 0.05). 911 

Figure 7 Effect of SNAT1 and COMT on seed coat mucilage deposition. A, 912 

Comparison of the mucilage layer attached to the seed coat among wild type 913 

(Col-0), the single mutants of snat1-1, comt-1, and comt-2, the double mutant 914 

snat1-1 comt-1, and the transgenic plants of snat1-1 gSNAT1#1 and comt-1 915 

gCOMT#1. Bars = 500 μm. B, Comparison of the dynamic expression of DF1 916 

and MUM4 in developing seeds from 8 to 12 days after pollination among wild 917 

type (Col-0), the single mutant snat1-1, and the transgenic plant snat1-1 918 

gSNAT1#1. C, Comparison of the dynamic expression of DF1 and MUM4 in 919 

developing seeds from 8 to 12 days after pollination among wild type (Col-0), 920 

the single mutant comt-1, and the transgenic plant comt-1 gCOMT#1. Gene 921 
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expression was normalized against the expression of EF1αA4 as an internal 922 

control, and the expression level in wild type was set to 1. In B and C: Values 923 

are means ± SD (n = 3). Asterisks indicate significant differences in gene 924 

expression levels in snat1-1 or comt-1 plants compared with those in wild-type 925 

plants (two-tailed paired Student’s t-test, P ≤ 0.05). 926 

Figure 8 Effect of SNAT1 and COMT on the accumulation of PAs in seeds. A, 927 

Seeds stained with DMACA for 16 h among wild type (Col-0), the single 928 

mutants of snat1-1, comt-1, and comt-2, the double mutant snat1-1 comt-1, and 929 

the transgenic plants of snat1-1 gSNAT1#1 and comt-1 gCOMT#1. Bars = 500 930 

μm. B and C, Analysis of soluble (B) and insoluble (C) PAs by acidic hydrolysis 931 

among wild type (Col-0), single mutants of snat1-1, comt-1, and comt-2, the 932 

double mutant snat1-1 comt-1, and the transgenic plants of snat1-1 gSNAT1#1 933 

and comt-1 gCOMT#1. In B and C: Values are means ± SD (n = 5). Different 934 

letters within various lines represent significant differences at P ≤ 0.05 (Tukey’s 935 

highly significant difference test). PAs, proanthocyanidins. DW, dry weight. 936 

 937 

Figure 9 A proposed working model shows that the deficiency of melatonin by 938 

knocking out SNAT1 and/or COMT represses the accumulation of oil and 939 

anthocyanins by regulating the expression of key genes that control the 940 

biosynthesis of oil and anthocyanins, respectively, in A. thaliana seeds. Arrows 941 

and T bars indicate promoting and inhibitory effects, respectively. 942 

 943 

 944 

 945 
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Figure 1 Subcellular localization of the SNAT1 and COMT proteins in N. 

benthamiana leaves. Subcellular distribution of the SNAT1 (A) and COMT (B) 

proteins fused with GFP (35S:SNAT1-GFP or 35S:COMT-GFP). DAPI, 

fluorescence of 4', 6-diamino-2-phenylindole; Merge 1, merge of GFP, DAPI, 

and bright-field images; Merge 2, merge of chlorophyll, GFP, DAPI, and 

bright-field images. GFP, green fluorescent protein. 
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Figure 2 Tissue-specific analyses of SNAT1 and COMT expression patterns. A 

and D, RT-qPCR analysis of SNAT1 (A) and COMT (D) expression in various 

tissues of wild-type (Col-0) plants. Rt, Roots; St, stems; RL, rosette leaves; CL, 

cauline leaves; FB, flower buds; OF, open flowers. Values are means ± SD (n = 

3). B and E, RT-qPCR analysis of SNAT1 (B) and COMT (E) expressions in 

developing seeds of wild type (Col-0) plants. Values are means ± SD (n = 3). C 

and F, Representative GUS staining of pSNAT1:GUS (C) and pCOMT:GUS (F) 

transgenic plants show SNAT1 and COMT expression levels, respectively, in 

vegetative and reproductive tissues in wild-type (Col-0) plants. C, Upper panel 

photos successively (from left to right) indicate 9-day-old seedlings (C1), 

rosette leaves (C2), stems and cauline leaves (C3), and flower buds and open 

flowers (C4). F, Upper panel photos successively (from left to right) indicate 

8-day-old seedlings (F1), rosette leaves (F2), stems, cauline leaves, and 

flower buds (F3), and open flowers (F4). Bottom panel photos successively (C 

and F, from left to right) represent developing seeds at different developmental 

stages (C5-8 and F5-8). The RT-qPCR results were normalized against the 

expression of EF1αA4 as an internal control. Bars = 2 mm, except for seeds, 

where the bars represent 100 μm. RT-qPCR, reverse transcription quantitative 

PCR. 
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Figure 3 Melatonin quantification in developing siliques from various lines of 

SNAT1 and COMT. A, Structure of the COMT (AT5G54160) gene showing the 

position of T-DNA insertions in SALK_002373 (comt-1) and SALK_020611C 

(comt-2) mutants. The coding and untranslated regions are represented by 

black and gray boxes, respectively, and introns and other genomic regions are 

represented by open boxes. Translation start site (ATG) and stop codon (TAA) 

are indicated. The arrow indicates the left border of the T-DNA. B, PCR-based 

DNA genotyping of the homozygous mutants of the COMT gene. LP and RP 

refer to the gene specific primers and BP refers to T-DNA right-border primer. 

Three independent biological replicates were carried out. C, Reverse 

transcription PCR analysis of COMT transcript in wild type (Col-0) and their 

corresponding mutants. EF1αA4 was used as an internal control. Three 

independent biological replicates were conducted. D, Melatonin levels in the 

developing siliques at 12 days after pollination from wild type (Col-0), the single 

mutants of snat1-1, comt-1, and comt-2, the double mutant snat1-1 comt-1, and 
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the transgenic plants of snat1-1 gSNAT1#1 and comt-1 gCOMT#1. Values are 

means ± SD (n = 3). Different lowercase letters within various lines of the 

SNAT1 and COMT genes indicate significant differences at P ≤ 0.05 (Tukey’s 

highly significant difference test). FW, fresh weight. 
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Figure 4 Effect of endogenous deficiency and exogenous application of 

melatonin on seed FA and anthocyanin accumulation. A and C, Total FA (A) 

and anthocyanin (C) contents in seeds from wild type (Col-0), the single 

mutants of snat1-1, comt-1, and comt-2, the double mutant snat1-1 comt-1, 

and the transgenic plants of snat1-1 gSNAT1#1 and comt-1 gCOMT#1. 

Different lowercase letters within various lines of the SNAT1 and COMT genes 

indicate significant differences at P ≤ 0.05 (Tukey’s highly significant difference 

test). B and D, Total FA (B) and anthocyanin (D) contents in seeds of wild type 

(Col-0), snat1-1, comt-1, and snat1-1 comt-1 exogenously applied with 

different concentrations of melatonin solutions (0, 100, and 200 μM). Different 

letters within each treatment indicate significant differences at P ≤ 0.05 

(Tukey’s highly significant difference test); lowercase letters compare with 

each other, capital letters compare with each other, and Greek letters compare 

with each other. Asterisks denote statistically significant differences between 

the indicated samples (Student’s t-test, P ≤ 0.05). Values are means ± SD (n = 

5). FA, fatty acid. DW, dry weight. A535, absorbance at 535 nm. 
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Figure 5 Dynamic expression analysis of genes related to seed oil 

accumulation in developing seeds of wild-type (Col-0) and snat1-1 comt-1 

plants. Gene expression was normalized against the expression of EF1αA4 as 

an internal control, and the expression level in wild type was set to 1. Values 

are means ± SD (n = 3). Asterisks indicate significant differences in gene 

expression levels in snat1 comt-1 plants compared with those in wild-type 

plants (two-tailed paired Student’s t-test, P ≤ 0.05). 

 www.plantphysiol.orgon May 3, 2020 - Published by Downloaded from 
Copyright © 2020 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 

 1 

 

Figure 6 Dynamic expression analysis of genes contributing to seed 

anthocyanin accumulation in developing seeds of wild-type (Col-0) and 

snat1-1 comt-1 plants. Gene expression was normalized against the 

expression of EF1αA4 as an internal control, and the expression level in wild 

type was set to 1. Values are means ± SD (n = 3). Asterisks indicate significant 

differences in gene expression levels in snat1-1 comt-1 plants compared with 

those in wild-type plants (two-tailed paired Student’s t-test, P ≤ 0.05). 
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Figure 7 Effect of SNAT1 and COMT on seed coat mucilage deposition. A, 

Comparison of the mucilage layer attached to the seed coat among wild type 

(Col-0), the single mutants of snat1-1, comt-1, and comt-2, the double mutant 

snat1-1 comt-1, and the transgenic plants of snat1-1 gSNAT1#1 and comt-1 

gCOMT#1. Bar = 500 μm. B, Comparison of the dynamic expression of DF1 

and MUM4 in developing seeds from 8 to 12 days after pollination among wild 

type (Col-0), the single mutant snat1-1, and the transgenic plant snat1-1 

gSNAT1#1. C, Comparison of the dynamic expression of DF1 and MUM4 in 

developing seeds from 8 to 12 days after pollination among wild type (Col-0), 

the single mutant comt-1, and the transgenic plant comt-1 gCOMT#1. Gene 

expression was normalized against the expression of EF1αA4 as an internal 

control, and the expression level in wild type was set to 1. Values are means ± 

SD (n = 3). Asterisks indicate significant differences in gene expression levels 

in snat1-1 or comt-1 plants compared with those in wild-type plants (two-tailed 

paired Student’s t-test, P ≤ 0.05). 
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Figure 8 Effect of SNAT1 and COMT on the accumulation of PAs in seeds. A, 

Seeds stained with DMACA for 16 h among wild type (Col-0), the single 

mutants of snat1-1, comt-1, and comt-2, the double mutant snat1-1 comt-1, 

and the transgenic plants of snat1-1 gSNAT1#1 and comt-1 gCOMT#1. Bar = 

500 μm. B and C, Analysis of soluble (B) and insoluble (C) PAs by acidic 

hydrolysis among wild type (Col-0), single mutants of snat1-1, comt-1, and 

comt-2, the double mutant snat1-1 comt-1, and the transgenic plants of 

snat1-1 gSNAT1#1 and comt-1 gCOMT#1. Values are means ± SD (n = 5). 

Different letters within various lines represent significant differences at P ≤ 

0.05 (Tukey’s highly significant difference test). PAs, proanthocyanidins. DW, 

dry weight. 
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Figure 9 A proposed working model shows that the deficiency of melatonin by 

knocking out SNAT1 and/or COMT represses the accumulation of oil and 

anthocyanins by regulating the expression of key genes that control the 

biosynthesis of oil and anthocyanins, respectively, in A. thaliana seeds. Arrows 

and T bars indicate promoting and inhibitory effects, respectively. 
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