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A B S T R A C T   

The OsMYBR22 (same to OsRVE1), an R1type-MYB transcription factor belonging to the rice CCA1-like family, 
was upregulated under blue light condition, which enhanced the chlorophyll and carotenoid accumulation. The 
overexpression of OsMYBR22 in rice (Oryza sativa, L) led to everlasting green seeds and leaves of a darker green. 
Transgene expression patterns showed more concordance with chlorophyll than carotenoid profiles. The tran
script levels of most genes related to chlorophyll biosynthesis and degradation examined were similarly repressed 
in the late maturing stages of seeds. It proposed that rice seeds have the feedback regulatory mechanism for 
chlorophyll biosynthesis and also implied that evergreen seed traits might be caused due to the inhibition of 
degradation rather than the promotion of biosynthesis for chlorophylls. Metabolomics revealed that OsMYBR22 
overexpression largely and simultaneously enhanced the contents of nutritional and functional metabolites such 
as chlorophylls, carotenoids, amino acids including lysine and threonine, and amino acid derivatives including 
γ-aminobutyric acid, which are mostly biosynthesized in chloroplasts. Transmission electron microscopy 
anatomically demonstrated greener phenotypes with an increase in the number and thickness of chloroplasts in 
leaves and the structurally retentive chloroplasts in tubular and cross cells of the seed inner pericarp region. In 
conclusion, the molecular actions of OsMYBR22/OsRVE1 provided a new strategy for the biofortified rice variety, 
an “Evergreen Rice,” with high accumulation of chloroplast-localized metabolites in rice grains.   

1. Introduction 

The autotrophic life of plants depends on chloroplasts, the site of 
photosynthesis (Waters and Langdale, 2009; Choi et al., 2021). Other 
metabolic pathways essential for plant survival occur in chloroplasts, 
which contain biological reactions for carbohydrates, amino acids, 
lipids, and photosynthetic pigments such as chlorophylls and caroten
oids (Chen et al., 2018). Light is the most important factor in the stim
ulation of pigment biosynthesis and chloroplast development (Llorente 
et al., 2017; Yuan et al., 2017). The physiologically close relationship 
between chloroplast biogenesis and metabolisms of chlorophylls and 
carotenoids has often been reported in pleiotropic phenotypes according 
to diverse light condition. Particularly, blue light promoted 

photosynthesis, triggered chloroplast development, and enhanced the 
accumulation of photosynthetic pigments, resulting in phenotypic 
changes that include darker green color and shorter height due to the 
inhibited stem elongation, wider breadth, and larger leaf angle (Christie, 
2007; De Wit et al., 2016; Ouzounis et al., 2015). Increased pigment 
content such as chlorophylls, carotenoids, and phenolic compounds by 
blue light irradiation has been intensively reported in various horticul
tural plant species, including Cymbidium (Tanaka et al., 1998), lettuce 
(Li and Kubota, 2009), red lettuce (Johkan et al., 2010), broccoli 
(Kopsell and Sams, 2013), and Kalanchoe pinnata (Nascimento et al., 
2013). These increases in pigment contents serve to enhance the func
tional and nutritional value of the plant materials. The levels of other 
metabolites such as amino acids, organic acids, fatty acids, and 
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flavonoid glycosides were relatively high in blue light-treated rice leaves 
with the enhanced antioxidant activities (Jung et al., 2013). 

When the plants are exposed to light that includes blue light, re
ceptor proteins such as cryptochromes, phototropins, phytochromes, 
and UV RESISTANCE LOCUS 8 carry out photoreception. Post- 
translational regulation by inhibiting E3 ligase-mediated degradation 
pathways of light signal proteins cooperatively works with transcrip
tional regulation by transcription factors (TFs) for photomorphogenesis 
including photosynthesis, chloroplast development, and chlorophyll and 
carotenoid biosynthesis (Lau and Deng, 2012; Martín et al., 2016; Tang 
et al., 2016; Paik and Huq, 2019; Choi et al., 2021). TFs have been 
reported as core positive regulators. LONG HYPOCOTYL5 (HY5) 
controls light-responsive gene transcription by direct interaction with 
ACGT element-containing motifs including G-boxes (CACGTG) in the 
promoters of genes such as light-harvesting complex (Lhc) b and phytoene 
synthase (PSY) (Andronis et al., 2008; Toledo-Ortiz et al., 2014). 
Its binding activity was increased after physical interaction 
as HY5-CIRCADIAN CLOCK-ASSOCIATED1 (CCA1) for Lhcb, and it 
formed an antagonistic regulatory module as HY5-PHYTOCHROME 
-INTERACTING FACTOR (PIF) for PSY in Arabidopsis. CCA1 directly 
affected activation of GOLDEN2-LIKE (GLK) 2 and suppressed ORE
SARA1 (ORE1), which counteracts the GLK function in Arabidopsis (Song 
et al., 2018). GLK1 and GLK2 have been studied as key regulators at the 
center of a light-induced transcriptional network to govern photomor
phogenesis overall in maize, rice, Arabidopsis, and tomato (Rossini et al., 
2001; Nakamura et al., 2009; Waters et al., 2009). Also, rice PIF-like 
(PIL) 1, the closest homolog of Arabidopsis PIF4, promoted chlorophyll 
biosynthesis through a feed-forward loop: PIL1 upregulates GLKs and 
two chlorophyll biosynthetic genes such as protochlorophyllide oxidore
ductase (POR) B and chlorophyllide a oxygenase (CAO) 1; GLKs then 
activate PORB, CAO1, and two photosynthetic apparatus genes, Lhca 
and Lhcb (Sakuraba et al., 2017). 

Previously, we have reported the highest amounts of carotenoids and 
phenolic compounds with darker and shorter phenotypes of rice plants 
under blue light-emitting diode illumination. Our studies suggest 11 
candidate genes including two myeloblastosis (MYB)-related TFs, the 
rice RADIALIS-LIKE3 (OsRL3), and OsMYBR22, which were upregulated 
in blue light versus white light (Lakshmanan et al., 2015). Our results 
proposed the possibility that these TFs function as blue light-mediated 
transcriptional modules to promote plant greening phenotypes. While 
OsRL3 has been shown to function as a positive regulator of leaf 
senescence (Park et al., 2018), the biological roles of OsMYBR22 
(designated as a serial number among the Grasses MYB-related TFs) have 
been studied very little (Gray et al., 2009; Smita et al., 2015): a CMYB1 
with the only cold-inducible gene expression property (Duan et al., 
2014) and a rice CCA1-like REVEILLE (OsRVE) 1 with just amino acid 
sequence homology (Linde et al., 2017). 

The MYB family of TF proteins is large and functionally diverse being 
represented in all eukaryotes including plants (Ambawat et al., 2013). 
They are classified into four subfamilies, MYB-related/1R- 
MYBs/R1type-MYBs, 2R-MYBs/R2R3-MYBs, 3R-MYBs/R1R2R3-MYBs, 
and 4R-MYBs, according to the number and position of an MYB 
DNA-binding domain repeat, which is a helix-turn-helix structure of 
51–53 amino acids. Their regulatory functions are involved in cell dif
ferentiation, development, secondary metabolism, responses to biotic 
and abiotic stresses, and light and phytohormone signaling pathways 
(Chen et al., 2006; Dubos et al., 2010; Ambawat et al., 2013). At least 
197 and 155 MYB TFs were predicted in the Arabidopsis and rice ge
nomes, respectively (Chen et al., 2006; Katiyar et al., 2012). Particu
larly, in terms of light regulation, the central circadian oscillators CCA1 
and LATE ELONGATED HYPOCOTYL (LHY) are encoded by two Arabi
dopsis genes (AtCCA1 and AtLHY) and a rice gene (OsCCA1/OsLHY) 
belonging to the MYB-related subfamily (Lu et al., 2009; Nagel et al., 
2015; Shen et al., 2015). 

Our interest for this study in that the TF, an OsMYBR22, was pre
dicted as one of the OsCCA1-like proteins in rice. We constitutively 

overexpressed an OsMYBR22 and observed typical blue light-treated 
phenotypes involving reduced height and greener leaf color of rice 
plants. Moreover, it resulted in the prolonged green color of seeds even 
after ripening. Through physiological, molecular, metabolite-analytical, 
and microscopy approaches, we confirmed that the ectopic expression of 
an OsMYBR22 TF enhanced nutritional and functional qualities of rice 
grains. 

2. Materials and methods 

2.1. Rice plant materials and growth conditions 

Japonica-type Korean rice (Oryza sativa L. cv. Dongjin) was used for 
gene cloning, analyzing gene expression, preparing protoplasts, and 
generating transgenic plants. Seeds were sterilized with 70% ethanol 
and 2% sodium hypochlorite, germinated on Murashige and Skoog 
media with 1.5% (w/v) sucrose for 5 days in a growth chamber with a 
16-h light/8-h dark cycle at 28 ◦C, transplanted into soil, and then grown 
in a greenhouse under natural light conditions. Particularly, seeds were 
germinated and grown on MS media for 7 days under either blue (450 
nm) or white (mixture of blue, green (530 nm), and red (660 nm)) light 
conditions with photosynthetic photon flux density at 95 μmol/m2/s, 10 
days under 9 days dark/1 day light for protoplast isolation, and 7 days 
under a 16-h light/8-h dark cycle for germination tests in a growth 
chamber. Transgenic rice plants were regenerated according to shooting 
and rooting procedures on selection media that included phosphino
thricin (3 mg/L) and carbenicillin (250 mg/L) in a growth chamber as 
previously described, with slight modifications (Hiei et al., 1994), after 
which they were grown in soil in a greenhouse during all seasons or in a 
paddy field at Kyung Hee University in Yongin, South Korea (37◦ 24′ N 
latitude, 127◦ 08′ E longitude), during the summer season until matu
rity. To evaluate the agronomic traits of transgenic plants, T4 homozy
gous lines were grown in a paddy field during the summer, and yield 
parameters were scored for 30 plants per line. When the plants had 
reached maturity and the grains had ripened, they were harvested and 
threshed. The unfilled and filled grains were separated, weighed, and 
independently counted using a Countmate MC1000H (Motex Ltd., 
Seoul, Korea). The following agronomic traits were scored: panicle 
length (PL; cm), culm length (CL; cm), filling rate (FR; %), total grain 
weight (TGW; g), 100-grain weight (100 GW; g), total number of grains 
(TNG; g), number of panicles per plant (NP), and number of spikelets per 
panicle (NSP). The data were analyzed using Student’s t-test in Microsoft 
Excel, and differences were considered significant at p < 0.001 (***), p 
< 0.01 (**), or p < 0.05 (*). 

2.2. Vector construction and molecular analysis of transgenic plants 

The coding sequence of OsMYBR22 (1476 bp, LOC_Os02g46030) was 
amplified from seedling cDNAs of rice (Oryza sativa L. cv. Dongjin) using 
primer sets (Supplementary Table S1) based on the information pro
vided by the Rice Full-Length cDNA Consortium (https://www.ncbi. 
nlm.nih.gov/nuccore/AK111726). Two GFP fusion vectors, pOs
MYBR22:sGFP and peGFP:OsMYBR22, for rice protoplast transfection 
were prepared through the In-Fusion HD Cloning kit (Clontech, Moun
tain View, CA) using pGA cloning vector series No. 3452 and 3652, 
respectively, to analyze the subcellular localization (Kim et al., 2009). 
Rice overexpression vectors of pOsMYBR22:Myc and pMyc:OsMYBR22 
were constructed through an In-Fusion Cloning (Clontech) using two 
myc-tagged entry vectors, pE3c and pE3n, and then Gateway cloning 
using a destination p700 vector carrying the 5’ upstream region of rice 
phosphogluconate dehydrogenase 1 (PGD1) gene as a constitutive pro
moter (Dubin et al., 2008; Park et al., 2010). 

After rice transformation, 2-week-old leaf tissues of putative trans
genic plants were homogenized by a TissueLyser II (Qiagene, Hilden, 
Germany) and used for the preparation of total proteins, genomic DNAs, 
and total RNAs. The proteins were extracted in a buffer (50 mM Tris-HCl 
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(pH 7.6), 150 mM NaCl, 0.1 mM sodium deoxycholate, 1% Triton X-100, 
0.1% SDS, 2 mM EDTA, and 1x complete protease inhibitor cocktail), 
and their concentrations were measured using a Quant-i™ Protein Assay 
Kit (Invitrogen, Waltham, MA). Western blotting was performed on each 
sample, which consisted of 60 μg of total protein, by binding of primary 
anti-MYC antibodies (1:2000, 9E10, Santa Cruz Biotechnology, CA) 
followed by anti-mouse IgG (whole molecule) peroxidase-conjugated 
secondary antibodies (1:100000, A9044, Sigma-Aldrich, St. Louis, 
MO). The signal bands were developed using a BCIP⁄NBT color devel
opment system (Promega, Madison, WI) and imaged using a UVITEC 
camera (Cleaver Scientific, Warwickshire, UK). The genomic DNAs from 
T0 leaf tissues were prepared using a DNeasy Plant Mini Kit (Qiagen), 
and TaqMan PCRs were used to detect the Bar transgene as previously 
described (Ko et al., 2018). A value of 1 was calculated for the genomic 
DNAs of stPAC 25 rice, with a homozygous single copy of the Bar gene 
used as a positive control (Jeong et al., 2017). RNA-associated methods 
are comprehensively described below. 

2.3. Quantitative real-time RNA analysis 

Total RNAs were isolated from leaves and unpolished seeds during 
the developmental stages of both nontransgenic (NT) and transgenic rice 
plants. Frozen powder samples of leaves and seeds were extracted using 
RNeasy Plant Mini Kit (Qiagen) in conjunction with PureLink® Plant 
RNA Reagent (Invitrogen). The RNAs were treated with DNase I treat
ment (Qiagen), and their quality and concentration were checked by a 
NanoDrop ND-2000 Spectrophotometer (Thermo Scientific, Waltham, 
MA). The cDNAs were simultaneously synthesized and amplified with 1 
μg of total RNA using AccuPower® RT Premix (Bioneer, Daejeon, 
Korea). The following amplification was performed using iQ™ SYBR 
Green Supermix (Bio-Rad, Hercules, CA) in a CFX connect real-time 
system (Bio-Rad). Each reaction consisted of 20 ng of cDNA, each 
gene-specific primer at 0.3 μM, and 10 μL of SYBR green real-time PCR 
master mix (Bio-Rad) at a total volume of 20 μL. The PCR conditions 
were as follows: 3 min at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C and 
30 s at 60 ◦C. Quantitative PCRs (qRT-PCRs) were carried out in tripli
cate or quadruplicate for three individual plants. Data were presented as 
formula 2− ΔCt with ±standard deviation after each Ct value was 
normalized with the rice ubiquitin 5 (OsUBQ5, Os01g22490) as an in
ternal control and analyzed using Student’s t-test in Microsoft Excel, and 
significant differences were considered at p < 0.001 (***), p < 0.01 (**), 
or p < 0.05 (*). All qRT-PCR primer sequences are listed in the sup
porting information (Supplementary Table S1). 

2.4. Quantification of chlorophylls, carotenoids, and phenolic compounds 

Rice leaves and seeds were powdered to extract pigment metabolites. 
Total chlorophylls were extracted using 100% methanol at 70 ◦C for 30 
min with shaking at 500 rpm using a Thermomixer Comport (Eppendorf 
AG, Hamburg, Germany). The contents of chlorophyll a and b were 
calculated using Wellburn’s formula with absorbance of the supernatant 
that was measured at 666 and 653 nm using a spectrophotometer 
(Optizen Pop, Mecasys Co., Daejeon, Korea). Carotenoids (lycopene, 
α-carotene, 13Z-β-carotene, (all-E)-β-carotene, 9Z-β-carotene, lutein, 
β-cryptoxanthin, zeaxanthin, antheraxanthin, and violaxanthin) were 
analyzed by high-performance liquid chromatography (HPLC; Agilent 
1100 series, Agilent, Massy, France) as previously described in detail 
(Ha et al., 2019; You et al., 2020). Free phenolic acids (p-hydrox
ybenzoic acid, vanillic acid, p-coumaric acid, ferulic acid, and sinapic 
acid) were analyzed by a gas chromatograph-mass spectrometer 
(GC-MS; GCMS-QP2010 Ultra System, Shimadzu, Kyoto, Japan) as 
previously described (Kim et al., 2017). The data were calculated by 
using Student’s t-test in Microsoft Excel, and differences were consid
ered significant at p < 0.001 (***), p < 0.01 (**), or p < 0.05 (*). 

2.5. Metabolomics of hydrophilic and lipophilic compounds 

Hydrophilic compounds, including sugars, organic acids, aromatic 
acids, amino acids, and amino acid derivatives, were extracted from the 
powered rice seed samples as described in a previous study (Kim et al., 
2017). The metabolites were separated using a 6890N GC system (Agi
lent) coupled to a Pegasus HT time-of-flight MS (TOF-MS; LECO, St. 
Joseph, MI). An in-house library was used to identify the metabolites. 
The peak area was calculated for relative quantification to the internal 
standard. Lipophilic compounds, including tocopherols, phytosterols, 
and policosanols, in the powered rice seed samples were also extracted 
as previously described (Kim et al., 2015). Identification was carried out 
by using a GC-MS, and contents were calculated using calibration 
curves. To visualize the metabolite changes, the free open-source pro
gram PathVisio 3.3.0 (https://www.pathvisio.org; Kutmon et al., 2015) 
was used in conjunction with the biological pathway of Arabidopsis from 
the AtMetExpress overview (https://www.wikipathways.org/index.ph 
p/). Data were calculated as log2 fold changes compared with the 
values at 60 days after flowering (DAF) of NT. The metabolite names 
were converted into PubChem compound IDs (PubChem CIDs) for input 
into PathVisio program. 

2.6. Quantification of starch, sucrose, lysine, threonine, and 
γ-aminobutyric acid and measurement of carbon-to-nitrogen ratio 

For further quantification, starch contents were measured using a 
starch assay kit (STA20, Sigma-Aldrich). The concentration of sucrose, 
lysine, threonine, and γ-aminobutyric acid (GABA) were calculated 
using calibration curves that were made for each standard through 
separation using a 7890B GC system (Agilent) coupled to a Pegasus BT 
TOF-MS system (LECO) for sucrose and threonine and a 6890N GC 
system (Agilent) coupled to a Pegasus HT TOF-MS system (LECO) for 
lysine and GABA as previously described in detail (Kim et al., 2017). The 
percentage of carbon and nitrogen contents was measured by elemental 
analyzer (FlashSmart Elemental Analyzer, Thermo Scientific) to calcu
late carbon-to-nitrogen (C/N) ratio of the fully mature and dried seeds. 
The data were analyzed by using Student’s t-test in Microsoft Excel, and 
differences were considered significant at p < 0.001 (***), p < 0.01 (**), 
or p < 0.05 (*). 

2.7. Transmission electron microscopy 

Rice leaves at 150 DAG (days after germination) and immature rice 
seeds at 25 and 30 DAF were harvested from the paddy field and used for 
transmission electron microscopy (TEM). Samples were prepared from 
the second vein region of leaves and the central region of seeds in the 
longitudinal direction. Each sample was washed with phosphate- 
buffered saline (pH 7.4), prefixed with 2.5% glutaraldehyde for 12 h, 
and postfixed with 2% (w/v) osmium tetroxide for 2 h. After dehydra
tion, the samples were sequentially imbedded into EMbed 812 resin 
(EMS, Hatfield, PA), polymerized into blocks for 3 days, and then 
sectioned by an ultramicrotome (Leica EM UC6; Leica, Nussloch, Ger
many) to an 80 nm thickness. After each specimen was stained with 2% 
uranyl acetate for 10 min and Reynolds lead citrate for 2 min, images 
were taken by a Tecnai G2-20 S-Twin device (FEI Company, Hillsboro, 
OR) in a TEM grid. 

3. Results 

3.1. Blue light-inducible OsMYBR22 is an OsRVE1 belonging to the 
CCA1-like subfamily 

To affirm the characteristics of OsMYBR22 as a blue light-inducible 
gene that has been predicted in our previous study (Lakshmanan 
et al., 2015), rice seedlings were grown under two different light con
ditions. Compared with white light, blue light increased the total 
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contents of two photosynthetic pigments, chlorophylls (1.4-fold) and 
carotenoids (1.3-fold), and the expression level of the OsMYBR22 gene 
(3.4-fold) (Fig. 1A and B and Supplementary Table S2). 

To better understand the molecular information of the OsMYBR22, 
its full-length amino acid sequences were subjected to multiple align
ments among plant MYB-related proteins from the NCBI sequence 
database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) with the Clustal-W 
algorithm of the MegAlign program (DNASTAR Lasergene, Madison, 
WI). The phylogenetic tree was constructed with 24 homologs of the 
CCA/LHY/RVE family using the Molecular Evolutionary Genetics 
Analysis (MEGA) 6 software. Blue light-inducible expression patterns 
were then applied using two previous microarray data sets for rice and 
Arabidopsis (Jiao et al., 2005; Lakshmanan et al., 2015) as shown in 
Fig. 1C. The tree displays two subfamilies, CCA1-like and 
LHY-CCA1-like. Four rice proteins including OsMYBR22 were clustered 
within a CCA1-like subfamily along with two Brachypodium (Brachypo
dium distachyon), two maize (Zea mays), and six Arabidopsis proteins. The 
OsMYBR22 more closely clustered to BdRVE1, ZmMYBR52/ZmRVE1, 
OsMYB511/OsRVE2, AtRVE1, and AtRVE2 in this order and clustered 
distantly to OsRVE3 and OsCCA1/OsLHY. Given the relatively high 
sequence similarity of OsMYBR22 with that of several RVE1s, the 
strongly inducible gene expression property between OsMYBR22 and 
AtRVE1 under blue light suggests a possible function of OsMYBR22 as an 
RVE1 orthologous protein in rice, an OsRVE1. 

To compare diurnal and circadian gene expression profiles among 
the four rice CCA1-like subfamily genes, publicly available in silico data 
sets from RiceXPro (https://ricexpro.dna.affrc.go.jp/RXP_0002/index. 
php) were investigated (Fig. 1D). Interestingly, the four genes showed 
sequential diurnal rhythms with approximately 2-h intervals among 
OsMYBR511/OsRVE2, OsMYBR22/OsRVE1, OsRVE3, and OsCCA1/ 
OsLHY in this order. This result suggested different and unique roles of 
these genes despite their close relationship as homologs of OsCCA1/ 
OsLHY, the major core clock gene. 

3.2. Overexpression of OsMYBR22 exhibits a stay-green phenotype in rice 
plants 

To investigate the role of OsMYBR22 in planta, GFP-fused and Myc- 
tagged OsMYBR22 vectors were constructed for subcellular localization 
and constitutive overexpression, respectively (Supplementary Fig. S1A). 
The two GFP fusion proteins, OsMYBR22:sGFP and eGFP:OsMYBR22 
commonly displayed green fluorescence in the nucleus of rice pro
toplasts (Supplementary Fig. S1B) and two Myc-tagged proteins, 
OsMYBR22:Myc and Myc:OsMYBR22, abundantly accumulated in seven 
transgenic rice plants when immunoblotting was examined with an anti- 
Myc antibody (Supplementary Fig. S1C). Five independent lines were 
confirmed to have a single T-DNA copy number in the heterozygotic T0 
generation (Supplementary Fig. S1D). Two lines, OsMYBR22:Myc #8 (a 

Fig. 1. Effects of blue light illumination on concentration of photosynthetic pigments, OsMYBR22 expression, and molecular analysis of the phylogenetic tree and 
diurnal rhythm among OsMYBR22 homologs belonging to the CCA/LHY/RVE family. (A) Contents of chlorophylls and carotenoids between white and blue light 
treatments in leaf blades. The original analytical values for chlorophyll and carotenoids are shown in Supplementary Table S2 (B) Expression levels of OsMYBR22 
between white and blue light treatments by quantitative real-time PCR in leaf blade. (C) Phylogenic tree of 24 OsMYBR22 homologs comprising 9 rice (Oryza sativa), 
2 Brachypodium (Brachypodium distachyon), 2 maize (Zea mays), and 11 Arabidopsis proteins belonging to the CCA/LHY/RVE family; further classification into two 
subfamilies of CCA1-like (in green background) and LHY-CCA1-like (in purple background) genes. The in silico blue/white expression heat map was visualized as the 
log2 fold change using two previous microarray data sets of rice (Lakshmanan et al., 2015) and Arabidopsis (Jiao et al., 2005). The gray boxes indicate absence of gene 
expression information from the microarray database. (D) Reconstruction of in silico diurnal expression profiles with the RiceXPro data set (https://ricexpro.dna. 
affrc.go.jp/RXP_0002/index.php) for four rice CCA1-like subfamily genes, OsMYB511/OsRVE2 (Os04g49450), OsMYBR22/OsRVE1 (Os02g46030), OsRVE3 
(Os06g51260), and OsCCA1/OsLHY (Os08g06110). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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C-terminal Myc-tagged line, C8) and Myc:OsMYBR22 #11 (an N-ter
minal Myc-tagged line, N11), were chosen for further study as repre
sentative OsMYBR22-overexpression (OsMYBR22-OX) plants based on 
the increased expression levels of OsMYBR22 in the homozygotic T3 
generation (Supplementary Fig. S1E). 

To reveal the effects of OsMYBR22 on rice leaf physiology, two ho
mozygous OsMYBR22-OX lines were grown in paddy fields. We 
observed their phenotypes, examined the gene expression, and analyzed 
the pigment contents at 150 DAG of the reproductive stage (Fig. 2). 
OsMYBR22-OX plants showed darker green leaf color and shorter height 
(80% and 84% levels in C8 and N11, respectively) relative to NT plants, 
despite similar leaf blade lengths, implying a shorter sheath (Fig. 2A and 
B). Overexpression of the OsMYBR22 was verified with high levels of 

transgene and total expression and repressed endogenous OsMYBR22 
expression at two diurnal time points (Fig. 2C). Interestingly, the 
OsMYBR22 transgene, which was constitutively expressed under PGD1 
promoter, showed similar oscillation pattern that endogenous 
OsMYBR22 did: high in ZT01 compared to low ZT13. It was similar 
phenomenon in previous reports corresponding to AtCCA1 (Yakir et al., 
2007) and OsCCA1 (Wang et al., 2020), suggesting the similar regula
tory mechanism of CCA1-like family. To find out which pigments caused 
the darker leaf color, levels of chlorophylls, carotenoids, and phenolic 
compounds were analyzed (Fig. 2D and Supplementary Table S3). Re
sults showed higher concentration of total chlorophylls (1.5- and 
1.7-fold) and carotenoids (1.6- and 1.7-fold with 1.3- and 1.1-fold higher 
β/α ratio) in C8 and N11 plants, respectively, but slightly lower contents 

Fig. 2. Effects of OsMYBR22 overexpression on rice leaf phenotypes. (A) Images of plants and a bar graph of plant height (n = 9) at 150 days after germination (DAG) 
between nontransgenic (NT) and two OsMYBR22-overexpressing transgenic (C8 and N11) plants. (B) Images of flag leaves and a bar graph of leaf blade length (n =
13) at 150 DAG among NT, C8, and N11 plants. (C) Expression levels of OsMYBR22 examined at two diurnal points of zeitgeber time (ZT) 0 and ZT 13 in flag leaves 
(n = 4) at 150 DAG by quantitative real-time PCR using primer sets (listed in Supplementary Table S1) for transgene-specific, endogenous gene-specific, and common 
genes among NT, C8, and N11 plants. (D) Contents of pigment metabolites, including chlorophylls, carotenoids, and phenolics, of flag leaves (n = 3) by HPLC at 150 
DAG among NT, C8, and N11 plants. All statistical significance was analyzed by using Student’s t-test (***, p < 0.001; **, p < 0.01; *, p < 0.05). The original 
analytical values for chlorophyll and carotenoids are shown in Supplementary Table S3. 
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of phenolic compounds in both transgenic plants relative to NT plants. 
These results suggested that ectopic expression of OsMYBR22 resulted in 
a shorter plant height and stay-green leaves due to enhanced levels of 
chlorophylls and carotenoids. 

3.3. Overexpression of OsMYBR22 represents an everlasting green 
phenotype in rice grains 

To unravel the influences of OsMYBR22 on rice seed physiology, 
color phenotypes, and gene expression, pigment content was examined 
during maturation. Agronomic traits and germination rate were 

evaluated after harvest of T4 homozygous OsMYBR22-OX seeds (Fig. 3). 
The green color was displayed at 30 DAF, when it had completely dis
appeared in NT seeds, and lasted until maturity at 60 DAF in OsMYBR22- 
OX seeds (Fig. 3A). Ectopically high expression of the OsMYBR22 was 
also confirmed throughout the seed development with relatively higher 
expression in earlier stages and repressed endogenous OsMYBR22 
expression, which was low and gradually increased toward later stages 
in NT seeds (Fig. 3B). To determine the influence of pigments on the 
prolonged green color in grains, the concentration of chlorophylls, ca
rotenoids, and phenolic compounds were quantified (Fig. 3C and Sup
plementary Table S4). Chlorophylls were present at 30 DAF in large 

Fig. 3. Effects of OsMYBR22 overexpression on rice seed phenotypes. (A) Images of seeds showing the color difference after dehusking during development at 30, 40, 
50, and 60 days after flowering (DAF) between nontransgenic (NT) and two OsMYBR22-overexpressing transgenic (C8 and N11) plants. (B) Expression levels of 
OsMYBR22 examined in the regions of transgene-specific, endogenous gene-specific, and common genes on 30, 40, 50, and 60 DAF seeds (n = 3) by quantitative real- 
time PCR among NT, C8, and N11 plants. The error bars represent the standard deviations of three replicate experiments. The primers used are listed in Supple
mentary Table S1 (C) Chlorophyll and carotenoid contents at 30, 40, 50, and 60 DAF seeds (n = 3) and phenolic content at 60 DAF seeds (n = 3) among NT, C8, and 
N11 plants. Particularly, individual component of chlorophylls and carotenoids at 60 DAF seeds was represented as small bar graphs to show the content ratio. All 
statistical significance was calculated via two-tailed Student’s t-test (***, p < 0.001; **, p < 0.01; *, p < 0.05). The original analytical values for chlorophylls and 
carotenoids are shown in Supplementary Table S4 (D) Spider plot displaying mean values compared to 100% levels of NT seeds for approximately five major 
agronomic traits: panicle length (PL), culm length (CL), filling rate (FR), total grain weight (TGW), and 100-grain weight (100 GW), of C8 and N11 seeds at the fully 
mature and dried stages (n = 30 in the T4 generation). Original box plots for all eight agronomic traits are shown in Supplementary Fig. S2 (E) Bar graph showing the 
germination rate examined for fully mature and dried seeds (n = 20) during 1 week among NT, C8, and N11 plants. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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quantities in C8 (6-fold) and N11 (7-fold) seeds and remained even at 60 
DAF in transgenic seeds relative to NT seeds, in which chlorophylls were 
absent since 30 DAF. Carotenoid contents were also considerably higher 
throughout seed maturation in C8 (5-, 19-, 16-, and 28-fold with 
increased β/α ratio of 1.2-fold at 60 DAF) and N11 (8-, 24-, 25-, and 48- 
fold with increased β/α ratio of 1.6-fold at 60 DAF) than in those four 
stages of NT seeds. In addition, the levels of phenolic compounds did not 
significantly change. Interestingly, the patterns of increased chlorophyll 
contents were concordant with transgene expression profiles during 
seed development, suggesting obvious effects by OsMYBR22-OX to the 
accumulation of chlorophylls rather than carotenoids (Fig. 3B and C). 

Meanwhile, the levels of agronomic traits were decreased for five 
parameters, PL (94 and 97%), CL (72 and 78%), FR (69 and 79%), TGW 
(79 and 67%), and 100 GW (81 and 89%), in C8 and N11 seeds, 
respectively, and not significantly for the other three parameters, TNG, 
NP, and NSP, compared to the 100% levels of the NT seeds (Fig. 3D and 
Supplementary Fig. S2). Despite reduced grain yield qualities, the 

OsMYBR22-OX seeds had fully germinated at 7 days after imbibition 
without significant change (Fig. 3E). 

3.4. Transcriptional influences on the chlorophyll- and carotenoid- 
associated genes by overexpression of OsMYBR22 

To identify whether OsMYBR22 transcriptionally modulates the 
photosynthetic pigment metabolisms, the expression levels of 40 
endogenous genes involving rice CCA1-like subfamily (4), chlorophyll 
biosynthesis (9), chlorophyll degradation (11), and carotenoid biosyn
thesis (16), as represented by their known functions and regulatory re
lationships in the schematic pathways of Supplementary Fig. S3, were 
examined in the leaves at 150 DAG and seeds during development 
(Fig. 4). Most noticeably except OsMYBR22/OsRVE1 that was overex
pressed, the transcript levels of all CCA1-like subfamily and chlorophyll 
biosynthesis-associated genes were lower in OsMYBR22-OX than NT 
seeds in late maturing stages (Fig. 4A, Supplementary Fig. S4B). They 

Fig. 4. Heat map of the expression levels of chlorophylls and carotenoid metabolic genes between NT and OsMYBR22-OX lines. The qRT-PCR analysis was performed 
for 40 genes, including (A) four CCA1-like subfamily and nine chlorophyll biosynthesis-associated genes, (B) eleven chlorophyll degradation-associated genes, and 
(C) 16 carotenoid biosynthetic pathway genes. Their known functions and regulatory relationships are marked in the schematic pathways for chlorophylls and 
carotenoid metabolism in Supplementary Fig. S3. The original bar and line graphs displaying the qRT-PCR results are shown in Supplementary Figs. S4A–F. All 
statistical significances were calculated via two-tailed Student’s t-test (***, p < 0.001; **, p < 0.01; *, p < 0.05). Each primer sequence is provided in Supplementary 
Table S1. The abbreviations of genes encoding the following regulatory TFs and enzymes are as follows: OsRVE, rice REVEILLE; OsCCA1, rice CIRCADIAN CLOCK- 
ASSOCIATED1; OsGLK, rice GOLDEN2-LIKE; OsHY5, rice ELONGATED HYPOCOTYL5; OsPIL1, rice phytochrome-interacting factor-like1; OsHEMA, rice glutamyl- 
tRNA reductase; OsCHLH1, rice Mg-chelatase subunit H; OsCHL27, rice aerobic Mg-protoporphyrin IX monomethyl ester oxidative cyclase; OsPORA and B, rice 
NADPH:protochlorophyllide oxidoreductase A and B; OsDET1, rice DE-ETIOLATED1; OsFLU, rice FLUORESCENT; OsORE1, rice ORESARA1-like1; OsRL3, rice 
RADIALIS-LIKE3; OsNYC1, rice NON-YELLOW COLORING1; OsNOL, rice NYC1-LIKE; OsCLH, rice chlorophyllase; OsSGR/OsNYE, rice STAY-GREEN/NON- 
YELLOWING/Mg-dechelatase; OsPaO, rice pheophorbide a oxygenase; OsRCCR1, rice red chlorophyll catabolite reductase1; OsDXS, rice 1-deoxy-d-xylulose-5-phos
phate synthase; OsDXR, rice 1-deoxy-d-xylulose 5-phosphate reductoisomerase; OsPSY, rice phytoene synthase; OsPDS, rice phytoene desaturase; OsLCYE, rice 
lycopene ε-cyclase; OsLCYB, rice lycopene β-cyclase; OsCYP97A4, rice cytochrome P450-type β-carotene hydroxylase 97A4; OsCYP97B4, rice cytochrome P450-type 
β-carotene hydroxylase 97B4; OsCYP97C2, rice cytochrome P450-type ε-carotene hydroxylase 97C2; OsBCH, rice non-heme di-iron type β-carotene hydroxylase. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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exhibited opposite patterns as the seeds mature: we observed a decrease 
in OsMYBR22-OX seeds, which have abundant chlorophylls, but an in
crease in NT seeds, which lack chlorophylls. This result strongly implies 
the existence of a feedback regulatory mechanism for chlorophyll 
biosynthesis in rice seeds. On the other hand, OsRVE2, OsRVE3, OsGLK1, 
and OsPIL1 transcripts were upregulated in the leaves and early seeds by 
OsMYBR22-OX, speculating that their contribution for the enhanced 
levels of chlorophylls in the leaves and early maturing seeds. In cases of 
chlorophyll degradation-associated genes, two genes in the leaves, 
chlorophyllase (OsCLH) and STAY-GREEN (OsSGR), and all genes in the 
late maturity seeds were significantly downregulated, suggesting that 

their repression might be involved in the prolonged chlorophyll contents 
(Fig. 4B and Supplementary Figs. S4C and S4D). 

Carotenoid biosynthetic gene expressions showed overall different 
patterns for up- and downregulation between two organs: one and nine 
genes in the leaves and eight and two genes in the seeds, respectively 
(Fig. 4C and Supplementary Figs. S4E and S4F). Common patterns in 
both organs were the downregulation of OsCYP97A4, which encodes a 
β-ring hydroxylase preferring α-carotene substrate, and the upregulation 
of OsBCH1, which encodes a β-ring hydroxylase preferring β-carotene 
substrate, with significance. It suggested that the enhanced levels of 
carotenoids in the leaves and seeds of the OsMYBR22-OX lines might not 

Fig. 5. Metabolite analysis during seed development and fully matured and dried seed color phenotypes between NT and EGR lines. (A) Heat map showing dif
ferences in 74 metabolites in the schematic pathway between NT and 2 OsMYBR22-OX lines at 4 seed developmental stages, 30, 40, 50, and 60 DAF, using a 
metabolomics approach. Each value was calculated as the log2 fold change compared with the level of NT seeds at 60 DAF. The different colors of metabolite names 
in red (increase) and blue (decrease) showed consistent patterns in two OsMYBR22-OX seeds. Unchanged metabolites are in black. The original analytical values and 
bar graphs displaying the results are shown in Supplementary Tables S3–5. The number in front of each metabolite name represents the classification groups. The 
gray boxes represent the metabolites below detection level. The abbreviations are as follows: F1,6BP, fructose-1,6-bisphosphate; 3 PG, 3-phosphoglyceric acid; PEP, 
2-phosphoenolpyruvate; MEP, mevalonate; MVA, mevalonic acid. (B) Pie charts showing the total contents of ten groups of metabolites in fully matured 60 DAF 
seeds, respectively: 1, chlorophylls; 2, carotenoids; 3, sugars; 4, organic acids; 5, aromatic acids and aromatic amino acids; 6, amino acids; 7, amino acid derivatives; 
8, tocols; 9, phytosterols; and 10, policosanols. Relative proportion displayed as size of circle based on the total content of each group in N11 line that set to 100%. 
Statistical significance of each metabolite is marked with asterisks with colors, red for increase and blue for decrease, in the next to the name. (C) Quantification of 
two dietary and three nutritional metabolites considered important in rice grains as foods and feeds. The metabolites were analyzed in fully matured seeds at 60 DAF. 
(D) Carbon/nitrogen (C/N) ratio by quantification of carbon and nitrogen contents with the same fully matured seeds. (E) Images of 100 unpolished seeds at the fully 
matured and dried stages to compare color phenotypes between NT and EGR. All statistical significances were calculated via two-tailed Student’s t-test (***, p <
0.001; **, p < 0.01; *, p < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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be influenced by the transcriptional upregulation of carotenoid 
biosynthetic genes. Instead, OsMYBR22-OX could affect the distribution 
with a preference toward β-carotenoids in the carotenoid biosynthetic 
pathway, supported by a higher β/α ratio, as shown before in the leaves 
and seeds (Supplementary Tables S3 and S4). 

3.5. Nutritional and functional metabolites are largely enhanced in rice 
grains by overexpression of OsMYBR22 

We used a metabolomics approach during seed development to 
define the metabolic changes in OsMYBR22-OX seeds, which displayed 
an everlasting green phenotype (Fig. 5). A total of 74 metabolites 
including chlorophylls, carotenoids, and the other 8 groups of hydro
philic and lipophilic compounds were analyzed and illustrated the 
relative levels based on NT seeds at 60 DAF in the metabolic pathway 
(Fig. 5). Throughout developmental stages in OsMYBR22-OX seeds, 52 
metabolites were increased: all 7 chlorophyll and carotenoid compo
nents, 13 out of 16 sugars, 6 out of 7 organic acids, 2 out of 3 aromatic 
acids, 17 out of 18 amino acids, all 5 amino acid derivatives, 1 out of 5 
tocols, and 1 out of 9 policosanols. The remaining 22 metabolites 
decreased or did not significantly change (Fig. 5A and Supplementary 
Tables S4, S5, and S6). Pie charts showed the enhancement in total 
content of chlorophylls, carotenoids (47.9-fold), sugars (1.5-fold), 
organic acids (6.0-fold), aromatic metabolites (3.8-fold), amino acids 
(2.9-fold), amino acid derivatives (7.0-fold), and policosanols (1.1-fold) 

and the slight decrease in those of tocols (0.9-fold) and phytosterols 
(0.9-fold) in N11 seeds as a representative line (Fig. 5B). 

To verify the value of the grain as a staple food crop, the dietary 
(starch and sucrose), nutritional (lysine and threonine), functional 
(GABA) metabolites, and carbon to nitrogen (C/N) ratio were quanti
tatively analyzed using unpolished T4 seeds that were harvested at 60 
DAF, dried for a month, threshed, and dehusked. The contents showed 
the decreased levels of starch (0.9- and 0.8-fold) and sucrose (0.6- and 
0.5-fold) and the largely increased levels of lysine (6.7- and 11.9-fold), 
threonine (3.44- and 8.6-fold), and GABA (5.7- and 8.0-fold) in C8 
and N11 seeds, respectively, compared to NT seeds (Fig. 5C). Moreover, 
the decreased C/N ratio (0.8-fold), which caused by increasing nitrogen 
content (1.2-fold) without change of carbon content, reflected well the 
large increase in amino acids and amino acid derivatives of these edible 
grains (Fig. 5D). We designated a N11 line as a new biofortified variety, 
“Evergreen Rice (EGR),” with the best performance in nutritional and 
functional values of grain quality due to an everlasting green color 
(Fig. 5E). 

3.6. Chloroplasts are structurally preserved in aging leaves and maturing 
seeds of EGR 

To understand the anatomy of the greener phenotypes of OsMYBR22- 
OX plants, we performed TEM analysis on the leaves and seeds of EGR 
relative to NT rice (Fig. 6). The NT leaves begin to age at the 

Fig. 5. (continued). 

Y.S. Jeong et al.                                                                                                                                                                                                                                 



Metabolic Engineering 70 (2022) 89–101

98

reproductive stage of 150 DAG by showing some cracks that signify 
chloroplast destruction in mesophyll cells; however, the EGR leaves 
have more chloroplasts that are intact and larger shapes with wider and 
thicker granum stacking in mesophyll cells (Fig. 6A). This result sug
gested significantly delayed senescence in the EGR leaves. 

Our observation of EGR seed internal cell structures showed that by 
30 DAF, the seed coat and pericarp have degenerated and degraded 
chloroplasts, removing the green color of NT seeds (Fig. 6B). To our 
surprise, the ERG seeds maintained the clearly delineated seed coat and 
pericarp structures, which included the hyaline layer and testa in the 

Fig. 5. (continued). 

Fig. 6. Transmission electron microscopy of leaves and seeds between NT and EGR lines. (A) Leaf subcellular organelles were observed in rice flag leaves at 150 DAG, 
as shown in the black-squared region. Microphotographs displaying mesophyll cells located outside of bundle sheath cells marked with white triangles and 
sequentially magnified to look closer at chloroplasts and thylakoid stacking. (B) Seed subcellular organelle structures were observed using dehusked maturating seeds 
of NT at 25 DAF and 30 DAF and of EGR at 30 DAF, as shown in the black-squared region. Microphotographs showing the following four compartmentalized regions: 
endosperm, seed coat, inner pericarp (IP), and outer pericarp (OP). Each region includes more partitioned layers: the starch layer (SL) and aleurone layer (AL) in the 
endosperm, the hyaline layer (HL) and testa (T) in the seed coat, tubular cells (TC) and cross cells (CC) in the IP, and the hypodermis (Hd) and epidermis (Ed) in the 
OP. Chloroplasts (CP), protein bodies (PB), and starch grains (SG) are designated with arrows in black, gray, and white, respectively. 
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seed coat, tubular cells and cross cells in the inner pericarp, and hypo
dermis and epidermis in the outer pericarp. Chloroplasts in the tubular 
and cross cells of the ERG seeds at 30 DAF stage showed even more 
developed and intact shapes than did those of the NT seeds at 25 DAF. 
The protein body structures in the starch layer that were usually absent 
in the NT seeds at 30 DAF were still observed in the EGR seeds at 30 DAF 
like in the NT seeds at 25 DAF. This result suggests that ripening pro
cesses were postponed for more than 5 days; therefore, the everlasting 
green color of the EGR might be caused by the structural retention of 
chloroplasts together with the prolonged chlorophyll accumulation even 
after harvest. 

4. Discussion 

Blue light was responsible for the increase in two photosynthetic 
pigments, chlorophylls and carotenoids, in rice plants (Fig. 1A). The 
overexpression of an OsMYBR22, which was induced under the blue 
light condition (Fig. 1B), caused similar phenotypes to those seen in 
responses to blue light signals of NT plants, weak dwarfing, greener leaf 
color, and increased amounts of chlorophylls and carotenoids (Fig. 2). A 
molecular phylogenetic tree with blue light-inducible patterns 
confirmed that OsMYBR22 is the OsRVE1 ortholog to plant RVE1s 
including AtRVE1 and showed the close relation to three rice genes, 
OsRVE2, OsRVE3, and OsCCA1/OsLHY, as clock genes (Fig. 1C and D). 
The endogenous expression patterns have been reported for an OsCCA1/ 
OsLHY as the main circadian clock gene (Shen et al., 2015) and for 
OsMYBR22/OsRVE1 (same to CMYB1, Duan et al., 2014) and OsRVE2 
(same to OsMYBR511, Huang et al., 2015) with the cold-inducible 
profiles. Recently, it was shown that OsCCA1/OsLHY regulates tiller 
numbers, which increase by antisense suppression and decrease by 
overexpression (Wang et al., 2020) and fine-tunes the critical day length 
for photoperiodic flowering examined by genetic complementation of a 
late flowering mutant of OsLHY, lem1, and loss-of function approaches 
such as RNA interference and CRISPR/Cas9 in rice (Sun et al., 2021). 
However, the roles of rice CCA1-like family related to the greening 
phenotypes have never been studied. Instead, overexpression of AtRVE1 
showed higher greening rates of etiolated seedlings when exposed to 
light by promoting the transcription of only AtPORA among biosynthetic 
genes for protochlorophyllide, the intermediate in chlorophyll biosyn
thetic pathway (Xu et al., 2015). On the contrary, we found that over
expression of OsMYBR22/OsRVE1 repressed the expressions of all 
examined chlorophyll biosynthesis-associating genes including OsPORA 
and prompted us to propose a feedback regulatory mechanism for 
chlorophyll biosynthesis in rice seeds (Fig. 4A). With the significantly 
repressed expression of almost chlorophyll degradation-associated 
genes in the late stages during seed maturation (Fig. 4B), the inhibi
tion of chlorophyll degradation might be more responsible for the EGR 
trait rather than the reinforcement of chlorophyll biosynthesis. 
Considering our findings together with several Arabidopsis studies such 
as AtCCA1 and AtLHY to maintain circadian rhythms with partial 
redundancy (Mizoguchi et al., 2002; Nagel et al., 2015), AtCCA1 to 
inhibit leaf senescence (Song et al., 2018), and AtRVE1 to positively 
control auxin levels during the day and repress phyB-mediated seed 
germination as one of the circadian systems (Rawat et al., 2009; Yang 
et al., 2020), we could speculate that the OsMYBR22/OsRVE1 might 
have distinctive roles from OsCCA1/OsLHY and other plant proteins 
belonging to CCA1-like family. 

Intriguingly in this study, OsMYBR22-OX generated EGR traits that 
exhibit everlasting green color with highly prolonged contents of chlo
rophylls and carotenoids even after harvest beyond generations, and 
with the support of structurally preserved chloroplasts (Figs. 3A, 5D and 
6B). Rice, the most important cereal species, is a staple food for over half 
of the world’s population. It is rich in carbohydrates but particularly low 
in lysine and threonine among essential amino acids and destitute in 
micronutrients such as carotenoids as provitamin A components. 
Therefore, the strengthening nutritional value of rice has been a matter 

of great benefit to human health. Biofortification via plant biotech
nology has independently improved the content and quality of nutrients 
and functional metabolites, including the carotenoids, lysine, and 
threonine, as recently summarized (Garg et al., 2018; Zhu et al., 2020). 
Several carotenoid-biofortified rice varieties, such as Golden Rice I (0.2 
mg/100 g; Ye et al., 2000), Golden Rice II (3.7 mg/100 g; Paine et al., 
2005), stPAC rice (0.4 mg/100 g; Jeong et al., 2017), and OsDXS2-stPAC 
rice (2.2 mg/100 g; You et al., 2020), have been engendered by different 
strategies. Also, high-lysine (1.4-fold) and high-threonine (1.2-fold) rice 
varieties were generated by overexpression of two artificial genes by 
fusing endogenous rice genes with lysine (K)/threonine (T) motif 
(TKTKK) coding sequences, but their contents were not quite high (Jiang 
et al., 2016). Moreover, GABA, a naturally occurring amino acid de
rivative that works as a neurotransmitter in the human brain, has been 
considered a bioactive target for mutant screening and conventional 
breeding of rice (Kim et al., 2013) and for biofortification by genome 
editing due to its blood pressure-lowering function in tomato (Nonaka 
et al., 2017). For this reason, a special Korean variety named “black 
waxy rice with a giant embryo” with high GABA contents (34 mg/100 g) 
has been considered as a raw material for mouse feeding experiments to 
examine attenuating obesity-associated metabolic disorders (Lee et al., 
2016) and antianxiety effects (Jung et al., 2017). To surprisingly high 
levels, our EGR grains accumulated multiple valuable metabolites 
concurrently: chlorophylls (0.5 mg/100 g), carotenoids (1.1 mg/100 g), 
lysine (3.3 mg/100 g corresponding to 12-fold), threonine (11.1 
mg/100 g corresponding to 9-fold), and GABA (39.1 mg/100 g) when 
compared to NT grains (Fig. 5C). Moreover, the contents of starch (46 
g/100 g corresponding to 0.8-fold) and sucrose (0.3 g/100 g corre
sponding to 0.5-fold) as major sugar ingredients were considerably 
reduced in EGR relative to NT grains (Fig. 5C). 

Indeed, metabolites that accumulated in the EGR grains are mainly 
biosynthesized from plastid-originated pathways. It is supportive that 
the structural integrity of chloroplasts as shown in Fig. 6B might have 
much more contribution beyond just preservation of chlorophylls. 
Therefore, EGR grains could simultaneously contain chloroplast- 
dependent metabolites. Eventually, we developed the new biofortified 
rice variety “EGR” by simultaneously accumulating multiple valuable 
phytonutrients, including chlorophylls (antioxidants), carotenoids 
(provitamin A), lysine and threonine (essential amino acids), and GABA 
(a dietary supplement effective at lowering blood pressure and reducing 
neuronal excitability) by the gain-of-function of OsMYBR22/OsRVE1. It 
has great potential to supply the highly improved nutritional and 
functional values for human as staple food grains. 
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