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Abstract: Chlorophyll is the main photosynthetic pigment and is crucial for plant photosynthesis.
Leaf color mutants are widely used to identify genes involved in the synthesis or metabolism of
chlorophyll. In this study, a spontaneous mutant, yellow-green leaf 19 (ygl19), was isolated from
rice (Oryza sativa). This ygl19 mutant showed yellow-green leaves and decreased chlorophyll level
and net photosynthetic rate. Brown necrotic spots appeared on the surface of ygl19 leaves at the
tillering stage. And the agronomic traits of the yg/19 mutant, including the plant height, tiller number
per plant, and total number of grains per plant, were significantly reduced. Map-based cloning
revealed that the candidate YGL19 gene was LOC_Os03g21370. Complementation of the ygl19
mutant with the wild-type CDS of LOC_Os03g21370 led to the restoration of the mutant to the normal
phenotype. Evolutionary analysis revealed that YGL19 protein and its homologues were unique
for photoautotrophs, containing a conserved Ycf54 functional domain. A conserved amino acid
substitution from proline to serine on the Ycf54 domain led to the ygl19 mutation. Sequence analysis
of the YGL19 gene in 4726 rice accessions found that the YGL19 gene was conserved in natural rice
variants with no resulting amino acid variation. The YGL19 gene was mainly expressed in green
tissues, especially in leaf organs. And the YGL19 protein was localized in the chloroplast for function.
Gene expression analysis via qRT-PCR showed that the expression levels of tetrapyrrole synthesis-
related genes and photosynthesis-related genes were regulated in the yg/19 mutant. Reactive oxygen
species (ROS) such as superoxide anions and hydrogen peroxide accumulated in spotted leaves of
the yg/19 mutant at the tillering stage, accompanied by the regulation of ROS scavenging enzyme-
encoding genes and ROS-responsive defense signaling genes. This study demonstrates that a novel
yellow-green leaf gene YGL19 affects tetrapyrrole biosynthesis, photosynthesis, and ROS metabolism
in rice.

Keywords: yellow-green leaf 19 (ygl19); tetrapyrrole biosynthesis; photosynthesis; ROS metabolism;
rice (Oryza sativa)

1. Introduction

Rice (Oryza sativa L.) serves as a fundamental food crop, upon which a significant
portion of the global population depends for sustenance, thereby rendering its yield crucial
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for ensuring worldwide food security [1]. The process of photosynthesis in plants serves as
the primary means by which plants obtain energy, while chlorophyll and its derivatives
play a pivotal role in photosynthesis, as chlorophyll captures light energy and facilitates its
transfer to a reaction center [2]. A leaf color mutation can cause alterations in the content
of photosynthetic pigments, thus impacting rice yield [3]. Leaf color mutants have been
extensively studied in rice. The specific phenotypes of leaf color mutants are classified into
eight types: albino (white), xantha (yellow), viridis (light green), alboviridis (upper portion
white and lower portion green), viridoalbina (upper portion green and lower portion white),
xanthaviridis (upper portion yellow and lower portion green), viridoxantha (upper portion
green and lower portion yellow), and striata (chlorophyll deficiency in stripes) [4]. Based
on the chlorophyll changes in the mutants, rice leaf color mutants are classified into four
types: total chlorophyll-deficient, total chlorophyll increasing, chlorophyll a-deficient, and
chlorophyll b-deficient [5].

The pigments of higher plants contain mainly chlorophyll a (Chl a), chlorophyll b
(Chl b), and carotenoids [6,7]. The reaction center pigments both capture light energy
and convert the absorbed light energy into electrical energy; the photosystem I (PSI) and
photosystem II (PSII) peripheral light-trapping complexes contain most of the Chl a and all
Chl b [8,9]. The light-trapping pigment absorbs and transmits light energy to the reaction
center pigment [10]. Chlorophyll biosynthesis can be divided into two parts: tetrapyrrole
biosynthesis and phytol chain biosynthesis [11,12]. The intermediate metabolites in the
tetrapyrrole synthesis pathway are highly photoreactive sensitizers, and the accumulation
of intermediate metabolites leads to the production of large amounts of reactive oxide
species (ROS) [13], resulting in photodynamic damage and necrotic spots on developing
leaves [14]. The tetrapyrrole metabolic pathway has been shown to be involved in plant
spontaneous disease spot formation and, therefore, plant cells need to precisely regulate
the tetrapyrrole metabolic pathway [15]. The tetrapyrrole biosynthetic pathway has been
extensively studied in a variety of organisms through genetic and biochemical approaches,
with each step of the reaction occurring in the plastid [16]. To date, the genes encoding
the enzymes which catalyze various steps of the tetrapyrrole biosynthetic pathway have
been successfully cloned in angiosperms, as represented by Arabidopsis thaliana [17-19].
The tetrapyrrole pathway for chlorophyll biosynthesis can be subdivided into two parts:
biosynthesis from L-glutamyl-tRNA to protoporphyrin IX [20] and biosynthesis from
protoporphyrin IX to chlorophyllide a and b [21,22].

Yellow-green leaf mutants can usually be used to clone the key enzyme genes in the
chlorophyll synthesis pathway or important regulatory genes for chlorophyll metabolism.
To date, more than 30 yellow-green leaf genes have been cloned in rice. OsGIuRS, encoding
the glutamyl-tRNA synthetase, is essential for glutamyl-tRNA synthesis in the chlorophyll
synthesis pathway [23]. OsChlI and OsChiID separately encode the magnesium chelatase
subunits Chll and ChlD, participating in catalyzing the formation of Mg-protoporphyrin IX
in the chlorophyll synthesis pathway [24]. DVR encodes the divinyl reductase that converts
five divinyl substrates to corresponding monovinyl compounds in rice and is vital for
chlorophyll biosynthesis [25]. YGLI encodes the chlorophyll synthase that catalyzes the
conversion of chlorophyllide a to chlorophyll 2 in the chlorophyll synthesis pathway [26]. In
addition to the key enzyme genes for chlorophyll synthesis mentioned above, more yellow-
green leaf genes may be important regulatory genes for chlorophyll metabolism. OsPAPST1
encodes a 3'-phosphoadenosine 5'-phosphosulfate carrier protein, which has been shown
to act as a retrograde signal between chloroplasts and the nucleus [27]. YGLS, encoding a
chloroplast-targeted UMP kinase, may affect the structure and function of chloroplast grana
lamellae and indirectly influences chlorophyll synthesis [28]. IspE, encoding one of the
seven known enzymes in the methylerythritol phosphate pathway, might affect chlorophyll
metabolism through regulating the synthesis pathway of isoprenoids [29]. LIL3, encoding
a light-harvesting like protein, is required for the stability of geranylgeranyl reductase,
regulating chlorophyll metabolism by affecting phytyl biosynthesis [30]. YL1, encoding
a plant lineage-specific auxiliary factor involved in the biosynthesis of the chloroplast
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ATP synthase complex, affects chlorophyll accumulation by regulating photosynthesis [31].
These observations exemplify how leaf color-related genes are only a small fraction of the
cloned genes regulating chlorophyll metabolism. And all identified leaf color-related genes
might also be insufficient to adequately elucidate the regulatory mechanism of chlorophyll
metabolism, which needs more genes to be cloned.

In this study, a spontaneous mutant, yellow-green leaf 19 (ygl19), was isolated from rice.
And morphological identification, genetic analysis, gene cloning, and function analysis
were carried out. Based on phenotypic and molecular characterizations, the YGL19 gene
appears to play multiple important roles in tetrapyrrole biosynthesis, photosynthesis, and
ROS metabolism.

2. Results
2.1. Phenotypic Characterization of the ygl19 Mutant

The spontaneous mutant yg/19 was isolated from the wild-type indica rice culti-
var Shuangyinzhan and exhibited the yellow-green leaf phenotype at the seedling stage
(Figure 1A). Meanwhile, yg/19 had a more significant leaf color difference at the tillering
stage (Figure 1D). In order to further clarify the yellow-green leaf phenotype of the yg/19
mutant, the photosynthetic pigment contents of the mutant and its wild type were deter-
mined at different stages. At the seedling stage, the contents of total chlorophyll (Chl), Chl
a, Chl b, and carotenoids (Caro) in the leaves of the yg/19 mutant were significantly reduced
by 60.9%, 56.7%, 74.0%, and 44.3%, respectively, compared with those in the wild-type
leaves, with Chl a/Chl b increased by 41.0% (Figure 1B,C). At the tillering stage, the total
Chl, Chl g, Chl b, and Caro contents in the mutant leaves were more significantly decreased
by 75.6%, 71.1%, 89.1%, and 60.4%, respectively, with Chl a/Chl b increased by 62.5%
(Figure 1E,F). And comparing the results of net photosynthetic rate showed that the net
photosynthetic rate of the yg/19 mutant was significantly decreased compared to the wild
type (Figure 1G). These results suggested that the yellow-green leaf phenotype of the ygl19
mutant was due to a defect in the photosynthetic pigments, which might further affect
the photosynthetic performance. Interestingly, at the tillering stage, reddish-brown spots
appeared on the yg/19 mutant leaves (Figure 1H,I); however, this phenomenon would no
longer appear when the yg/19 mutant developed into the heading stage.
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Figure 1. Phenotypic comparison of wild-type and yg/19 mutant plants. (A) Plants at the seedling stage
in the paddy field. (B) Contents of photosynthetic pigments (Chl, Chl a, Chl b, and Caro) in leaves at
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the seedling stage. (C) Chlorophyll a/b ratio at the seedling stage. (D) Plants at the tillering stage
in the paddy field. (E) Contents of photosynthetic pigments (Chl, Chl a, Chl b, and Caro) in leaves
at the tillering stage. (F) Chlorophyll a/b ratio at the tillering stage. (G) Comparison results of
net photosynthetic rate. (H) Phenotype of the ygl19 plants and lesion leaves at the tillering stage
(indicated by red arrow). (I) Spot phenotype on ygl19 leaves with wild type as control. WT, wild type.
All data represent the mean + SD of three biological replicates, and asterisks indicate statistically
significant differences between yg/19 and wild-type plants (* p < 0.05, ** p < 0.005, *** p < 0.0005,
Student’s t-test).

Eventually, agronomic traits of the yg/19 mutant and wild type at the maturation stage
were investigated. The results showed that the differences in the plant height, tiller number
per plant, and total number of grains per plant between the wild type and the yg/19 mutant
were obvious, and those of the yg/19 mutant were significantly reduced by 16.7%, 17.1%,
and 41.5%, respectively, compared with those of the wild type (Figure 2A—C). However,
the panicle length, grain number per panicle, number of filled grains, seed setting rate,
and 1000-grain weight showed no difference between the y¢/19 mutant and wild type
(Figure 2D-H).
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Figure 2. Comparison of agronomic characters of wild-type and yg/19 mutant plants. (A) Panicle
length. (B) Tiller number. (C) Total number of grains per plant. (D) Panicle length. (E) Grain number
per panicle. (F) Number of filled grains per plant. (G) Seed setting rate. (H) 1000-grain weight. WT,
wild type. All data represent the mean £ SD of three biological replicates, and asterisks indicate
statistically significant differences between ygI/19 mutant and wild type (** p < 0.005, *** p < 0.0005,
Student’s t-test).

2.2. Map-Based Cloning of the YGL19 Gene

For the genetic analysis, two hybrid populations were separately constructed from
the crosses between the yg/19 mutant with 02428 and 9311. All F; plants from these
crosses displayed wild-type green leaves, while F, progenies of both the y¢/19/9311 and
yg119/02428 populations showed a segregation ratio of 3:1 (%31 < X%0.05 = 3.84, p > 0.05,
Table 1) for wild-type green leaves to yellow-green and spotted leaves, which confirmed
that a single recessive nuclear gene is responsible for the yellow-green leaf and leaf spot
phenotype of the yg/19 mutant.
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Table 1. Segregation of F, populations from two crosses.
Wild-Type Yellow-Green and 2 (n.
Cross Green Leaf Spotted Leaf X" @D p Value
ygl19/9311 144 44 0.18 0.92
ygl19/02428 3173 1062 0.01 0.99

Note: Cross, female/male. The phenotype was determined via visual inspection. x> < x2005 = 3.84 is for 3:1
segregation ratio. p > 0.05 is considered as significant.

The F, population produced by crossing the mutant yg/19 with 9311 was used for
the preliminary mapping of the YGL19 gene. Using 44 F, mutant plants with yellow-
green leaf and leaf spots, the YGL19 locus was mapped to a 3.3 Mb region between the
SSR makers chr03MM2192 and chr03MM2665 on chromosome 3 (Figure 3A), and it was
hard to find a polymorphism marker between the yg/19 mutant and 9311 in this region.
However, nine polymorphism markers (3M07992, 3M08019, 3M08063, 3M08131, 3M08143,
3M08175, 3M08189, 3M08194, and 3M08216) were developed in this region between the
yg!19 mutant and 02428. Accordingly, using 1062 F, mutant plants with yellow-green leaf
and leaf spots generated from the cross of the y¢/19 mutant and 02428, the YGL19 locus
was fine-mapped to an 84 kb region flanked by markers 3M08143 and 3M08189 (Figure 3B).
Twenty-seven putative genes were predicted using the Rice Annotation Project Database
(https:/ /rapdb.dna.affrc.go.jp/, accessed on 23 December 2019) in the candidate region. By
sequencing these genes of the yg/19 mutant, a 340th bp C—T substitution was found in the
second exon of the gene LOC_Os03g21370, resulting in an amino acid alternation of proline
(Pro) to serine (Ser) (Figure 3C). As a result, LOC_Os03g21370 is the likely candidate of the
YGL19 gene.
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Figure 3. Map-based cloning of the YGL19 gene. (A) Preliminary mapping of the YGL19 gene. The
YGL19 locus was initially mapped to a 3.3 Mb region between two markers, chr03MM2192 and
chr03MM?2665, on chromosome 3. (B) Fine mapping of the YGL19 gene. The locus was further
mapped within an 84 kb region between the 3M08143 and 3M08189 markers. Numbers below the line
indicate the number of F, recombinants at the marker regions. (C) The C to T substitution of the YGL19
gene in ygl19 mutant. Yellow and blue squares represent the CDS and upstream/downstream region,
respectively. The black line represents the intron. The red arrow indicates the C to T substitution
position in yg/19 mutant. The codon changed from CCC to TCC, and the amino acid coding changed
from Proline (Pro) to Serine (Ser).


https://rapdb.dna.affrc.go.jp/

Int. . Mol. Sci. 2023, 24, 16762

6 of 26

(A)

2.3. A Complementation Experiment of LOC_Os03¢21370 into the ygl19 Mutant

In order to further confirm that the yellow-green leaf phenotype of the yg/19 mutant
was caused by the mutation in the YGL19 gene, complementary vectors with the YGL19 gene
were constructed to carry out a complementary transgenic experiment. In detail, the full-
length coding sequence of the wild-type YGL19 gene (LOC_Os03g21370) was amplified and
inserted into the pPBWA(V)HU vector following the Ubi promoter. Then, the fusion vector
pBWA(V)HU-Ubi-YGL19 was introduced into the yg/19 mutant calli via Agrobacterium
tumefaciens-mediated transformation. As a result, a total of 10 positive transgenic lines
were obtained through identification with a PCR amplification of the screening resistance
gene (Figure S1). These complementary transgenic lines all showed the normal green
leaf color phenotype as the wild type (Figure 4A), with no leaf spot appearing during the
whole tillering stage. And the success of the complementary transgene was identified via
dCAPs determination with both wild-type and yg/19 mutant bands in transgenic lines
(Figure 4B). Analysis of the pigment contents and photosynthetic performance showed
that total Chl, Chl a, Chl b, Caro, Chl a/Chl b ratio, and net photosynthetic rate of the
complementary transgenic lines were all restored to normal, as did those in the wild-type
plants (Figure 4C-E).
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Figure 4. Complementation of the YGL19 gene into the yg/19 mutant. (A) From left to right: plants of
wild type, the yg/19 mutant, and three independent YGL19 Ty complementation transgenic lines at the
tillering stage. (B) The dCAPs molecular marker identification of the YGL19 gene and the yg/19 gene
in plants corresponding to (A). (C) Contents of photosynthetic pigments (Chl, Chl a, Chl b, and Caro)
in leaves of wild type, the yg/19 mutant, and YGL19 T; generation of complementation transgenic
lines at the tillering stage. (D) Chlorophyll a/b ratio of T; generation of complementary transgenic
lines at the tillering stage. (E) Net photosynthetic rate of T; generation of complementary transgenic
lines at the tillering stage. WT, wild type. COM1, COM2, and COM3: three representative YGL19
complementary transgenic lines. All data represent the mean =+ SD of three biological replicates,
and asterisks indicate statistically significant differences between the yg/19 and wild-type plants
(*** p < 0.0005, Student’s t-test).

Additionally, the agronomic traits were investigated. The results showed that the
differences for plant height, tiller number per plant, and total number of grains per plant
between the yg/19 mutant and wild type were also all restored to normal in complementary
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transgenic lines (Figure 5A-C). In summary, functional complementation of the wild-type
YGL19 gene rescued the mutant phenotype of the yg/19 mutant, confirming the fact that
LOC_0Os03g21370 is indeed the YGL19 gene.
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Figure 5. Agronomic characters of the YGL19 gene complementation. (A) Plant height. (B) Tiller
number. (C) Total number of grains per plant. (D) Panicle length. (E) Grain number per panicle.
(F) Number of filled grains per plant. (G) Seed setting rate. (H) 1000-grain weight. WT, wild
type. COM1, COM2, and COM3: three representative YGL19 complementary transgenic lines at T1
generation. All data represent the mean £ SD of three biological replicates, and asterisks indicate
statistically significant differences between the yg/19 and wild-type plants (* p < 0.05, ** p < 0.005,
Student’s t-test).

2.4. The YGL19 Protein Homologs Are Unique for Photosynthetic Organisms and Are
Evolutionarily Conserved, Containing a Ycf54 Functional Domain

The plant homologs of the YGL19 protein were blasted in phytozome (https://
phytozome-next.jgi.doe.gov/, accessed on 16 November 2022), and other homologs were re-
trieved in NCBI (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 16 November 2022).
These YGL19 homologs are ubiquitous in all representative species of plants, while animals
and protozoa do not appear to contain these homologs (Supplementary Table S3). The
YGL19 homologs in protists were clustered into brown algae and red algae, and homologs
in bacteria were in both genera of cyanobacteria, such as Microcystis aeruginosa, Oscilla-
toriales cyanobacterium, Prochlorococcus marinus, and Synechocystis sp. PCC 6803. Brown
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algae, red algae, and cyanobacteria could obtain energy via photosynthesis. Therefore,
YGL19 protein homologs are unique for photosynthetic organisms. To study the origin and
evolutionary history of YGL19 protein homologs in different species, a phylogenetic tree
was constructed with the neighbor-joining method (Figure 6). These YGL19 homologs were
clustered into three large groups, containing plants, protists, and bacteria. YGL19 homologs
in plants were tightly clustered into two separate groups, embryophytes and chlorophytes,
with the former sub-clustered into monocots and dicots, indicating that gene divergence
occurred after the diversification of these clades. Then, the dicots contained 14 brassicaceae
and 13 monocot species, which were classified into grasses containing the YGL19 protein.
Among all orthologous proteins, the YGL19 protein exhibited the most significant similarity
to the homolog of Oryza sativa Kitaake (OsKitaake03g166100.1.p). These results suggested
that the YGL19 protein homologs were evolved from lower light-autotrophic organisms
and existed only in photosynthetic organisms, with them not being present in nonphoto-
synthetic organisms, possibly playing a crucial role in the energy metabolism process of
Earth’s organisms.

Colored ranges

. Plants
D Bacteria
[] Protists

Figure 6. Phylogenic tree of the YGL19 protein and its homologs. Protein sequences of 139 species
(including 106 green plants, 16 protists, and 17 bacteria) were used to construct phylogenetic trees.
The tree was constructed using MEGA version 7.0. Statistical support for the nodes is indicated
and the scale bar represents percentage substitutions per site. The scale of phylogenetic tree is 0.05.
Further legend information is provided in Supplementary Table S3.

The motifs of YGL19 homologs from 139 species were further analyzed based on the
primary protein sequences using MEME software v5.3.0 (Figure 7A). Motif 2 existed in all
species. Motifs 7, 4, 1, 5, and 3 were unique sequences for all or most plants, while motifs
10 and 6 were unique sequences at the N-terminus and C-terminus in protists and bacteria.
Moreover, motifs 15 or 16 were unique sequences in 14 brassicaceae, while motif 13 was
the special sequence for most monocot species, including rice with the YGL19 protein. All
the above contributed to the conserved functional evolutionary relationships of YGL19
homologs and diverged them into two large clades (plant and others). Meanwhile, four
domains were predicted in these species, including Ycf54, the DUF3363 superfamily, the rne
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superfamily, and the Ycf54 superfamily (Figure 7B). The Ycf54 domain is displayed in all
species except three bacteria, which have the Ycf54 superfamily instead of Ycf54. Moreover,
the DUF3363 superfamily was only predicted at the N-terminus of Brachypodium, which
might lead to the branching evolution. Notably, the rne superfamily only belongs to one
branch of Panicoideae, named Panicum virgatum (Pavir9ING598500.2.p). It is speculated
that the conserved motifs and domains of YGL19 homologs in different species play the
essential roles for photosynthetic organisms, while the additional motifs and domains are
also indispensable, possibly playing a key role in their functional specificity.

Motif 2
v

Ycf54
v

(B)

Motif 1 FPNITKRLKRPAVALVSTBGPWITFMKLRLDRVL
Motif 2 QEQLFERLRLYGERNKEQDFWLVIEPKFLDK
Motif 3 NPTTLEFEKPEKWVAPYPKYESGWWEPFL
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Figure 7. Comparison of motifs and Ycf54 domain of 139 YGL19 homologs from 139 species. (A) Motif
2 exists in the Ycf54 domain of 139 species and is labeled in a rectangular box. (B) Ycf54 domain
exists in 139 species and is labeled in a rectangular box. The right rectangles with different colors
show motif and superfamily names. Black text denotes motif amino acid sequences.

2.5. A Conserved Amino Acid on the Ycf54 Domain Is Substituted to Form the ygl19 Protein

A multiple sequence alignment analysis was conducted for the Ycf54 domain of YGL19
homologs in 139 species, including the wild-type rice with the YGL19 protein and the yg/19
mutant rice with the ygl19 protein (a total of 140 protein sequences). The result showed
most amino acids were highly conserved among all analyzed species, and two amino
acids, proline (P at the position 59) and lysine (K at the position 108), were originally fully
conserved among all species (Figure 8), implying their biologically important roles for
YGL19 homologs. Interestingly, the proline (P) to serine (S) substitution from the YGL19
protein to ygl19 protein is exactly the proline at position 59 (Figure 8).



Int. . Mol. Sci. 2023, 24, 16762

10 of 26

L o . I T o
Voo KffHiF L VAN ofe - Biral SRipN- - i TKRL KR AVALVET oo T N {acarea
ygl19 KMHFLVANAKEML DEE - - EHF Q) ... EER ITKRLKRPAVALVEITDGNWI T LAEQFEA
Botra 008750020 15 EWF AL VASAEEML HBVQNEAFP EAKKVRRPAVAL |8T0KQWIV LRLDLGA
cor VYL | ARAKEML DBE - VAKRVSRPAVALVTOKVWIT LKE ISV
Gorzguaosenit2 eRvaLy QAKQVKRP VAL VETOKMIWI T - P LKipLKs
Corc306052300.15 KNHFVVANAKEML DEE - - BriFQ I TKRLRRPAVALVEITOELWIT - Fi LKGEFEA
cose? KWY AL VANAEEML HBVQNEAF A EAKRVGRPOVALVEITOK 1 WIT WKL oLoE
Cetsgoszanit EWYALVANA LA QSKQVRSPSMAL VESDKaWI T WKL ELSG
v VB QffiFLVASAQEMLDBE - - EFFQ LvEToaTwIT LKGAFEA

1500 KHYF CLANADEML DEVINN V)
tozr1z ) oKvIND - F V) YKGAVEG
o419 q oKVIND -FV YKGGVE -
Poet 2085003 15 THYYL | ANAKEML DBE - Lok WiT P LKGELTY
worze QfHFLLANAKEML DEE - -ENLa LvEToP VI TP LKoviEA
Thupl 2936070750011.1.p KMHFLVANAKEML DEE - - BHFQ) LMETNO TWI K - FM| LEGEIEA
Vocar003150080.1.5 EWSALV v LifroxTi T LRIDLKD
065 KRV FVVANAKEML DEE - - BHFK| LVETNG P T LAesYEA
raty Tiumergnmt.amtacosy1 KNYFVVANAKEML DEE - -BHFQ LVETNG P T LTESFVA
AnTi1.086 4510015 KRHFVVANAKEML DEE - BHFK] LVETNATI T Lsearea
161764 KRYFVVANAKEML OEE - EHFal LVBTNGPWIT LsesFa
ELtonsisgzioso 1 KRYFVVANAKEML DEE - LvBTNGTWIT PN
Cadon 08609160015 KRYFVVANAKEML DEE - - BFal LVETNG P T LsesFsa
Cucsa. 1156002 KRYFLVANAKEML DEE - - BHFK| LvEros T T LAEsYEA
o KN FLVANAKEML DEE - - ErFQ LvgTRGPwWI T LcosFeA
Ewrloonaz 1 KRHF VVANAKEML OEE - BriFQ LVETNANI T LAoSYEA
sy KRYFVVANAKEML DEE - - BFal LVETNG I T Lsesrea
GymaLes 1860159001 KRYFLVANAKEML OEE - -BFal LVETNG P T LsosFea
oo Has63.166045400.15 KRYFLVANAKEML DEE - - BrFQ LVETNG P T - LsosFea
Harxracho100013111 KNHFVVANAKEML OEE - - BriFQ LVETNGTII K LLesFea
Hyqun 0461364 RRHFV | ANAKEML DEE - EHF R LvETNGTwI T Laesyea
Kalodp003550320.1 KRYFVVANAKEML 0B - EHFQ LVBTNGPWIT P RAESYEA
Lalb_Chr17g0345731 KEYFLVANAKEML DEE - - BHF Q) ... LVETNGPWIT - FM| LTESFEA
e KRYFV | ANAKEML DEE - - BHFRi LVETNGRWIT - Lsesrea
Liphi.01G102300.1.p KMHF VVANAKEML DEE - - BHF K| EERY LVETNGTWIT LQESFEA
Lsat 1.5 on_5 1760003 ENHFVVANAKEML DEE - EHFQl LVETNGTII K LLosFeA
Liuorco0ssoa p KRYFVVANAKEML OEE - EriFal LVETNGTII T P LAoNYEA
Mo03G1018500 RIYFVVANAKEML 0B - -BHFal CVETNG P T - LAesFea
Medtr3g062920.1 KMYF | VANAKEML DBE - - BHF Q| ... LVETNGPWIT LSGSFEA
Eotsan 15 KRYFVVANAKEML DEE - - BHFK| L 180G P LvAEFEA
FON_ozsesTi KRHFVVANAKEML DEE - - EHFK] LVETRGPWIT P Lnesyea
0000195300.1.v1 KNYFVVANAKEML DEE - EHFal LVETNG T K P LsosFEA
Prupe6G037800.15 RRYFVVANAKEML OEE - EriFal LVETNG I T - LAEsFeA
Quni 016036300 1 KRYFVVANAKEML OEE - -BrFal LVETNG P T - LsesFsa
Soloegoorr602 1 KRHF L VANAKEML DEE - - LVETNG I T Laesyea
Spora. 300777 KRYFVVANAKEML DEE - - EHFK| LVETNG I T LAesYEA
pAscRb—— KNHF L VANAKEML DEE -~ LvETNGPWI T Laesyea
Vadar_ go563.2 KRYFLVANAKEML DEE - - BriFal VB TNG T T LLesFen
v zoesoonigosssn KRYFVVANAKEML DBE - EHFK LVETNG R T Lsesyea
ToSTST. TGAC 2. mANATAZ7S KRV | VANAKEML DEE - - BFal LVETNG I T LsosFea
Araa 063350008, 15 KRHF L VANAKEML OE - -BFQ LVETNGSWI T LvosFea
Ai02070008.15 KNHF L VANAKEML DEE - EriFa LvETNGPwWI T LvosFea
anaon 0045150915 KNF FVVANAKEML DEE - BHFK] LvETNGPWI T LsniveA
oiozsoor KMYFLVANAKEML OEE -~ EHFa) LVETNG I T LaesFeA
Baracortp KRYFLVANAKEML OEE - - BFal LVETNG P T LAesFeA
Caomp. 1057509331 KRYFLVANAKEML DEE - - BFQ LvETNG I T LAESFEA
Cocit o472 KNHF L VANAKEML DEE - - EHFK| LVETNAT T LAoSYEA
Gidev10002134m KRYFVVANAKEML OEE - BriFQ LvgTNGPWI T LsosyeA
20891500151 KRHF LVANAKEML OEE - -BFal LVETNG I T LvosFea
Gl 136083400.1 KRYFVVANAKEML DEE - -BFal LVETNG W T Lsesrea
Dii025350316.15 KRYFLVANAKEML DE - - BHFal LVETNG P T LAoSFEA
Tihatioot4e7im KRYFLVANAKEML DEE - BriFQ LvETNGPWI T LAESFEA
o4 KRYFLVANAKEML OEE - - BriFa LvETNGPWI T LADSFEA
Gobar 40360313001 KRYFVVANAKEML OEE - EHFK] LvETNGPWI T Lsosyea
GotinA03G022 KRYFVVANAKEML DEE - -EHFKEL L ERLRYNGER - VBTGP T Lsosyea
Gomus 4036035000 15 KRYFVVANAKEML DB - - BHFKEL L LVETNG R T Lsosyea
ot 2104500021 KRYFVVANAKEML DEE - -EHFQEQLF LVETNG I T LADSFEA
Luam 000850159.1 KRYFLVANAKEML DEE - EHFQQLF, LvETNGPWI T LADSFEA
Lustoosiose RRYFLVANAKEML DEE - - EHFQEQLFERLRYMGER - - LvETNGPWI T LADSYEA
Mancs 16612240015 KRYFVVANAKEML OBE - EHFKELLF LVETNG W T Lsosyea
Mamar 0223500191 KNHF L VANAKEML OEE - -BHFaBaLF VR TNASWI T LvosFea
Mypercorososds. 15 KRYFLVANAKEML OB - -EHFQBQLF, LVETNG P T LAosFeA
Podel 13620140015 KRYFVVANAKEML DEE - - EHFKEL LFERLRNMGER - - LvETNG TN T LsosyeA
Pan0r3G181000.1 KRYFVVANAKEML DEE - EHFKELLF LVETNGTINT Lsosyea
20007 mo00s24 KN FVVANAKEML DB - EnFaaLF, LvgTNGPwWI T Lsosyea
Sib 0775004815 KRYFLVANAKEML D - -BHFaaL F LVETNG P T LAdSFEA
Sepurvin 11050006010 KRYFVVANAKEML DB - - BHFKELLF LVETNG T T - LsosyeA
ThecetEcoszsaort KRYFVVANAKEML DEE - -EHFQEL L, LVETNGPWIT P Lsosyea
KRYFVVANAKEML DEE - - EHFaaLF, LVETNG T K P LsosFeA
Aoora 07600350010 RNHFVVANAKEML DEE - EHFQEVLF, LvEToATHIT P Lcesyea
oocoress 1 KRYFVVANAKEML OEE - EHFKELLY LvEToRPWIT P LsosFoA
evm movel Asparagus1_02.1338 KRYFLVANAKEML DB - -BHFRELLF V8Os Wi T LAENFEA
Bradtor90.17 SMYFLVANAKEML 0BE - - BHFagaLq LVEToRNWI R LAEQF DA
BsviAR1010565m SMYFLVANAKEML 0DE - - BHFagaLa LvEToRNWI R LAEQFDA
Bovtaat-110004z6mp SMYFLVANAKEML 0BE - -EHFaEaLa LVETORNMI R P LAcaFoA
B0Ba1-1.16760600.15 SMYFLVANAKEML OB - - BHFagaLa VBT ORNWIR - LAcaFoA
Brahy00tc08r2100.15 SMYFLVANAKEML 0B - - BHFaBaLa LVEToRNWIR LAcaFoA
Chola 0460910001 TMYFLVANAKEML OEE - - BHFaEoL Al LvEToG NI T - LADQFNA
Pt MU N BVl it - i onfoA
ELEC0073AG0A7280.1 TMYFVVANAKEML OEE - - BHFQEQL Al LvEToGTIT P L ADQF DA
HoRVUsHTGOS09%05 TMYFLVANAKEML 0BE - - EHFaEaLa LVBToRNWIR - FM L AEaFoA
Joasc016156900.1 RIYFLVANAKEML DEE - -EHFKEQLS LvEToeTI T LADHF DA
SUUA_Achr11724580_001 RRYFVVANAKEML 0B - -EHFKELLY LVEToG PN T - LAosFev
Misin01G265000, TMYFLVANAKEML OEE - - BHFQEOL Al LvETocwI T LaoaFoa
Ostitaake0166100.15 KNHF L VANAKEML DEE - -EHFaBaLK LvEToow T LAcareA
. 20150105 012264 TMYFVVANAKEML OEE - - EHFaEoL Al LvETocnw T L AoaF oA
Pahald TMHFLVANAKEML DEE - - BHFQEQL AEKL RNMAER - LvErocnwi T Lacaror
Phla 0162404001 RNYFLVANAKEML OBE - EHFKELLA LvgrosTwiT LGoHFoA
PavisoNGE98500.25 TMYFLVANAKEML DEE - - BHFQEQL ABKL RNAER - LvETocwI T Labaroa
Sobic 0016353800 15 TMYFLVANAKEML OEE - - BHFQEQL Al LvErocw T Lacaros
Soi 96415500 1 TMYFLVANAKEML OEE - - BHFQEQL Al LvENoow T Lacaroa
Sppo660057100 KRYFLVANAKEML OEE - EFaL SERLRLFGER - Lvgrocewi T LaesFeA
Sevi 964200001 TMYFLVANAKEML DEE - - BHFQEQL ABKL RNMAER - LvENoG I T LacaFoA
Trae.401_E8502A170.2 TMYFLVANAKEML DBE - - BHFQEQLOEKL RLNEER - LvEToRNWI R LAcaFoA
Tint 1260215300, 15 TMYFLVANAKEML 0B - - BHFagaLa LVEToRNWI R - P LAcaFoA
TMHFLVANAKEML OEE - - BHFQEQL Al LvEToG M LaorFoA
Zosmasignotso.t RNHFL |ANAKFL L DBE - EHFNEQLY LvEroarwiT LTASFEA
pee— MY F LVANAKENL OEE - EHFaaL A - LvBTooNwIT LabaFoa
woresTr1 TMYF IVASSEFLLVA- - -BPVeR LRl L IKLKQAKIT-NECSA IVEVDKTF 1T WL AMGSF 1 A
vl M VR bt v i W - FroLvenoAUIRIREREE - I - 21 callen
19051.1 KN COE- - -BPLEEILR GGFNGEPPY] - LKGKLPNNP I AIVETSKTFIT YTGNFSQ
VP_or020ss121 TMYF I VASSEFLLVA - EPveRI LR ke L IKLKQAKIT -NECBAIVEVOKTFIT AMGSF 1A
anvoosss 1 TMYF 1 ASTRERL LB - EPVeRvER T ke L IKKLSHANL SKENGSA T 181 DENF 1V IMGSFVA
QRG32409.1 KMYF ILATKERLFE | - - -BPVERVLR] -----NKQV| - - -LKELTKNNSNENLVAIVETOVOF I Y ISGNENA
Ve_otoz0s4711 TMYF IVASSERLLVA- - -BPveR LRl kRN L TKLKQAKIT-NECSAIVEVOKTF IT WL AMGSF 1A
QFZ66864.1 THYFAL NELLVE- - -EPLEBVER) — - NKAT NLVPKDAVA L ISTHP 1 FIN - WL C1GQFED
ve_ooszsozsi1 NRHF 1 18SSTRLLKN - - EPLEBVLR ClekeiT . DKLLKAGLSNVELTAIVEVDQSFIT AQGNF 1A
VP orosasts 1 NRYF 1L8SPKFLLDA - - EPTEEVLR ke L FKNALENNS | AFVETRKNE L WL Lickiav
prons KRYF 1LATKERLFE |- EPVEEVLR 211 Nkavi L IURELTKNNSNDNLVA IVETOVOF I v Wt ISGNENA
ricesost 1 RRYFILATKERLFE |- BPVERVLR Lo nkayi NIYSS - E-- - UKELIKGNSRENLVAIVETOVDF IV W ISGNETA
avozes I i vBscloll kv - - ivielUR Tllllkwad FSON T KK KKSNFYTaGKKN | £YNsGRIEARUIER ' g~ -1 ENTEEIN
unosrzas 1 ENYFAIASKNELUKE - - EPVER LR o kke KSFSLDY - -~~~ -~ IKEQLDEDYAAVIBLD IGF IK W T iGKFas
rvesvscs KRYFA IASRNFLUNE - EP 1EEILR L ke KsFvLic. - 118U oAKF 1o -t TveKFas
wror NRYFA (ASQDFL IEE - - EPVEEILR T kKo Rassura - - 118U DAKF 1€ - 1TesFES
anuassze.1 TMYYLVASQKELEEE A1 EKEVLK T caen oTRAFAD. - 1vBLNaaF I 7 i ITeaFEA
we_orsisrss 1 TMYFVARSEKELTVE - - -BPLef LK o nkexd KATQFVD - - V18T oKk IT AvGEFEC
i ovillsori. 0 Bvel iR CIREE Eshruag . - e -t e rccfiod
Tarzo0081 TMYYLLASQRFLLEE - -EoLo) ApAvAG - - 1 18T oPKEIT - Lroeres
31061 KRHYVLASKFLLEE - EPLe ApEmwD - 1 18T osaF I 7w IveErTT
Prikseias 1 TMHYVLASQRFILEE - BPic EAPaFAE . - 118THPaE I T W ITeEFaA
awoso TMYYALASQKELLEE - Brre NARELAE - - |VBTNKSE IV -y LroEreA
ano75746 1 MY ILASEKELLEE - BPLe EAPELAS - - 1VBTNPGE IT - LTosFeA
ancosost1 MY I LASKKELTEE - BPLE cararhe- - 1 18TNoGF 10 - LMGQFT -
unsosss 1 TMYYVLGSHKFLL EE - -BPLe EApEmAE - - 1 18T oKaVVT -t Facaraa
CCQ83150.1 THYYVLASQRELLEE - - -EPLD) EAPEFAE - - Vi AKNSEFIT WL IKGEFEA
we_ora2s2s0s1 i ceE. - ErLal DAEPVKA- - VEToARF 10 Fui ARGGFDA
e otsase973.1 H N e DAPAFAD- - 1VBLNaoF I T 1TGarEA
wh_oraorasez1 TMvYVLASaKELTED - P i) EAPELAA- - \VBTNKaF I T 1TeEFaV
17263 TMYYVLASKKELL OE - - -BPTH errarTE- - i 1TeEFaR
coxraast.1 TMHF I ANSEAFLTVE - EPLe apELAA. - L ARSSVPRPAARVVETOEKF IT ARGGFEA
ARVE3090 TMYYVLASQRELL EE - - - EPME EAPQMAQ - - VKAKCPQPAVA I I8SNSQF I T LTGEFQA

[SS— Lkl
BE TeezToo 7833956795 246736

Quaity |

o | F8y/\\AKLDEEJE-H CREYEER KEQUFILV¥EP FDEFPI ITORLIRPA OR/LBERA

Qccupancy

KYYFLVANAKFMLDEEQNEHFQEQLFERLRLYGERSNMLV | PGGFNGNKEQDFWLV | i FLDKFPNADLQKKSNFYTQLKLL | TKRLKRPAVALVSTNGPWITKFMKLRLDRVLAGSFEA

Figure 8. Multiple sequence alignment of the YGL19 protein and ygl19 protein with their homologs
in different photosynthetic organisms (total of 140 protein sequences). The amino acid substitution
of Pro (P) to Ser (S) at position 59 in ygl19 protein sequences is labeled with a red triangle and in a
rectangular box. Color background indicates positions conserved in >30% of the aligned sequences;
color depth indicates the degree of conservation.
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2.6. The YGL19 Gene Is Conserved in a Natural Rice Variant

To address the question of whether the amino acid sequences are conserved for the
YGL19 gene, we scanned the gene sequences of YGL19 in 4726 rice accessions in RiceVarMap.
The results showed that there were only 3 mutations in the exons of the YGL19 gene, all
of which were synonymous mutations without amino acid variation; 20 mutations were
found in introns, 1 at 5’ UTR, and 1 at 3’ UTR, with none leading to amino acid variation
(Table 2). For these three synonymous variants, they all showed relatively high prevalence
in nature. Among them, the 16th amino acid was Ala with a primary allele frequency of
60.4%. The 63rd amino acid was Asp with a primary allele frequency of 60.3%. And the
111th amino acid was Val with a primary allele frequency of 59.9%. The results implied
that the YGL19 gene is extremely conserved in rice varieties, and its amino acid mutation
was not reserved under natural evolution and artificial domestication. The YGL19 gene
might be extremely difficult to mutate in rice, or its mutations might not be popular with
rice breeders, possibly attributing to their abnormal growth and development.

Table 2. Natural variants of the YGL19 gene in 4726 rice accessions.

SNP Primary Secondary Primary Allele Amino Acid Mutation

Position Allele Allele Frequency and Position snpEff Annotation
28 A G 99.90% no 5_prime_UTR_variant
180 T G 60.40% Alal6Ala synonymous_variant
321 C T 60.30% Asp63Asp synonymous_variant
559 A G 59.90% Valll1Val synonymous_variant
742 A T 99.90% no intron_variant
764 A C 93.60% no intron_variant
853 C T 99.70% no intron_variant
1304 T C 59.90% no intron_variant
1391 A G 60.10% no intron_variant
1420 T C 60.00% no intron_variant
1508 G A 60.30% no intron_variant
1686 G A 94.40% no intron_variant
1748 G A 99.80% no intron_variant
1817 C T 99.90% no intron_variant
1918 C T 99.80% no intron_variant
2000 T C 60.00% no intron_variant
2226 T C 59.90% no intron_variant
2243 A T 91.30% no intron_variant
2351 G A 99.90% no intron_variant
2427 G A 98.90% no intron_variant
2492 G A 99.90% no intron_variant
2520 G A 99.30% no intron_variant
2732 T C 59.90% no intron_variant
2917 T C 99.20% no splice_region_variant&intron_variant
3212 T G 60.20% no 3_prime_UTR_variant
3405 C A 96.40% no 3_prime_UTR_variant

Meanwhile, we investigated the 2 kb promoter region of the YGL19 gene, and 57 varia-
tions were found from the promoter region (Supplementary Table S4). In these upstream
variations, we found 9 indel variations and 48 SNP variations. The variations in the
promoter regions had different types, which might exert the YGL19 gene’s function via
transcription regulation.

2.7. The YGL19 Gene Is Mainly Expressed in Green Tissues and Localized in Chloroplasts for
Function

To explore the expression pattern of the YGL19 gene, its transcription level was
examined via qRT-PCR in different wild-type tissues (Figure 9A). The results showed that
the YGL19 gene is expressed in a wide range of tissues, including the roots and leaves
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at the seedling stage, and the stem, leaves, leaf sheaths, unflowered young panicles, and
flowering panicles at the flowering stage. Nonetheless, the YGL19 gene is differentially
expressed in different tissues. Specifically, leaves showed the highest expression of the
YGL19 gene, with its relative expression in the flag leaf at the flowering stage being higher
than that at the seedling stage. Subsequently, the leaf sheath, flowering panicle, stem, and
young panicle showed moderate expression of the YGL19 gene. Meanwhile, roots showed
very few expressions of the YGL19 gene. These results suggest that the YGL19 gene is
mainly expressed in green tissues, especially in leaf organs, for function.

A)  °]
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35S::YGL19-GFP &
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Figure 9. Tissue expression pattern of the YGL19 gene and subcellular localization of the YGL19 pro-
tein in rice. (A) Relative expression level of the YGL19 gene in different tissues, including root (R) and
leaf (L) at the seedling stage, and leaf (L), leaf sheath (LS), unflowered young panicle (YP), flowering
panicle (P), and stem (S) at the flowering stage. Data represent the mean + SD of three biological
replicates. (B) Rice protoplast transformed with 35S::YGL19-GFP, and the empty vector 35S::GFP as
control. Green fluorescence shows GFP; red fluorescence indicates chlorophyll autofluorescence in
chloroplast; yellow fluorescence indicates images with the two types of fluorescence merged; and
bright field images show rice protoplasts (Bars = 10 um).

To reveal the subcellular localization where the YGL19 protein functions in the cell,
a 355::YGL19-GFP fusion expression vector was constructed. Then, the 355::YGL19-GFP
vector and the empty vector control 355::GFP were separately introduced into rice pro-
toplasts to conduct a transient expression assay and were observed via a laser scanning
confocal microscopy. The results showed that the green fluorescence of the YGL19-GFP
fusion protein completely overlapped with the red autofluorescence of chlorophyll in the
chloroplast. At the same time, the green fluorescence of the empty vector was diffusely
distributed in the cytoplasm as expected (Figure 9B). These results confirmed that the
YGL19 protein targets the chloroplast to perform its function.
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2.8. Expression Analysis of the Genes for Tetrapyrrole Biosynthesis in the ygl19 Mutant

Since the chlorophyll contents of the y¢/19 mutant reduced, the expression changes
in tetrapyrrole biosynthesis-related genes in wild-type and yg/19 mutant seedling leaves
were detected via qRT PCR. The tetrapyrrole biosynthesis pathway contains two branches,
the chlorophyll synthesis branch and the heme synthesis branch. For the detected genes
in the chlorophyll synthesis branch, four genes (HEMA1, HEMB, CAO1, and CAO2) were
upregulated in the yg/19 mutant; meanwhile, 13 genes (OsGIuRS, GSA, HEMC, HEME?2,
HEMF, HEMG, ChiD, Chll, GUN4, ChIM, Mpe, POR1, and YGL1) showed downregulation
in the ygl/19 mutant (Figure 10A). For the detected genes in the heme synthesis branch,
one gene, FCI, was up regulated in the y¢/19 mutant; meanwhile, four genes (FCII, HOI,
HO2, and HY?) showed downregulation in the yg/19 mutant (Figure 10B). This molecular
evidence suggests that tetrapyrrole biosynthesis-related genes were regulated to affect the
contents of photosynthetic pigments in the yg/19 mutant.
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Figure 10. Relative expression of tetrapyrrole synthesis-related genes in wild-type and ygI19 plants.
(A) Genes in chlorophyll synthesis branch. (B) Genes in heme synthesis branch. The expression level
of each gene in the wild type was set to 1.0, and those in the yg/19 mutant were calculated accordingly.
Data represent the mean =+ SD of three biological replicates, and asterisks indicate statistically signifi-
cant differences between the y¢/19 mutant and wild-type plants (* p < 0.05, ** p < 0.005, *** p < 0.0005,
Student’s t-test).

2.9. Expression Analysis of the Genes for Photosynthesis in the ygl19 Mutant

The expression levels of nucleus- and plastid-encoded photosynthesis-related genes
were detected in wild-type and yg/19 seedling leaves via qRT-PCR. The detected nucleus-
encoded photosynthesis-related genes contained genes encoding chlorophyll a/b binding
protein (CablR and Cab2R), light-harvesting Chl a/b-binding protein of PSII (LHca and
LHcb), PSII reaction center protein (PSB28), Rubisco small subunit (RBCS), and plastid
RNA polymerase (RpoTp). The results showed that CabIR and RBCS were upregulated
in the yg/19 mutant, while Cab2R, LHca and RpoTp were downregulated in the yg/19
mutant (Figure 11A). The detected plastid-encoded photosynthesis-related genes contained
genes encoding the subunit of photosystem I (psaA, psaB and psaC), core component of
photosystem II (psbA, psbB and psbC), NADH dehydrogenase subunit (ndhA and ndhB),
cytochrome bsf complex subunit (petD), ATP synthase complex subunit (atpA and atpB),
Rubisco large subunit (rbcL), and plastid RNA polymerase subunit (rpoA and rpoB). The
results showed that psaA, psaB, psaC, ndhA, ndhB, petD, atpA, atpB, rbcL, rpoA, and rpoB were
all downregulated in the yg/19 mutant. This molecular evidence implies that nucleus- and
plastid-encoded photosynthesis-related genes were regulated to mediate photosynthetic
performance in the yg/19 mutant.
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Figure 11. Relative expression of photosynthesis-related genes in wild-type and yg/19 mutant plants.
(A) Nucleus-encoded photosynthesis-related genes. (B) Plastid-encoded photosynthesis-related
genes. The expression level of each gene in the wild type was set to 1.0, and those in the ygl19
mutant were calculated accordingly. WT, wild type. Data represent the mean + SD of three biological
replicates, and asterisks indicate statistically significant differences between the y¢/19 mutant and
wild-type plants (* p < 0.05, ** p < 0.005, *** p < 0.0005, Student’s t-test).

2.10. ROS Accumulation, the Regulation of ROS-Scavenging Genes, and ROS-Responsive Defense
Signaling Genes in ygl19 Leaves

At the tillering stage, the yg/19 mutant exhibited reddish-brown spots on the leaves.
A previous study suggested that the formation of leaf spots is accompanied by a burst of
reactive oxygen species (ROS) [32]. This prompted us to investigate whether ROS were
accumulated in the y¢/19 mutant plant at the tillering stage. Nitro blue tetrazolium (NBT)
staining was able to reflect the accumulation of superoxide anions via the formation of blue
formazan precipitates. There were extensive leaf areas showing NBT staining in the yg/19
mutant plant, whereas there was very little staining in the wild-type leaves (Figure 12A).
3,3'-diaminobenzidine (DAB) staining was used to indicate the accumulation of hydrogen
peroxide. Intense brown staining by DAB was shown to correlate with spot formation in the
ygl19 mutant leaves, but such a signal was hardly seen in the wild-type leaves (Figure 12B).
Trypan blue staining was performed to detect cell death, and it was found that the yg/19
mutant had blue precipitates, while the wild type did not (Figure 12C). ROS accumulation
would lead to lipid peroxidation and membrane damage and form MDA, an end product
of oxidized lipids. At the tillering stage, the MDA content in the yg/19 mutant leaves was
also much higher than that in the wild type (Figure 12D). These results suggest that ROS
like superoxide anions and hydrogen peroxide were accumulated in the ygl19 leaves at the
tillering stage, which further led to lipid peroxidation and leaf cell death.

Under oxidative stress, plants can activate the expression of antioxidative enzyme
genes to remove ROS. SOD is a major enzyme for scavenging superoxide anions, while CAT,
APX, and POD play important roles in eliminating hydrogen peroxide. The expression
levels of these enzyme-encoding genes were additionally investigated in the yg/19 mutant
and wild-type leaves at the tillering stage via qRT-PCR. The results showed the expression
of OsSODA and OsSODB to be downregulated in the yg/19 mutant; meanwhile, OsCatA,
OsAPX1, OsAPX2, and OsPOD were upregulated in the yg/19 mutant (Figure 12E). These
results suggest that genes encoding various ROS scavenging enzymes were regulated
in the yg/19 mutant, which might play important roles in regulating ROS metabolism in
the mutant.

ROS bursts usually activate the responsive expression of defense signaling-related
genes. Therefore, the expression of three defense signaling-related genes (PBZ1, PR1a, and
OsWRKY45) was investigated in the ygI/19 and wild-type leaves at the tillering stage via qRT-
PCR. The results showed that the expression levels of PBZ1, PR1a, and OsWRKY45 were
all upregulated in the yg/19 leaves (Figure 12F). This molecular evidence implies that ROS
in ygl19 spot leaves could induce the responsive expression of defense signaling-related
genes, which might lead to an enhanced defense response.
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Figure 12. Phenotype of ROS accumulation in wild-type and yg/19 mutant plant leaves at the tillering
stage. (A-C) Histochemical detection of superoxide anions via NBT staining, hydrogen peroxide via
DARB staining, and dead cells via trypan blue staining. (D) MDA content. (E) Relative expression of
genes related to ROS scavenging. (F) Relative expression of ROS-responsive genes. WT, wild type. In
(D-F), error bars represent the SDs of three biological replicates, and asterisks indicate statistically
significant differences in the ygl19 mutant compared with the wild type (** p < 0.005, *** p < 0.0005,
Student’s t-test).

To verify whether the YGL19 gene affects the defense response activated by ROS
metabolism, the yg/19 and wild-type plants were inoculated with the bacterial blight
strain PXO99 at the tillering stage. However, the yg/19 and wild-type plants showed no
reaction to the inoculation of PX099. After investigating, it was found that the wild-type
“Shuangyinzhan” is a rice variety with first-level resistance to bacterial blight, which means
it cannot be infected. Therefore, it cannot be judged whether the YGL19 gene is related to
the regulation of bacterial blight resistance.

3. Discussion
3.1. A Single-Base Substitution of the YGL19 Gene (LOC_Os03¢21370) Is Responsible for
Phenotype Variation in the ygl19 Mutant

The main mechanism of plant photosynthesis is in the leaves, so color variation
in leaves will have an important impact on photosynthesis and even the growth and
development of plants [33]. In recent years, leaf color mutants have been increasingly used
in the study of plant functional genomes, the physiological and biochemical mechanisms
of photosynthesis, and applications in genetics and breeding [34].

The analysis of leaf color mutation is an effective way to clarify the function of the
genes involved in photosynthetic pigment metabolism. Here, a spontaneous yellow-
green-leaf rice mutant, yg/19, showed a yellow-green phenotype throughout the entire
growth period (Figure 1A,D), accompanied by deficient chlorophyll contents (Figure 1B,E).
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Moreover, there was a burst of reactive oxygen species at the tillering stage of the yg/19
mutant (Figure 1H,I). These results suggest that the YGL19 gene may be related to the
regulation of chlorophyll synthesis. Leaf color mutants could change the physiological
function of rice photosynthesis, which affects grain yield [35,36]. In this study, three
agronomic traits, plant height, tiller number, and the total number of grains per plant, were
affected in the yg/19 mutant (Figure 2). Similar phenomena were found in the yg/6 [37]
and ys83 [38] mutants in rice, but these were different from yg/22, which had unchanged
agronomic characteristics (plant height, number of panicles per plant, and grain yield
per plant) [39]. Through map-based cloning and complementation experiments, it was
confirmed that the mutant phenotype of yg/19 was induced as a consequence of a 1 bp
substitution of the LOC_Os03g21370 gene (Figures 3-5). To date, numerous studies have
reported that yellow leaf color genes are localized in the chloroplasts, such as OsIspF [40],
YLWS [41], and WAL3 [33]. In the present study, YGL19 had higher expression in the leaves
and other green tissues (Figure 9A), and the YGL19 protein was localized in the chloroplasts
(Figure 9B). Therefore, the rice leaf color gene YGL19 was cloned in this study and might
play an important role in chlorophyll metabolism, photosynthesis, and ROS metabolism
based on the mutant phenotype of yg/19.

3.2. YGL19 Protein Homologues Are Unique for Photoautotrophs and Contain a Conserved Ycfb4
Domain

Searching for and obtaining YGL19 homologs from 139 species retrieved from the
NCBI website showed that these species were photoautotrophs. The evolutionary results
showed that the YGL19 protein evolved from lower prokaryotic photoautotrophic bacteria
and exhibited the closest evolutionary relationships with Brachypodium distachyon, Zea
mays, Hordeum vulgare, and Triticum aestivum (Figure 6). Interestingly, these homologous
sequences contain a conserved functional domain, “Ycf54”, which is the main component
of YGL19 homologues in bacteria and protists and also the most important component
in plants (Figure 7). The fully conserved amino acid proline (P at position 59) among all
species was exactly in the middle of the Ycf54 domain (Figure 8).

A previous study indicated that in Synechocystis sp. PCC 6803, an auxiliary pro-
tein with Ycf54 and a catalytic subunit (AcsF/Cycl) form an oxygen-dependent cyclase,
which catalyzes the magnesium protoporphyrin IX monomethyl ester to the green prod-
uct protochlorophyllide a [42]. In addition, it was recently proposed that extremely high
concentrations of the cyclase substrate magnesium protoporphyrin IX monomethyl ester
were accumulated in the ycf54 gene deletion mutant of the cyanobacterium Synechocystis
6803 [22,43]. Similarly, Hollingshead et al. [44] confirmed that the Synechocystis 6803 ycf54
mutant had decreased Mg-protoporphyrin IX methyltransferase and protochlorophyllide
reductase activity, which indicated the role of the Ycf54 auxiliary factor. A further study
with large-scale bioinformatic analysis indicated that Ycf54 played a role in the evolution
of O,-dependent cyclase in Prochlorococcus [42]. Moreover, after in vivo heterologous activ-
ity analysis in the anoxygenic photosynthetic bacterium Rubrivivax gelatinosus and in the
nonphotosynthetic bacterium Escherichia coli, Ycf54 proved to be an absolute requirement
for oxygenic phototrophs [45]. It is speculated that this Ycf54 subunit had always been
preserved during the course of evolution [46]. These studies support the conclusion that
Ycf54 is a requisite component in the oxygen-dependent cyclase of photoautotrophs. To
analyze the allelic variation in the YGL19 gene in rice germplasm accessions, we searched
the sequence variations in the coding region of the YGL19 gene in 4726 rice accessions in-
cluding Indica, Japonica, intermediate, and Aus [34,47,48], but only found three synonymous
mutations in the exons of these rice variations, implying protein variation in the YGL19
gene is not permitted in the process of rice domestication and breeding. Collectively, the
above results indicate that the YGL19 protein homologs are conserved in eukaryotes and
prokaryotes and are unique to photosynthetic organisms.
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3.3. The Mutation of the YGL19 Gene Affects the Expression of Tetrapyrrole Biosynthesis-Related
Genes, Thereby Regulating the Chlorophyll Content

It is recognized that tetrapyrroles play a key role in various biological processes, includ-
ing photosynthesis and respiration. There are four different types of tetrapyrroles produced
by higher plants: chlorophyll, heme, phytochromobilin, and siroheme [49]. Chlorophyll is
a group of modified tetrapyrrole molecules that are characterized by their fifth isocyclic
or E-ring, the C17 esterified geranyl/phytol part, and the magnesium ion chelated in the
center [50]. Heme is a cyclic tetrapyrrole containing Fe?* and is a prosthetic group of
many photosynthetic and respiratory proteins [51]. Tetrapyrrole biosynthesis includes the
chlorophyll pathway and heme pathway. In the chlorophyll pathway, chlorophyll synthesis
from L-glutamate to chlorophyll b requires a 17-step enzymatic reaction, and all 31 genes
encoding these 17 enzymes have been identified in higher plants represented by Arabidopsis
(Arabidopsis thaliana) [52,53]. In the heme pathway, heme synthesis from protoporphyrin-IX
to phytochromobilin requires a three-step enzymatic reaction, and all seven genes encoding
these three enzymes have also been identified in higher plants [52]. There are 10 genes
from L-glutamate to protoporphyrin-IX: OsGluRS, HEMA1, GSA, HEMB, HEMC, HEMD,
HEME1, HEME?2, HEMF, and HEMG. And the branch from protoporphyrin-IX to chloro-
phyll b has 11 genes: ChID, ChlH, Chll, GUN4, ChIM, CRD1, PORA, DVR1, YGL1, CAO1,
and CAO2.

OsGluRS encodes glutamyl-tRNA synthetase for the common steps of the tetrapyr-
role biosynthetic pathway, transforming L-glutamate to glutamyl-tRNA [23]. HEMA1
encodes glutamyl-tRNA reductase, which is the first step of the tetrapyrrole biosynthetic
pathway [54]. GSA encodes glutamate 1-semialdehyde and acts as the second step of the
tetrapyrrole biosynthetic pathway [55]. And the rest of the seven genes that encode the en-
zymes for protoporphyrin IX are porphobilinogen synthase (HEMB), hydroxymethylbilane
synthase (HEMC), uroporphyrinogen III synthase (HEMD), uroporphyrinogen decarboxy-
lase (HEME1 and HEME?), coproporphyrinogen oxidative decarboxylase (HEMF), and
protoporphyrinogen oxidase (HEMG) [52]. Chelatase D subunit (CHLD), chelatase H sub-
unit (CHLH), and magnesium chelatase I subunit (CHLI) are three subunits of magnesium
chelatase that transform protoporphyrin IX to Mg-protoporphyrin IX [24]. ChIM encodes
magnesium protoporphyrin IX methyltransferase, transforming Mg-protoporphyrin IX to
Mg-protoporphyrin IX monomethyl ester [56]. And the rest of the six genes encoding the
enzymes for chlorophyll b are magnesium-protoporphyrin IX monomethyl ester cyclase
(CRD1) [57], protochlorophyllide oxidoreductase A (PORA) [2], 3,8-divinyl protochloro-
phyllide a 8-vinyl reductase (DVR) [25], chlorophyll synthase (YGLI), and chlorophyllide
a oxygenase (CAO1 and CAQO?2) [26,58]. We initially examined the expression levels of
21 genes associated with chlorophyll biosynthesis in rice, and most genes were down-
regulated in the yg/19 mutant; only HEMA1, HEMB, CAO1, and CAO2 were upregulated
(Figure 10A). This might be the main factor that led to the decreased chlorophyll level in
the yg/19 mutant (Figure 1). In the heme pathway, FCI and FCII encode ferrochelatase 1
and 2, transforming protoporphyrin-IX to heme; HO1 and HO2 encode heme oxygenase
1 and 2, transforming heme to biliverdin IXa; and HY2 encodes phytochromobilin syn-
thase, transforming biliverdin IXa to phytochromobilin [52]. Four tetrapyrrole genes in
the heme branch, FCII, HO1, HO2, and HY2 were decreased in the yg/19 mutant; only FCI
was upregulated (Figure 10B). It has been reported that an auxiliary protein, Ycf54, and
a catalytic subunit (AcsF/Cycl) form an oxygen-dependent cyclase, which catalyzes the
magnesium protoporphyrin IX monomethyl ester to form protochlorophyllide a [42]. We
speculated that the expression changes in tetrapyrrole biosynthesis-related genes might
be caused by the lack of enzyme activity in the oxygen-dependent cyclase in the ygl/19
mutant, which could accumulate magnesium protoporphyrin IX monomethyl ester and
cause subsequent regulation via the plastid-nucleus retrograde signaling pathway. These
results indicated that YGL19 can regulate the synthesis of photosynthetic pigments by
regulating the expression of the tetrapyrrole synthesis pathway genes.
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3.4. The Mutation of the YGL19 Gene Affects the Expression of Photosynthesis-Related Genes,
Thereby Regulating Photosynthetic Capacity

Photosynthesis plays a vital role in plant growth and morphogenesis [59]. In our
study, the net photosynthesis rate was significantly lower in the yg/19 mutant than that in
the wild type (Figure 1G). Photosynthesis-related genes are usually divided into nucleus-
and plastid-encoded genes. This study analyzed the expression of seven nucleus-encoded
genes encoding the chlorophyll a/b binding protein (CabIR and Cab2R), light-harvesting
chlorophyll a/b-binding protein of PSII (LHca and LHcb), PSII reaction center protein
(PSB28), Rubisco small subunit (RBCS), and nuclear-encoded RNA polymerase (RpoTp).
Cabl1R, Cab2R, LHca, and LHcbh are chlorophyll a/b binding protein genes, which are
affected by light pulses [60]. Studies have shown that the light-harvesting protein LHca
can participate in light-harvesting activities as well as chloroplast metabolism [61]. PSB28
is a soluble protein in the PSII complex, and the Psb28 gene positively regulates drought
tolerance in wheat [62]. In photosynthesis and photorespiration, Rubisco catalyzes the
first step of CO, assimilation, and it is a decahexameric protein consisting of eight small
subunits (RBCS) and eight large subunits (RBCL) in higher plants [63]. Nuclear-encoded
RNA polymerase is a single-subunit bacteriophage-type enzyme, which mainly transcribes
plastid genes for the transcription/translation apparatus. It has been reported that nuclear-
encoded RNA polymerase is activated at a strictly limited stage of leaf development and
controlled by processes following transcription, including mRNA stabilization, translation,
and translocation [64]. In this study, three nucleus-encoded genes (Cab2R, LHca, and RpoTp)
were downregulated, while two genes (CablR and RBCS) were upregulated in the yg/19
mutant (Figure 11A).

Moreover, 14 plastid-encoded genes were detected, encoding the subunit of PSI (psaA,
psaB, and psaC), core component of PSII (psbA, psbB, and psbC), NADH dehydrogenase
subunit (ndhA and ndhB), cytochrome bgf complex subunit (petD), ATP synthase com-
plex subunit (atpA and atpB), Rubisco large subunit (rbcL), and plastid-encoded RNA
polymerase subunit (rpoA and rpoB). PSl is located primarily on the monolayer stromal
thylakoid membrane, while PSII is mainly located on the stack of grana of the thylakoid
membrane, both constituting important sites of bioluminescence [65]. The genes of PSI
and PSII (psaA, psaB, psaC, psbA, psbB, and psbC) exhibited different degrees of lower gene
expression in the yg/19 mutant (Figure 11B). Our result is consistent with the findings of
the Arabidopsis thaliana high chlorophyll fluorescencel45 (hcf145) mutation, which leads to
the reduced stability of the plastid tricistronic psaA-psaB-rps14 mRNA and PSI deficiency
level [66]. NADH dehydrogenase has type I (NDH-1; corresponds to ndhA) and II (NDH-2;
corresponds to ndhB), which are multi-subunit complexes similar to mitochondrial complex
I and single-subunit flavoenzyme, respectively. They can reduce the plastoquinone in a
nonphotochemical manner, which is an important part of electron transport chains between
PSI and PSII [67]. It has been reported that petD can directly bind to the psbB operon (psbB-
psbT-psbH-petB), which is a typical polycistronic transcription unit in chloroplasts. The petD
gene encodes subunit IV of the cytochrome bsf complex, one of the thylakoid membrane
complexes [68,69]. Chloroplast ATP synthase is a crucial protein complex associated with
the thylakoid membrane that plays a role in the light-dependent reactions of photosynthesis.
ATP synthase major subcomplex CF; is a membrane-extrinsic, soluble subcomplex, which
consists of five subunits (x, 3, v, 9, and ¢). And the & and (3 subunits are encoded by the
plastid genes atpA and atpB, respectively [31,70]. In the chloroplast, the large subunit is
encoded by RBCL, and it catalyzes two competing reactions, CO; fixation in photosynthesis
and the production of 2-phosphoglycolate in the photorespiratory pathway [71]. In rice
and tobacco, deletion of the rpoA or rpoB encoding the subunits of plastid-encoded RNA
polymerase resulted in photosynthetic incompetence [33,72]. In our study, plastid-encoded
photosynthesis-related genes showed lower expression levels in the yg/19 mutant. Liang
et al. [73] found that five plastid-encoded genes (psaA, psaB, petA, atpA, and rpoB) were
fewer in a cs/1 mutant, which exhibited a chlorotic seedling phenotype before the trefoil
stage. And they also reported that seven genes (psaA, psaB, psbA, psbB, petD, atpA, and rbcL)
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were significantly decreased in the ygl8 mutant with a yellow-green leaf phenotype [28]. We
speculated that the downregulated expression of these photosynthesis-related genes might
be caused by the monitored regulation of chlorophyll deficiency or chloroplast function
through the plastid—nucleus retrograde signaling pathway. These results imply that the
YGL19 gene can regulate leaf photosynthesis by regulating the expression of nucleus- and
plastid-encoded photosynthesis-related genes.

3.5. The Mutation of the YGL19 Gene Affects the Expression of ROS Pathway-Related Genes,
Thereby Regulating the Metabolism of ROS

Alterations in tetrapyrrole homeostasis might cause a redox imbalance in photosyn-
thetic cells, and ROS would generate in this condition [13]. ROS-mediated redox signaling
plays an important role in regulating rice growth [74]. The accumulation of ROS can
also damage cells and negatively affect organisms, and oxidative stress signaling can be
induced by ROS molecules in cells to protect or mitigate damage [75]. ROS comprise
many species, such as singlet oxygen (10O,), superoxide anions (O, ), hydroxyl radicals
(OH) and hydrogen peroxide (H;O,), which affect proteins, lipids, and DNA repairment,
and they simultaneously impact gene expression as signals [76]. The pattern of nitro blue
tetrazolium (NBT) staining reflected the formation of blue formazan precipitates and was
indicative of O, ~ accumulation in the leaves of the yg/19 mutant compared to the wild type
(Figure 12A). The 3,3'-diaminobenzidine (DAB) staining reflected the brown precipitates
and was indicative of HO, accumulation in the leaves of the yg/19 mutant (Figure 12B).
MDA is the product of membrane lipid peroxidation, and a change in its content can
be used as an indicator to measure the degree of oxidative damage to plants, indirectly
reflecting the antioxidant capacity of plant tissues [49]. The MDA content was greatly
increased in the yg/19 mutant compared to the wild type (Figure 12D). The accumulation
of MDA causes cellular membrane damage and indirectly affects cell death [77]. Here,
we also found that the ygl19 mutant had a mosaic pattern of positive staining of trypan
blue, indicative of dead cells (Figure 12C). O, is produced in the chloroplasts and is
unstable. Superoxide dismutase catalyzes O, into HyO,, mainly encoded by OsSODA
and OsSODB. Next, HyO, is hydrolyzed by peroxidases (encoded by OsAPX and OsPOD)
or catalases (encoded by OsCAT) to produce HyO and O, [78]. Through qRT-PCR, we
found that the expression of the antioxidative enzyme genes OsCATA, OsAPX1, OsAPX2,
and OsPODI1 significantly increased in the yg/19 mutant, while OsSODA and OsSODB
decreased (Figure 12E). ROS probably also play a key role in defense responses, accompa-
nied by the induction of defense response-related genes [78]. Therefore, we detected three
ROS-responsive defense response-related genes (PBZ1, PR1a, and OsWRKY45), which were
all upregulated in the yg/19 mutant (Figure 12F). It is speculated that ROS dramatically
increased in the yg/19 mutant due to alterations in tetrapyrrole homeostasis and/or the fact
that the photosynthetically active reaction center was overexcited as a result of a functional
defect in the chloroplasts. ROS act as second messengers involved in the transmission of
oxidative stress signaling, and this may be the reason for the expression changes in ROS
metabolism-related genes. These results imply that the YGL19 gene can regulate the content
of ROS in leaves by regulating the expression of genes related to ROS metabolism.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

The yg/19 mutant was derived from the rice cultivar “Shuangyinzhan” (Oryza sativa L.
subsp. indica), and its mutant characters were inherited stably after multiple generations of
self-breeding. All materials used in this study were grown in paddy fields under natural
conditions in Nanchang, Jiangxi Province, China. The phenotype of plants was visually
observed during the whole developing period.



Int. . Mol. Sci. 2023, 24, 16762

20 of 26

4.2. Measurement of Photosynthetic Pigments

Leaf samples were collected from the yg/19 mutant and its wild type at the seedling
stage and tillering stage. After grinding into powder with liquid nitrogen, 0.2 g of leaf
powder was used to extract pigments with 80% acetone at 4 °C for 2.5 h under dark
conditions. Then, the contents of chlorophyll (Chl) and carotenoids (Caro) were measured
using an INFINITE 200 PRO (Tecan, Madnnedorf, Switzerland) at 470 nm, 646 nm, and
663 nm according to the method as described previously [79].

4.3. Measurement of the Net Photosynthetic Rate

The net photosynthetic rate (Pn) was measured under conditions of 400 ppm CO,
concentration and sunny weather, between 09:30 and 10:30 a.m. when the solar radiation
was approximately 1200 umol m~2 s~1. At the late tillering stage, the penultimate fully
expanded leaves of the wild type and yg/19 mutant were selected to measure the photosyn-
thetic capability with a portable photosynthetic apparatus Li-6400 (LI-COR, Hainesport,
NJ, USA). Three biological replicates were performed for the wild type, ygl19 mutant, and
transgenic plants.

4.4. Map-Based Cloning of the YGL19 Gene

For genetic population construction, the yg/19 mutant was crossed with the rice
cultivars 02428 (Oryza sativa L. subsp. japonica) and 9311 (Oryza sativa L. subsp. indica). The
resulting F; grains were sown and self-crossed to construct the F, populations, which were
used for genetic analysis and gene mapping.

A total of 44 F, mutant plants from the cross-population of the yg/19 mutant and 9311
were randomly selected to preliminarily map the YGL19 gene using simple sequence repeat
markers well distributed on all 12 chromosomes and distinguishing two parents. For fine
mapping, nine additional In/Del primers were successfully designed to distinguish the
y¢!19 mutant and 02428 based on the published genomic sequence differences between the
indica and japonica rice varieties. Therefore, the fine mapping was performed by using these
nine In/Del primers and 1062 F, mutant individuals from the cross-population of the /19
mutant and 02428. The primer sequences used are listed in Supplementary Table S1.

4.5. Complementation of the YGL19 Gene

For the complementation of the YGL19 gene into the yg/19 mutant, the 621 bp coding
sequence of the wild-type YGL19 gene (LOC_Os03g21370) was cloned into the binary vector
pBWA(V)HU, using primers 5'-CAGTGGTCTCACAACATGGTGGCTCCCGCGACGCT-3
and 5'-CAGTGGTCTCATACACTATGCTGTTCCATTGCTAG-3 with the Bsal restriction
site. The fusion vector pPBWA(V)HU-Ubi-YGL19 driven by the ubiquitin promoter was
transformed into ygl19 calli via Agrobacterium-mediated transformation, as described pre-
viously [80]. Briefly, mature yg/19 seeds were used for the induction of calli. Then, the
calli were sub-cultured and inoculated with Agrobacterium tumefaciens EHA105 containing
pBWA(V)HU-Ubi-YGL19 vector. A screening medium with hygromycin resistance was
used to screen the successfully transfected positive callus tissues, which were used to induce
seedling formation through dedifferentiation culture and root formation through rooting
culture. The Ty transgenic rice plants were grown in the field and the seeds were harvested.
The positive transgenic T; seeds were screened out via hygromycin treatment. Transgenic
plants were also detected using Hyg primers F: 5-CTGCCCGCTGTTCTACAACCGG-3’
and R: 5-GGAGCATATACGCCCGGAGTC-3', which specifically amplify the screening
resistance gene hygromyecin.

To examine the single-base alternation in the y¢/19 mutant, wild type, and transgenic
lines, a dCAPs molecular marker primer (F: TTCATGCTGGACGAGGAG, R: TTGGGGAAC-
CTGTCGAGGAACTTCG) was designed to amplify a 128 bp fragment with or without the
Tag 1 restriction site based on the SNP alternation of yg/19, by using the dCAPS Finder 2.0
Program (http:/ /helix.wustl.edu/dcaps/dcaps.html, accessed on 6 September 2022). The
Tag 1 enzyme could match the sequence (TYCGA) in the yg/19 amplicon; then, the amplified
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128 bp fragment could be digested into 105 bp and 23 bp fragments. The wild-type ampli-
con product without this enzyme digestion site could not be digested, showing a 128 bp
fragment. The Ty transgenic complementary lines have both y¢/19 and YGL19 sequences,
and we could detect 128 bp and 105 bp fragments.

4.6. Gene Expression Analysis via qRT-PCR

Total RNA was extracted with a TRIZOL Kit (Invitrogen, Carlsbad, CA, USA) ac-
cording to the instructions. A total of 1.0 mg of RNA was used for cDNA synthesis
using the PrimeScript RT kit and gDNA Eraser (Takara, Dalian, China) according to
the manufacturer’s protocol. Primers were designed using Primer3 online tools (https:
/ /bioinfo.ut.ee/primer3-0.4.0/, accessed on 14 September 2021) and synthesized by Beijing
Tsingke Biotech Co., Ltd. (Tsingke, Beijing, China). Real-time quantitative PCR (qRT-PCR)
was performed in a total volume of 10 pL containing 0.2 uM of each primer pair and 1 x
SYBR green PCR master mix (Tiangen Biotech, Beijing, China) by using the CFX96 real-time
PCR system (Bio-Rad, Hercules, CA, USA). All reaction conditions were as follows: 95 °C
for 15 min; 40 cycles of 95 °C for 10 s, 60 °C for 10 s, and 72 °C for 15 s; and then a melt
curve from 65 to 95 °C. For each experimental group, qRT-PCR was operated with three
technical replicates for each of three biological replicates. The 2~*4CT method was applied
to calculate the quantitative expression of each gene relative to the internal control. The rice
genes ARF (LOC_Os05g41060), Profilin-2 (LOC_Os06g05880), and EF-1a (LOC_Os03g08020)
were used as the reference genes as previously described [81]. All qRT-PCR primers are
listed in Supplementary Table S2.

4.7. Subcellular Localization

The full-length cDNA fragment of the YGL19 gene was amplified from the wild type
and inserted into the pPBWA(V)HS-GLosgfp vector. The PCR primers were 5'-CAGTGGTCT
CACAACATGGTGGCTCCCGCGACGCT-3 and 5'-CAGTGGTCTCATACACTATGCTGTT
CCATTGCTAG-3/, which separately contained a Bsal site at the 5'-end and a EcoRI site
at the 3'-end of the cDNA fragment. The constructed fusion vector pBWA(V)HS-YGL19-
GLosgfp and the empty vector pPBWA(V)HS-GLosgfp (negative control) were separately
transformed into the rice protoplasts, following a previously described method [28]. Finally,
the GFP fluorescence in the transformed protoplasts was examined under a laser scanning
confocal microscope (Fluoview FV1000, Olympus, Tokyo, Japan).

4.8. Determination of Reactive Oxygen Species (ROS)

The same parts of the fully expanded leaves of the yg/19 mutant with leaf spots and
wild type at the tillering stage were selected for experiments. We put the leaves in a
15 mL tube containing NBT staining solution (0.5 ng/mL in 0.01 M PBS (PH = 7.6)) and
vacuumized. The leaves were immersed in the bottom of the tube and stained for more
than 3 h at 28 °C in the dark. The leaves were taken out and placed in a centrifuge tube
containing 80% ethanol, boiled in a water bath until the green pigments were removed,
and finally stored in 70% glycerol at 4 °C and photographed [82-84].

Hydrogen peroxide (H,0,) in the rice leaves was detected using 3,3'-diaminobenzidine
(DAB) staining as previously described [85]. Leaves were placed in a 15 mL tube containing
DAB staining solution (1 mg/mL) and vacuumized. The leaves were taken out and placed
in a centrifuge tube containing 80% ethanol, boiled in a water bath until the green pigments
were removed, and finally stored in 70% glycerol at 4 °C and photographed [82,86].

For trypan blue staining solution, the leaves of wild type and yg/19 mutant were
soaked in trypan blue staining solution (LPTB; 2.5 mg mL~! trypan blue, 25% (W /V) lactic
acid, 23% water-saturated phenol, and 25% glycerol in H,O), stained in a boiling water
bath for 2 min, stained overnight at room temperature after natural cooling, dissolved in
2.5 g/mL chloral hydrate for 3 days to decolorize (with the decolorizing solution changed
once a day), and finally stored in 70% glycerol at 4 °C [87].
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The activities of malondialdehyde (MDA) in the extracts were measured using the
following kits from Beyotime Biotechnology (Beyotime Biotechnology, Beijing, China)
according to the manufacturer’s instructions: The extracts of leaves were prepared using
the cell lysis buffer for Western blotting and IP (Cat. P0013, Beyotime Biotechnology,
Beijing, China). The concentrations of proteins were detected using the Enhanced BCA
Protein Assay Kit (Cat. P0012S, Beyotime Biotechnology, Beijing, China). The content of
malondialdehyde (MDA) was detected using the Lipid Peroxidation MDA Assay KIT (Cat.
50131, Beyotime Biotechnology, Beijing, China) [88].

4.9. Data Sources

The protein sequences, transcript sequences, genomic sequences, and GFF annotation
files of 106 green plants, 16 protists, and 17 bacteria were downloaded from the Phytozome
(https:/ /phytozome-next.jgi.doe.gov/, accessed on 16 November 2022) and NCBI (https:
/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 16 November 2022) websites.

4.10. Phylogenetic Tree Construction and Multiple Sequence Alignment

The protein sequence of the YGL19 protein was input under Protein BLAST by logging
onto the NCBI website, and its homologous proteins in different species were downloaded.
The software Clustal X (v2.1) was used for amino acid sequence alignment. The neighbor-
joining method in MEGA (v11.0.13) software was adopted to build an evolutionary tree.
Bootstrapping was conducted 1000 times to build an evolutionary tree for homologous
proteins. The tree was visualized using the Interactive Tree of Life (iTOL) and FigTree
v1.4.4.

4.11. Analysis of Gene Structure and Sequence Motifs

The coding sequence (CDS) information of the 139 full-length primary protein se-
quences from green plants, chlorophytes, protists, and bacteria was retrieved from the
GFF annotation files and submitted to TBtools v2.010 [89] to visualize the exon—intron
organization and protein domain of YGL19 homologous proteins in representative species.
Motif analysis was performed using MEME suite v5.3.0 [90], which scans for motifs re-
curring in a set of sequences. Motif analysis was carried out using the MEME server
(https:/ /meme-suite.org/meme/tools/meme, accessed on 12 September 2022), keeping
the width of the motif at 6-50 amino acids, the number of motifs at 20, and the other
parameters set to default. The gene structure and conserved motif patterns were visualized
using TBtools v2.010 [89].

4.12. Statistical Analysis

All data were statistically analyzed using Microsoft Excel 2021 (Microsoft Corporation,
Washington, DC, USA) and GraphPad Prism 5 (v5.01) (GraphPad Software, Inc., San Diego,
CA, USA). Student’s t-test was conducted to compare the wild type and the yg/19 mutant,
and *, **, and *** represent significant differences at the 0.05, 0.005, and 0.0005 levels,
respectively. GraphPad Prism 5 was used to construct graphs.

5. Conclusions

In conclusion, this study identified the YGL19 gene (LOC_Os03g21370) in rice, respon-
sible for the yellow-green leaf, spot leaf, and weakened agronomic characters of the ygl19
mutant. The YGL19 gene is expressed mainly in the leaf tissue and localizes in the chloro-
plasts to perform biological roles. YGL19 homologs are unique for photoautotrophs and
contain a conserved YCF54 domain. The expression levels of tetrapyrrole synthesis-related
genes, photosynthesis-related genes, and ROS metabolism-related genes were regulated in
the yg/19 mutant. It is suggested that the YGL19 gene plays an important role in tetrapyrrole
synthesis, photosynthesis, and ROS metabolism in rice.
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