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Abstract

Key message The altered rice leaf color based on the knockout of CAO1 gene generated using CRISPR/Cas9 tech-
nology plays important roles in chlorophyll degradation and ROS scavenging to regulate both natural and induced
senescence in rice.

Abstract Rice chlorophyllide a oxygenase (OsCAQO1), identified as the chlorophyll b synthesis under light condition, plays
a critical role in regulating rice plant photosynthesis. In this study, the development of edited lines with pale green leaves by
knockout of OsCAO1 gene known as a chlorophyll synthesis process is reported. Eighty-one genetically edited lines out of
181 T, plants were generated through CRISPR/Cas9 system. The edited lines have short narrow flag leaves and pale green
leaves compared with wild-type ‘Dongjin’ plants (WT). Additionally, edited lines have lower chlorophyll b and carotenoid
contents both at seedling and mature stages. A transcriptome analysis identified 580 up-regulated and 206 downregulated
genes in the edited lines. The differentially expressed genes (DEGs) involved in chlorophyll biosynthesis, magnesium che-
latase subunit (CHLH), and glutamate-1-semialdehyde2, 1-aminomutase (GSA) metabolism decreased significantly. Mean-
while, the gel consistency (GC) levels of rice grains, chalkiness ratios and chalkiness degrees (CD) decreased in the edited
lines. Thus, knockout of OsCAO1 influenced growth period, leaf development and grain quality characters of rice. Overall,
the result suggests that OsCAO] also plays important roles in chlorophyll degradation and ROS scavenging to regulate both
natural and induced rice senescence.

Keywords Chlorophyllide a oxygenase (CAO) - CRISPR/Cas9 - Chlorophyll degradation - Transcriptome analysis

Abbreviations CHLH Magnesium-chelatase subunit
LHC Chlorophyll-protein complex GC Gel consistency
CAO Chlorophyllide a oxygenase CDh Chalkiness degrees
KO Knockout T-DNA Transfer, DNA
GSA Glutamate- 1-semialdehyde2, 1-aminomutase
Introduction
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Chlorophyll a not only acts as a photosynthetic reaction
center but also an important factor of the light-harvesting
chlorophyll-protein complex (Green and Durnford 1996).
However, chlorophyll b is present only in chlorophyll—pro-
tein complex (Liu et al. 2004). Chlorophyll b also controls
the photosynthetic antenna size, binds to LHC (light-har-
vesting complex) proteins and stabilizes on the thylakoid
membrane. However, LHC proteins that do not bind to
chlorophyll b are degraded by proteases (Paulsen et al.
1993; Lindahl et al. 1995; Hoober and Eggink 2001).
The gene involved in chlorophyll b synthesis was isolated
from the knockout mutants of Chlamydomonas reinhardtii
(Tanaka et al. 1998; Mueller et al. 2012). The CAO protein
contains three domains known as A, B, and C at the N ter-
minus (Nagata et al. 2004). Also, the mutations in the CAO
genes result in a total loss of chlorophyll b, indicating that
CAO is exclusively responsible for chlorophyll b synthesis
in Arabidopsis plant (Espineda et al. 1999). In an in vitro
experiment, the methyl group of chlorophyll a was con-
verted to a formyl group without other proteins in recom-
binant Arabidopsis as a CAO (Oster et al. 2000). There-
fore, CAO is believed to be the sole enzyme responsible for
chlorophyll b synthesis. The all green plants tested as of
this study, including Streptophyta and Chlorophyta, con-
tains a single copy of a CAO gene (Kunugi et al. 2016), but
rice has two CAO genes (OsCAOI and OsCAO2) (Lee et al.
2005). The two rice genes are tandemly positioned in rice
genome, inferring that they were modified by a recent gene
duplication event. Chlorophyll b deficiency was showed in
the T-DNA mutant inserted in the first intron site of the
OsCAO]1 gene. Therefore, it was reported that the CAO1
gene plays a direct role in chlorophyll b production (Lee
et al. 2005). In addition, these mutants have pale green
leaves, which are induced by light (Lee et al. 2005; Yang
et al. 2016).

The CRISPR/Cas9 system as a powerful and highly effi-
cient genome editing tool for breeding programs has been
utilized to modify the genomes of main crops. For instance,
the Osvp! rice mutant generated by the CRISPR/Cas9 sys-
tem produced the acquisition of seed dormancy breaking
than wild-type plants (Jung et al. 2019). Moreover, knock-
out of EIF4E increased the immunity of cucumber to a
number of viruses, including zucchini yellow mosaic virus,
cucumber vein yellowing virus, and papaya ringspot mosaic
virus (Bastet et al. 2019). Gene editing of VwWRKYS52 via
CRISPR/Cas9 in grape increased its resistance to Botrytis
cinerea infection (Wang et al. 2018). In this study, we aim
(1) to identify whether homozygous mutant lines in rice can
be efficiently generated using CRISPR/Cas9 technology, (ii)
to determine the phenotype of OsCAO! knockout mutant,
and (iii) to quantify the extent of changes in gene expres-
sion through RNA-sequencing to knockout (KO) mutants
of OsCAOI in rice. These KO mutant lines, as previously
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reported, confirmed that chlorophyll biosynthesis was sig-
nificantly suppressed and phenotype of a pale green leaf
was observed.

Materials and methods
Plant materials and growth conditions

Korean rice cultivar Dongjin (Oryza sativa L., ssp. Japon-
ica) has used as a wild-type in the experiment. Plants have
grown under a greenhouse and in the field of Hankyong
National University in Korea. Seeds were harvested and
dried to have about 14% moisture content and kept at 4 °C.

CRISPR/Cas9 target site selection and CRISPR/Cas9
vector construction

Two target sites were selected from the OsCAO] sequence
for designing sgRNA (single-guide RNA) based on their
location in the target gene using the CRISPR RGEN tool
program (https://www.rgenome.net/) (Table S1, Fig. S1)
(Park et al. 2015). The validation test for sgRNA selection
was performed through T7E1 assay using protoplast iso-
lated from rice seedling leaves (Kim et al. 2013; Zhu et al.
2015) (Fig. S2). The CRISPR/Cas9 construct was generated
according to the previously established method (Jung et al.
2019). Briefly, the sgRNA expression cassette sequences
with Xhol and EcoRI sites between sgRNA scaffold and
OsU3 promoter sequence were constructed by Bioneer co.,
LTD (Dajeon, Korea). The sgRNA expression cassettes were
then cloned into Aarl-digested OsU3/pBOsC binary vec-
tor (Jung et al. 2019). Construction of the sgRNA expres-
sion vector and its flanking sequences were investigated by
Sanger sequencing and next-generation (deep) sequencing
(NGS) (Fig. S3a). The constructed plasmid was inserted into
the Agrobacterium tumefaciens strain, EHA105, with the
electroporation method (Fig. S3b) (Lee et al. 2011).

Rice transformations and generation of edited lines

Rice transformation was performed as described by Lee
et al. (2011). Transgenic plants were regenerated from
inoculated calli using a medium containing phosphinothricin
(6 mg/L) and cefotaxime (250 mg/L) before transplanting to
greenhouse. After 4 weeks of root development, transgenic
rice plants were transplanted to pots in a greenhouse main-
tained at 30 °C during the day and at 23 °C during night.
All transgenic plants were carefully cultivated in greenhouse
and fields condition (Fig. S3b). Genomic DNA was extracted
from approximately 100 mg leaf tissue using DNA Quick
Plant Kit (Inclone, Korea). To determine whether T-DNA
is present in transgenic plants, PCR analysis was conducted
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with PrimeSTAR HS DNA Polymerase (TAKARA, Japan)
to amplify the Bar gene and the fragments surrounding the
target sites (Fig. S3c). PCR amplicons were used to sequence
the gene-edited sites using MiniSeq (Illumina, San Diego,
CA, USA). In addition, the selection of T-DNA free lines
was carried out by the method previously described by Jung
et al. (2019). Briefly, a 1% (v/v) Basta solution was embed-
ded in gauze on a part of the seedling leaves grown to the
three-leaf stage, and observed 3 days later to distinguish
between resistance and sensitivity. Also, these plants were
used to reconfirm whether they were resistant or sensitive
by the bar-strip test. The NGS data obtained with MiniSeq
was performed using Cas-Analyzer previously reported by
Park et al (2017) (https://www.rgenome.net/cas-analyzer).
To reduce errors in experiments, reads that appear only once
were excluded. The insertion and deletion mutations induced
by Cas9 were considered to occur only around the cleavage
site 3 bp upstream of the protospacer. Also, stably inherited
edited plants possessing single-copy insertion of the T-DNA
region were selected and used in this study.

Morphological, physiological, and cellular analysis

To estimate pigment contents, photosynthetic and chloro-
phyll fluorescence parameters for leaves, experiment meth-
ods were performed as described by Akhter et al. (2018).
TEM analysis (Hitachi, H-600, Tokyo, Japan) was used to
examine the structure of chloroplasts in plant cells accord-
ing to the method previously described by Nakajima et al.
(2012). Agronomic traits containing grain length, width,
and 1000-grain weight were investigated using conventional
methods. In addition, the accumulation of peroxide anions
and peroxidase was also performed using 3,3'-diaminobenzi-
dine (DAB), as previously reported by Wang et al. (2013b).
The data were analyzed using the GraphPad Prism 7.0 (https
://'www.graphpad.com/, San Diego, CA, USA) for mean val-
ues and SD or SEM. The significance of statistic data was
identified using Student’s 7 test and Duncan’s test.

Transcriptome analysis by RNA-seq

Total RNA was extracted from 4-week-old WT, caol-1-2
(—32/-32) and caol-2-16 (—4/—4) seedlings using TRIzol

Table 1 Mutation frequency of OsCAO1 gene using CRISPR/Cas9 system

reagent for RNA-seq analysis. The construction of cDNA
library and sequencing analysis were carried out by Mac-
rogen Co (Seoul, Korea). Clean reads were produced by
removing low-quality reads and mapped to Nipponbare
(IRGSP-1.0 pseudomolecule/MSU7) reference genome
(https://plants.ensembl.org/) using TopHat (V 2.0.13) with
default parameters (https://ccb.jhu.edu/software/tophat).
According to information of mapped reads, gene expression
levels were normalized to RPKM (Reads per kilobase per
million mapped reads). DEGs analysis between edited plants
(caol-1-2 (=32/-32), caol-2-16 (—4/—4)) and WT was
performed to screening standard of FC (Fold Change) > 2
and FDR (False Discovery Rate) <0.01. GO (Gene Ontol-
ogy) analysis and KEGG (Kyoto Encyclopedia of Genes and
Genomes) database were performed as previously reported
by Marjohn et al. (2020).

Quantitative RT-PCR analysis

To confirm the accuracy of the RNA-seq data, qRT-PCR
was conducted on selected genes. The caol-1-2 and caol-
2-16 lines were assessed according to WT, and relative gene
expression levels were normalized by the Actin gene. All
assays for each gene were performed in triplicate with the
same conditions. Primers list to amplify the genes used in
this experiment are shown in Table S2. And the RNA-seq
data have been deposited into NCBI database.

Results

Production of 0sCAO1 knockout mutants using
CRISPR/Cas9 system

To develop the edited plants, we generated OsCAO]1 loss-
of-function lines using CRISPR/Cas9 system. A total of
98 and 83 positive transgenic plants for sgRNA:caol-1 and
sgRNA:caol-2 were obtained in T, generation, respectively
(Fig. S3c, Table 1). Subsequently, we sequenced the target
regions using all positive transgenic plants to analyze the
mutations at the target sites. The mutation rate was 37.5
and 36.7% in the sgRNA:caol-1 and sgRNA:caol-2, respec-
tively (Table 1). These results may reveal very high editing

Target region No. of trans- No. of No. of plants  Muta- Homozygous mutations Bi-allele mutations Heterozygous mutations
formationin  plants with muta- tion rate  Number (%) Number (%) Number (%)
callus examined  tions (%)

sgRNAI 120 98 45 37.5 9 (20.0) 29 (64.4) 7 (15.6)

sgRNA2 109 83 36 36.7 11 (30.6) 19 (52.8) 6 (16.7)

Average 114.5 90.5 40.5 37.1 10 (25.3) 24 (58.6) 6.5 (16.1)
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efficiency in the same genetic backgrounds. Sequence results
of the mutated region revealed that there were various muta-
tions that occurred, including insertion (1-2 bp) and deletion
(1-61 bp) of different nucleotides (Fig. 1b-c). These mutants
could be divided into edited plants with homo-, hetero- and
bi-alleles (Fig. 1b-c). The most common type of muta-
tions were 1 bp insertions and deletions (Indels) (Fig. S4).
Among allele mutation types, there were 69.8% (56/81) for
deletions, 29.6% (24/81) for insertions, and 1.2% (1/81) for
insertions/deletions, respectively (Fig. S4). Also, we inves-
tigated the sgRNA using Cas-OFFinder (https://www.rgeno

me.net/cas-offinder/) (Bae et al. 2014) and chose two poten-
tial off-target sites. However, we could not find any off-target
mutations after sequencing these loci (data not shown). To
eliminate the bialaphos resistance gene (bar) as a selection
marker and T-DNA sequences, T, edited plants identified
by NGS analysis were self-pollinated to generate T, progeny
seeds. T, progeny plants that were either homo-alleles or
T-DNA free plants were analyzed by Bar-strip test, pheno-
typing and genotyping (Fig. S5a-d). The mutations found
can lead to functionally altered proteins, and could have
different mutation sites compared with previously reported

Fig. 1 Genome editing in rice a OsCAOT7 (0s10g0567400)
OsCAOI gene. a Design of
sgRNA sites for OsCAOI exons;
the PAM motif (NGG) appear in
red color. b Sequence alignment
by NGS analysis of the sgRNA

target region in different mutant

PAM
sgRNAL: 228 ACCGGACCACCTCAAGAGCTTGG 250

sgRNA2 : 162 CTTGTTCCATGTCGATGACCCGG 184

lines. Deletion and insertion PAM
indicated dash and red letters, b sgRNAL
respectively
Wild type  GGCAAGTTCTTGGATGTCAACCAAGCTCTTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT
cao1-1-01  GGCAAGTTCTTGGATGTCAACCAAGCTTCTTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT +T
. €a01-1-02  GGCAAGTTCT----============—=———~——~-------- TTCGATATCCAGTATTGCGAT  -32
Putative (407121  GGCAAGTTCTTGGATGTCAACCAAGC-CTTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT -1
homozygous (557129  GGCAAGTTCTTGGATGTCAACCAAGCGTCTTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT +G
mutants ;51136 GGCAAGTTCTTGGATGTCAACCAAG------- GGTGGTCCGGTTCGATATCCAGTATTGCGAT -7
caol-1-42  GGCAAGTTCTTGGATGTCAACCAAG--CTTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT -2
cao01-1-68  GGCAAGTTCTTGGATG------------- TGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT -13
cao1-1-81  GGCAAGTTCTTGGATGTCAACCAAG- - -TTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT -3
allelel cao1-1-03 GGCAAGTTCTTGGATGTC--------- CTTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT -9
allele2 cao1-1-03 GGCAAGTTCTTGGATGTCAACCAAGCGTCTTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT +G
cao1-1-07  GGCAAGTTCTTGGATGTCAACCAAGCTTCTTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT +T
. cao1-1-07  GGCAAGTTCTTGGATGTCAACCAAGCTCCTTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT +C
Putative 1 116 GGCAAGTTCTTGGATGTCAACCAAG---TTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT -3
Bi-allelic  /,1.1.16  GGCAAGTTCTTGGATGTCAACCAAGCTTCTTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT +T
mutants 167131  GGCAAGTTCTTGGAT-=----===---==- TGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT -14
caol-1-31  GGCAAGTTCTTGGATGTCAACCAAGCTCCTTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT +C
cao1-1-79  GGCAAGTTCTTGGATGTCAACCAAGC-CTTGAGGTGGTCCGGTTCGATATCCAGTATTGCGAT -1
cao1-1-79  GGCAAGTTCTTGGATGTCAACCAAGC----- AGGTGGTCCGGTTCGATATCCAGTATTGCGAT -5
putative €001-1-19  GGCAAGTTCTTGGATGTCAACCAAGC- - - -GAGGTGGTCCGGTTCGATATCCAGTATTGCGAT -4
heterozygous 001-1-41  GECAAGTTCTTGGA- - - - === - --sooosooosoooooo oo oo oo oo oo oo -61
mutants €901-1-56  GGCAAGTTCTTGGATGTCA CGATATCCAGTATTGCGAT -25
€a01-1-75  GGCAAGTTCTTGGATGTCAACCAAGC--========-~ TCCGGTTCGATATCCAGTATTGCGAT  -11
sgRNA2
Wild type  AAGAACAACGCATGGGAGGCCTTGTTCCATGTCGATGACCCGGGGCCAAGGGTTCCAATTGCAAA
cao1-2-05  AAGAACAACGCATGGGAGGCCTTGTTCCATGTCGATGTACCCGGGGCCAAGGGTTCCAATTGCAAA +T
Putative cgo1-2-16  AAGAACAACGCATGGGAGGCCTTGTTCCATGTC- - - -ACCCGGGGCCAAGGGTTCCAATTGCAAA -4
homozygous  ¢qo1-2-18  AAGAACAACGCATGGGAGGCCTTGTTCCATGTCGA--------- GCCAAGGGTTCCAATTGCAAA -9
mutants  ¢go1-2-31  AAGAACAACGCATGGGAGGCCTTGTTCCATGTCGAT-ACCCGGGGCCAAGGGTTCCAATTGCAAA -1
cao1-2-33  AAGAACAACGCATGGGAGGCCTTGTTCCATGTCGATGCACCCGGGGCCAAGGGTTCCAATTGCAAA +C
allelel €a01-2-07  AAGA============ === == GCCAAGGGTTCCAATTGCAAA -40
allele2 cao1-2-07  AAGAACAACGCATGGGAGGCCTTGTTCCATG------ ACCCGGGGCCAAGGGTTCCAATTGCAAA -6
cao1-2-11  AAGAACAACGCATGGGAGGCCTTGTTCCATGTCGATGTACCCGGGGCCAAGGGTTCCAATTGCAAA +T
putative  €001-2-11  AAGAACAACGCATGGGAGGCCTTGTTCCATGTCG- - -ACCCGGGGCCAAGGGTTCCAATTGCAAA -3
Bi-allelic  €901-2-27  AAGAACAACGCATGGGAGGCCT----=-=--=--=-=----- CCCGGGGCCAAGGGTTCCAATTGCAAA -16
mutants  €901-2-27  AAGAACAACGCATGGGAGGCCTTGTTCCATGTCGA--ACCCGGGGCCAAGGGTTCCAATTGCAAA -2
cao1-2-34  AAGAACAACGCATGGGAGGCCTTGTTCCATGTCGATGGGACCCGGGGCCAAGGGTTCCAATTGCAAA +2
cao1-2-34  AAGAACAACGCATGGGAGGCCTTGTTCCAT--------------- CCAAGGGTTCCAATTGCAAA -15
putative 901202 AAGAACAACGCATGGGAGGCCTT---=-----==----oo---- CCAAGGGTTCCAATTGCAAA  -22
heterozygous cao1-2-04  AAGAACAACGCATGGGAGGCCTTGTTCCATG- - - - TGTGACCCGGGGCCAAGGGTTCCAATTGCAAA -4/+2
mutants  €901-226  AAGAACAACGCATGGGAGGCCTTGTTCCATGTCGATG-CCCGGGGCCAAGGGTTCCAATTGCAAA -1
cao1-2-29  AAGAACAACGCATGGGAGGCCTTGTTC---------- ACCCGGGGCCAAGGGTTCCAATTGCAAA -10
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Oscaol alleles (Herbert et al. 2020). In this experiment, we
edited the other sites of OsCAO]I gene, and the edited lines
showed phenotype of a pale green leaf at the seedling stages
(Fig. 2a). Also, we measured the photosynthetic pigment
contents to explore the pale green leaf phenotype of caol-
1-2 and cao1-2-16 lines. The results showed that caol-1-2
and caol-2-16 lines had significant reduction of chlorophyll
a, total chlorophyll’s and carotenoids, whereas the chloro-
phyll b was not detected in two edited lines (Fig. 2b). Also,
the ratio of chlorophyll a/chlorophyll b of these mutant lines
was dramatically increased compared with that of WT at
the seedling (21 day) and mature stages (90 day) (Fig. 2b).
Therefore, these data suggested that pale green leaf of caol-
1-2 and caol-2-16 lines was caused by the reduced chloro-
phyll b contents. To investigate the chloroplast development
of pale green leaf phenotype in edited lines, a TEM (trans-
mission electron microscope) analysis was carried out to
compare to the leaf of WT for ultrastructure of chloroplasts.
The mesophyll cells appear fully developed chloroplasts
in WT, but a decrease in the number of thylakoid lamellar
layers was observed in caol-1-2 and caol-2-16, and these
thylakoid lamellar layers were not well arranged compared
to WT (Fig. 2c). These results suggested that caol-1-2 and
caol-2-16 did not develop chloroplast normally due to the

a Seedling stage (21days)
T cao1-2-16
WT caol1-1-2 /caol-2-16 wT caol-1-2
b W wr B wr
w0 [ cao1-1-2 20 [ cao1-1-2 s
g [ cao1-2-16 = - [ cao1-2-16
D30 ? 15 3% e
= St o o)
2 2 SE s
€ 20 < 10 Sy
3 S
] = €
5] S —ag 2
S g s <
S 10 S o8 S5
= = o 1
o o

Seedling stage

00
Seedling stage Mature stage Mature stage

psaA

PN
8 8

oc....~
g & 8
1

Relative expression
8

cao1-2-16 o

wT cao1-1-2

Fig.2 Pigment contents in leaves between caol-1-2 and caol-2-16
and WT. a Phenotypes of 21 days seedling stage and 90 days mature
stage for wild-type (WT) and OsCAOI mutant lines. b Contents of
chlorophyll a, chlorophyll b, total chlorophyll, chlorophyll a/b ratio
and carotenoid ratio on leaf mass basis, in different periods of 21-day
seedling stage and 90-day mature stage. ¢ Transmission electron
microscopy (TEM) analysis of leaves of caol-1-2, caol-2-16 and

0
Seedling stage

impairment of pale green color and chlorophyll content,
and poor arrangement of thylakoid lamellar layers. Thus,
the expression levels of genes related to photosynthesis
were assessed by quantitative real-time PCR (qQRT-PCR).
The results revealed that the transcription levels of a psaA
gene were upregulated slightly in caol-1-2 and caol-2-16,
whereas psbA, rbcS and rbcL were apparently downregu-
lated in caol-1-2 and caol-2—-16 compared with those of
the WT (Fig. 2d). Thus, the knockout of OsCAO! influences
the expression of other genes related to plant photosynthesis
as well.

Agronomic traits of edited lines

Several agronomic traits of edited lines were compared to
the WT control. The caol-1-2 and caol-2—16 lines remark-
ably reduced plant height, number of tillers per plant, and
number of grains per panicle, grain size, grain weight
and seed-setting rate than that of the WT (Table 2). Grain
qualities including chalkiness degree (CD), gel consistency
(GC), amylose content (AC) and gelatinization temperature
(GT) in edited lines and WT were further investigated. The
CD, GC and AC in caol-1-2 and caol-2-16 lines were
lower than that in WT (Fig. 3, Table S3). The GT showed

W wr | wr wT
[ cao1-1-2 120 O cao1-1-2 1 [ cao1-1-2
[ cao1-2-16 160

[ cao1-2-16 [ cao1-2-16

Chl a/b contents (mg/g)
g

Mature stage

Seedling stage

Mature stage Mature stage

Seedling stage

psbA

o120 120 Rty
@ 1.00 2 1.00 2 1.0
7
5 0.80 Los0 | 2080
3 060 T 0.60 & 060
o
£ 040 2 040 20w
- s =
& 020 m gon m "I“ 0w
0.00 0.00 0.00
L © WT WI 0 N
N ¥ N ¥ N b
© & o o & o
¢ o ¢ & & &

WT lines. d Relative expression levels of psaA, psbA, rbeS and rbcL
genes by qRT-PCR. As a loading control, the caol-1-2, caol-2-16
and WT were also amplified with actin-specific primers for qRT-PCR
analysis. CT values were calculated by actin expression levels, and
error bars represent from the values obtained through three replica-
tions

@ Springer



1018

Plant Cell Reports (2021) 40:1013-1024

Table2 Agronomic characters in caol-1-2, caol-2—-16 and WT lines
cultivated in the experimental field

Traits Wild type caol-1-2 caol-2-16

Plant height (cm) 95.8+2.0a 82.7+2.70  82.7+2.7b
Tiller numbers 84+1.2a 54+1.2b 54+1.0b
Panicle length (cm) 20.5+1.2a 19.7+1.2a 20.0+1.2a
No. of primary branches  13.8 +£0.8b 13.3+0.80b 20.1+1.1a
No. of secondary 22.0+1.1a 214+1.1a 222+1.2a

branches

No. of grains per panicle 142.4+10.6a 121.4+59b 125.4+6.8b
1000-grain weight 24.1+1.1a 18.8+0.8b 17.6+0.7b
Seed-setting rate (%) 86.3+5.0a 4144370 39.8+2.9b
Grain yield per plant (g) 149+1.7a 5.2+0.9b 5.6+1.2b

Means +standard deviation (+sd.), n=3. Statistical differences
among the agronomic traits were detected by Duncan’s multiple range
test (p <0.05)

no significant difference between edited lines and WT
(Table S3). Therefore, the caol-1-2 and caol-2-16 lines
demonstrated decreased photosynthetic efficiency, biomass,
grain yield and grain quality due to lack of chlorophyll b
compared to the WT. It is also known that leaf variegation
is induced by ROS accumulation because it usually leads to
cell apoptosis (Jiang et al. 2011). Therefore, we investigated
whether ROS accumulation in the flag leaves of edited lines
and WT was detected using DAB solution (Fig. S6). More
ROS was accumulated in leaves of caol-1-2 and caol-2-16
lines compared to the WT, suggesting that the edited plants

lost more membrane integrity during development compared
with the WT (Fig. S6 b).

Comparative analysis of transcriptome profiling

To understand the impact of OsCAO1 knockout on the rice
transcriptome, we performed RNA-seq experiments on
the caol-1-2 and caol-2—-16 and WT plants (Fig. 4). The
RNA-seq results showed that gene expression was altered
significantly in caol-1-2, caol-2-16 and WT plants
(Fig. 4b-c). The differentially expressed genes (DEGs)
were identified using the screening standards FC>2. A
total of 786 DEGs, containing 580 up- and 206 down-reg-
ulated genes in caol-1-2 vs. WT and caol-2-16 vs. WT
were identified, respectively (https://210.115.36.99:8099/
R-seq_results-jung.xlsx) (Fig. 4b-d, Tables S4, S5). Gene
ontology (GO) was used to classify the DEG functions.
DEGs were grouped into three major GO categories, cellu-
lar component, biological process, and molecular function,
that totally contained 49 functional groups (Fig. 4e). In
addition, the determination of the most enriched GO (gene
ontology) terms revealed that the DEGs were grouped into
13 different GO terms, including 2 terms for cellular com-
ponent, 3 terms for biological process, and 9 terms for
molecular function (Fig. 4e). The results underlined that
the DEGs annotated with GO terms were mostly involved
in oxidation-reduction process, protein phosphorylation,
carbohydrate metabolic process, ATP-binding, protein
kinase activity, protein binding, oxidoreductase activity,

Fig. 3 Grain quality between
caol-1-2, caol-2—16 and WT.
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Fig.4 Global gene expression changes in knockout OsCAO! in rice.
a Phenotypes of WT, caol-1-2 and caol-2-16 leaves. b Hierarchi-
cal cluster analysis of the 554 differentially expressed genes (DEGs)
between WT vs. caol-1-2 and WT vs. caol-2-16 lines. ¢ Compari-
son the number of DEGs in WT vs caol-1-2 and WT vs caol-2-16.

hydrolase activity, hydrolyzing O-glycosyl compounds
and integral component of membrane. Moreover, to fur-
ther understand the molecular functions of the DEGs, we
mapped the DEGs and obtained 58 genes related to chlo-
rophyll biosynthesis pathways that were the most enriched
(Table 3). This analysis revealed that most of the DEGs
in the pathways were downregulated (Fig. S7, Table 3).
In particular, five DEGs in “chlorophyll biosynthesis”
were all down-regulated. Among them, “Os03g0323200”,
encoding magnesium chelatase subunit (CHLH), and
“0s08g0532200”, encoding glutamate-1-semialdehyde?2,
1-aminomutase (GSA), are important genes involved in
chlorophyll biosynthesis (Fig. S7, Table 3). Because glu-
tamic acid and magnesium chelatase is the precursor of
chlorophyll b, it is demonstrated that the caol-1-2 and
caol-2-16 plants influenced the expression of genes
upstream of the chlorophyll cycle.

d Volcano plot of DEGs. Axis of abscissas indicates standards FC >?2
and FDR <0.01. Each point represents a gene. e Gene ontology (GO)
classification of DEGs shared by WT vs caol-1-2 and WT vs caol-
2-16 lines

Gene expression analysis

To confirm the DEGs identified from the transcriptome analy-
sis, we selected 14 genes that were significantly up- or down-
regulated in the caol-1-2 vs WT and caol-2—-16 vs WT from
RNA-seq results. The expression levels of six up-regulated
DEGs showed higher in caol-1-2 and caol-2-16 than in WT
(Fig. 5a), while the expression levels of eight down-regulated
DEGs revealed lower in caol-1-2 and caol-2—-16 than in WT
(Fig. 5b). Therefore, the expression profiles of DEGs analyzed
by RT-PCR were consistent with the transcriptome analysis.
Also, to understand the molecular basis of CAQO that encodes
chlorophyll a, which catalyze the synthesis of chlorophyll b
from chlorophyll a oxygenase (Wang et al. 2010; 2013a), the
temporal expression profiles of several chlorophyll synthesis-
associated genes were also examined using leaves of caol-1-2
and caol-2-16 and WT plants. As a result of qRT-PCR, the
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Table 3 List of genes regulated chlorophyll biosynthesis pathways in WT vs. caol-1-2 and WT vs. caol-2-16 lines

Gene Seq. description log2-fold change Arabidopsis homology TAIR symbol
WT vs. caol-1-2  WT vs. caol-2-16

0s10g0567400-03 Chlorophyllide a oxygenase, chloroplastic —2.14 -1.97 AT1G44446 CAO_ORYSJ

0s04g0320100-02 7-Hydroxymethyl chlorophyll a reduc- 0.39 0.40 AT1G04620 HCAR_ORYSIJ
tase, chloroplastic isoform X3

0s04g0320100-01 7-Hydroxymethyl chlorophyll a reduc- -0.18 -1.77 AT1G04620 HCAR_ORYSJ
tase, chloroplastic isoform X3

0Os01g0227100-02 Probable chlorophyll(ide) b reductase -2.20 —-2.16 AT4G13250 NYC1_ORYSJ
NYCl, chloroplastic

0s01g0227100-01 Probable chlorophyll(ide) b reductase 0.89 0.57 AT4G13250 NYC1_ORYSJ
NYCl, chloroplastic

0510g0502400-01 Glutamyl-tRNA reductase, chloroplastic 1.37 0.58 AT1G58290 HEMI1_ORYSJ

0s08g0532200-02 Glutamate-1-semialdehyde 2,1-amino- —-2.32 —-3.89 - GSA_ORYSJ
mutase, chloroplastic

0s06g0704600-02 Delta-aminolevulinic acid dehydratase, 0.86 -0.53 AT1G69740 HEM2_ORYSJ
chloroplastic

0s06g0704600-01 Delta-aminolevulinic acid dehydratase, 0.67 —-0.23 AT1G69740 HEM2_ORYSJ
chloroplastic

0s03g0186100-01 Uroporphyrinogen-III synthase, chloro- —0.18 -043 AT2G26540 HEM4_ORYSJ
plastic

0s03g0323200-04 Magnesium chelatase subunit ChlH, —-0.71 -0.24 AT5G13630 CHLH_ORYSJ
chloroplastic

0s03g0323200-01 Magnesium chelatase subunit ChlH, 1.05 0.86 - CHLH_ORYSJ
chloroplastic

0s03g0323200-03 Magnesium chelatase subunit ChlH, -2.15 -1.81 AT5G13630 CHLH_ORYSJ
chloroplastic

0s03g0323200-02 Magnesium chelatase subunit ChlH, —8.68 -8.79 AT5G13630 CHLH_ORYSJ
chloroplastic

0s07g0656500-00 Magnesium chelatase subunit ChlH, 0.44 0.82 AT5G13630 CHLH_ORYSI
chloroplastic

0s01g0279100-02 Magnesium protoporphyrin IX monome- —0.10 -0.59 AT3G56940 CRD1_GOSHI
thyl ester

0s03g0351200-00 Divinyl chlorophyllide a 8-vinyl-reduc- 1.04 0.97 AT5G18660 DCVR_ORYSJ
tase, chloroplastic

0s05g0349700-02 Chlorophyll synthase, chloroplastic 0.75 1.11 AT3G51820 CHLG_ORYSJ

0s06g0354700-02 Pheophytinase, chloroplastic isoform X2 1.31 1.35 AT5G13800 PPH_ARATH

0s04g0671300-01 Probable polyamine oxidase 4 0.67 0.42 AT1G65840 PAO4_ARATH

0s04g0623300-03 Probable polyamine oxidase 2 —-041 —-1.26 AT2G43020 PAO2_ARATH

0s04g0623300-01 Probable polyamine oxidase 2 0.95 0.42 AT2G43020 PAO2_ARATH

0s03g0146400-02 Pheophorbide a oxygenase, chloroplastic —1.18 -0.19 AT3G44880 PAO_ARATH

0s03g0146400-01 Pheophorbide a oxygenase, chloroplastic 1.22 0.87 AT3G44880 PAO_ARATH

0s04g0623300-04 Probable polyamine oxidase 2 —0.61 —-0.58 AT2G43020 PAO2_ARATH

0s10g0389200-01 Red chlorophyll catabolite reductase 2.49 3.38 AT4G37000 RCCR_HORVU

expression level of OsGSA, OsCHLH, OsHCAR, OsNYC and
OsCRD genes in caol-1-2 and caol-2—-16 seedlings was sig-
nificantly decreased compared to WT (Fig. S7).
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Fig.5 Relative expression levels of caol-1-2 and caol-2-16 com-
pared to that of WT and actin detected by quantitative RT-PCR. a
Six up-regulated genes (Osl0g0502400, HEMA; Os03g0351200,
DVR; 05050349700, CHLG; 0s06g0354700, PPH; Os04g0671300,
PAO4; 05100389200, RCCR)-associated chlorophyll biosynthe-
sis pathway. b Eight down-regulated genes (Os04g0320100, HCAR;
0s01g0227100, NYCI; 0s08g0532200, GSA; 0s03g0186100,
HEM4;  0s03g0323200, CHLH; 0s01g0279100,  CRD1;
050380146400, PAO; 05040623300, PAO2)-associated chlorophyll
biosynthesis pathway

Discussion

Photosynthesis is an important element of the metabolic
system and is a process that converts light energy into
chemical energy, which has a great influence on plant
growth and development. The chlorophyll is existing in
chloroplast, consists of chlorophyll a and chlorophyll b,
and has almost the same structure except for the side chain.
According to Tanaka et al. (1998), chlorophyll a has a
methyl group and chlorophyll b has a formyl group at the
position of C7, and absorption spectra show that chloro-
phyll a absorbs mainly at 662 nm and 430 nm and chlo-
rophyll b absorbs at 453 nm and 642 nm. Such difference
broadens the light absorption spectrum so that plants can
utilize light optimally. So far, rice leaf color mutations
have been subdivided into eight types: albino, yellow, light
green, yellow-green, green-white, white-green, green-yel-
low and striped (Nori et al. 2005). These mutants have
been used to identify mechanisms that regulate leaf color,
such as chlorophyll synthesis and metabolism, plant pho-
tosynthesis and photochemical reactions (Li et al. 2018).
Until now, many genes in rice have been reported to func-
tion in chlorophyll biogenesis such as OsCAO1, OsCHLD,
OsCHLH, OsPORA, OsPORB, DVR, FGL, LYLI, YGLI,
YGL2, and YLCI (Masuda et al. 2003). Leaf chlorophyll
content has a great influence on photosynthesis and causes
many changes in grain formation in rice (Zhou et al. 2006).
In this work, we generated rice knockout mutants, caol-
1-2 and caol-2-16 lines displayed pale green leaves with
a significant reduction of chlorophyll content and impaired

chloroplast development and photosynthesis (Fig. 2a). The
mutation involved in the metabolic pathway of the chloro-
phyll synthesis usually results in the accumulation of their
respective substrates in plants (Mock and Grimm 1997;
Wau et al. 2007). In caol-1-2 and caol-2-16 lines, chloro-
phyll a was decreased to 75% that of the WT while chlo-
rophyll b was not detected. These results showed almost
the same results to T-DNA insertional mutants and RNAi
transformants in the previous reports (Abe et al. 2012; Lee
et al. 2005). To investigate the chloroplast development
in caol-1-2 and caol-2-16 lines, transmission electron
microscope (TEM) analysis for ultrastructure of chloro-
plasts was performed. The mesophyll cells appear fully
developed chloroplasts in WT, but a decrease in the num-
ber of thylakoid lamellar layers was observed in caol-1-2
and caol-2-16, and these thylakoid lamellar layers were
not well arranged compared to WT (Fig. 2c). These results
suggested that edited lines did not develop chloroplast
normally due to the impairment of pale green color and
chlorophyll content, and poorly arrangement of thylakoid
lamellar layers. Also, the expression levels of genes related
to photosynthesis were assessed by qRT-PCR analysis. As
a result, the transcript levels of the psaA gene was upregu-
lated slightly in caol-1-2 and caol-2—-16, whereas psbA,
rbceS and rbcL apparently downregulated in caol-1-2 and
caol-2—16 compared with those of the WT (Fig. 2d). Thus,
the knockout of OsCAO] could really influence the expres-
sion of genes related to photosynthesis. Also Wu et al.
(2007), reported that leaves are the main photosynthetic
apparatus, accounting for 90-95% of dry matter in rice.
Several agronomic traits of caol-1-2 and caol-2—-16 lines
were compared to the WT. The caol-1-2 and caol-2-16
lines remarkably reduced plant height, number of tillers
per plant, and number of grains per panicle, grain weight
and seed-setting rate than that of the WT (Table 2). Grain
qualities including chalkiness degree (CD), gel consist-
ency (GC) and amylose content (AC) in caol-1-2 line was
lower than that in WT (Fig. 3, Table S3). The GC is one of
the key chemical properties of starch in the endosperm that
play an important role in eating and cooking quality of rice
(Fan et al. 2005). Therefore, the caol-1-2 and caol-2-16
lines were demonstrated to have a tendency to decrease in
photosynthetic efficiency, biomass, grain yield and grain
quality due to lack of chlorophyll b compared to the WT
which can lead to an inadequate supply of grain nutrients
at grain filling stage (Long et al. 2013). It is also known
that leaf variegation can be caused by ROS accumula-
tion because it usually leads to cell apoptosis (Jiang et al.
2011). Thus, we investigated whether ROS accumulation
in the flag leaves of caol-1-2, caol-2—-16 and WT using
DAB solution (Fig. S6). There was more ROS accumu-
lation in caol-1-2 and caol-2—-16 compared to the WT
leaves, suggesting that edited plants lost more membrane
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integrity during growth and development potentially by
affecting the ROS scavenging system (Morita et al. 2009;
Yamatani et al. 2013) (Fig. S6). Furthermore, RNA-seq
was used to analyze a widespread of transcriptome changes
according to chlorophyll reduction from the seeding stage
to the caol-1-2, caol-2-16 oscaol-2 lines. For RNA-seq
analysis of caol-1-2, caol-2-16 plants, we focused on
reactions to related genes such as photosynthesis-related
enzymes, redox activity, cofactor binding (Tables S4,
S5). To further understand the molecular functions of
the DEGs, we mapped the DEGs and obtained 26 genes
related to chlorophyll biosynthesis pathways that were the
most enriched (Table 3). This analysis showed that the five
genes (OsGSA, OsCHLH, OsHCAR, OsNYC and OsCRD)
in “chlorophyll biosynthesis” were all down-regulated.
Among them, “Os03g0323200”, encoding magnesium
chelatase subunit (CHLH), and “Os08g0532200”, encod-
ing glutamate-1-semialdehyde2, 1-aminomutase (GSA),
are important genes involved in chlorophyll biosynthesis
(Fig S7). Because glutamic acid and magnesium chelatase
are the precursors of chlorophyll b, it is demonstrated that
the caol-1-2, caol-2-16 plants influenced the expression
of genes upstream of chlorophyll cycle. Photosynthesis
is the main driving force for plant growth, and provides
the necessary energy for synthesizing organic compounds
(Katz et al. 1978; Krause and Weis 1991). Aside from
providing green color, chlorophyll is also highly important
in photosynthesis because it plays essential roles in har-
vesting light energy and converting it to chemical energy
(Fromme et al. 2003). Increasing the chlorophyll content in
rice is regarded as an important approach to enhancing the
photosynthesis rate (Huang et al. 2013) to drive the accu-
mulation of more photoassimilates and ultimately increase
crop yield (Mitchell and Sheehy, 2006). The assembly
of organelles involves thousands of genes that encode a
complex network of metabolic, signaling, and biosynthetic
functions (Wang et al. 2020). Heatmap results expand our
understanding of the gene mechanisms in chlorophyll bio-
synthesis pathway. In conclusion, our transcriptomic data
provide evidence that OsCAO] is essential for chlorophyll
b biosynthesis in rice. OsCAO] is induced by various fac-
tors. OsCAO] regulates the expression of genes related to
responses to oxidation—reduction, protein phosphorylation,
carbohydrate metabolic process, oxidoreductase activity.
Overall, the result suggests that OsCAO/ also plays impor-
tant roles in chlorophyll degradation and ROS scavenging
to regulation of many developmental processes including
senescence, and responses to environment stresses in rice.
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